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P R E F A C E  

Karl A. GSCHNEIDNER,  Jr., LeRoy EYRING, Gregory R. CHOPPIN,  and 
Gerry H. LANDER 

These elements perplex us in our rearches [sic-], baffle us in our speculations, and haunt 
us in our very dreams. They  stretch like an unknown sea before us - mocking, myst~ying, 
and murmuring strange revelations and possibilities. 

Sir William Crookes (February 16, 1887) 

This volume of the Handbook is the second of a three-volume set of reviews devoted 
to the interrelationships, similarities, differences, and contrasts of the lanthanide and 
actinide series of elements. The idea of these volumes grew out of a conversation 
between one of the editors, KAG, and a member of the editorial board, Stefan Hfifner, 
in early June 1986. This idea was enthusiastically received by the other editor (LE) 
and editorial board members, and also the publishers. Numerous topics and authors 
were suggested and soon it was apparent that this special subject was too large to 
be covered in one or possibly two volumes, and that the editors (KAG and LE) of 
this series would need help from two leading scientists who had considerable 
experience and knowledge of both series of elements. Thus, Gerry H. Lander and 
Gregory R. Choppin were invited to be guest editors for this special set of volumes 
on the lanthanides/actinides. After they accepted, the four editors carefully and 
critically chose the various topics, and top experts in the various areas were invited 
to write reviews, keeping in mind that the emphasis was to be on the interrelationships 
of the lanthanides and actinides. More than seven years after Stefan Hiifner's initial 
suggestion, the first volume, which is devoted to the physical aspects, has been 
published. In the present volume comparisons of the chemistry of the lanthanide and 
actinide elements are considered. 

The observations and comments of Sir William Crookes (as noted above) over 107 
years ago about the lanthanides is even more appropriate to these lanthanide/actinide 
tomes. This is especially noteworthy because only two members of the actinide series 
of elements were then known (Th and U) and the concept of such a series was not 
to develop for about 50 years. But we hope that the material presented in these three 
lanthanide/actinide volumes will shed light on some of the mysteries of yesterday, 
but as surely as we begin to understand them, new ones will arise to continue to 
haunt us as we move forward and ever onward. 



vi PREFACE 

These volumes on the lanthanide and actinide elements are dedicated to Professor 
Glenn T. Seaborg. Professor Seaborg is a central figure in the development of ideas 
linking the lanthanides and actinides as is made clear by the dedicatory statement of 
Dr. J.J. Katz and the review by Professor Seaborg himself in chapter 118. Seaborg was 
the co-discoverer of plutonium and nine other trans-neptunium elements. Element 106 
was recently and appropriately named seaborgium and given the symbol Sg in his 
honor. 

In chapter 118 Seaborg reviews the background for placing the heaviest elements in 
the periodic table, the discovery of the transuranium elemetns and the publication 
specifically proposing an actinide series of 5f elements in 1945. The chemistry of the 
lanthanides played an important role in the establishment of the actinide hypothesis. 
The value of this 1945 hypothesis in predicting the chemical properties of the soon-to- 
be synthesized remainder of the actinide series and beyond is apparent. Professor 
Seaborg concludes by placing the heavier elements, discovered and yet-to-be-found, up 
to element number 153 in thel~eriodic table. 

The lanthanide and actinide elements present a plethora of challenging physical 
and chemical problems resulting from the involvements of open f-shell electronic 
configurations. This is made clear in the chapters of these volumes. Much less discussed 
are the relativistic effects that arise in both the lanthanide and actinide elements and 
their compounds. K. Balasubramanian introduces us to the basic theory and discusses 
these effects in chapter 119. 

James V. Beitz explores, in chapter 120, the experimental and theoretical aspects of 
solution absorption and luminescence spectra to reveal similarities and differences 
in the two f-series. The rich detail of the visible and near-infrared absorption spectra 
serve to identify the ions in solution. The review reveals the limits of spectral 
assignments. 

Basic to any studies of the lanthanides and actinides is the ability to separate the 
members of these difficultly separable series. Kenneth L. Nash reviews the methods 
and effectiveness of separation by solvent extraction, ion exchange and necessary 
accompanying reactions in chapter 121. 

A background against which to place the comparative studies of our concern is 
thermodynamics. Any physical or chemical property of a substance is at some level 
reflected in its thermodynamic properties. Lester Morss has reviewed, in chapter 122, 
the comparative thermochemical and oxidation-reduction properties of lanthanide 
and actinide materials. 

Generic descriptions of the phase behaviors in the lanthanide and actinide hydrides, 
as well as a thorough examination and explanation of the thermodynamic relationships 
of these metal-hydrogen systems, are given by John W. Ward and John M. Haschke 
in chapter 123. 

Interrelationships and comparisons of the halides are reviewed in chapter 124, by 
Harry A. Eick. Synthesis and characterization, especially structure, are emphasized 
but the new literature on other properties is also considered. 

The actinide elements express a wider range of oxidation states, in their compounds, 
than do the lanthanides. Chapter 125 by R.G. Haire and L. Eyring on the oxides 
mentions oxides over the whole range of compositions but emphasizes those that 
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exist in common. Synthesis, characterization and properties are considered. Structure 
characterization is emphasized. 

In chapter 126, by Scott A. Kinkead, Kent D. Abney, and Thomas A. O'Donnell, 
comparisons between the behavior of lanthanides and the early actinides in superacids 
are considered. The reasons involve the fact that more reduced species are observed 
in superacid media. 

Since so much chemistry is done in aqueous media a study of the stability and 
structure of the species that exist is of primary importance. In chapter 127, Emil 
N. Rizkalla and Gregory R. Choppin examine the relative hydration and hydrolysis 
behaviors of the lanthanides and actinides. 

Chapter 127 serves as an introduction to chapter 128 by Gregory R. Choppin and 
Emil N. Rizkalla where the broad field of aqueous solution chemistry is compared 
and contrasted. Thermodynamics, structure and kinetics are all considered. 

The final chapter (129) of this volume introduces the important topic of the role of 
the f-families of elements in biochemistry. The chapter is written by John R. Duffield, 
David R. Taylor and David R. Williams. This chapter introduces us to the many 
important ways the lanthanides and actinides impinge on biosystems in the nuclear 
age. 



Dedicated to 

G L E N N  T.  S E A B O R G  

Among the many noteworthy scientific achievements of the 20th century, there are 
only a very few that can match the discovery of the actinide elements in its impact 
on science and society. The addition of an entire new family of largely man-made 
elements to the Periodic Table, and the formulation of the actinide concept have had 
a profound influence on the way physicists and chemists think about the electronic 
structures of the elements. The new insights arising from studies on the chemistry 
and physics of the heaviest elements has had an especially important influence on 
the way we think about the more familiar elements of the Periodic Table, in particular, 
the rare earths. In the saga of the actinide elements, Glenn Seaborg has been the 
pivotal figure. The dedication to Glenn Seaborg of these volumes of the Handbook 
on the Physics and Chemistry of Rare Earths, which deal with the relationships of the 
lanthanide and actinide elements, is thus a fitting recognition of the exceptionally 
important contribution that his actinide element studies have made to many branches 
of science. 

Glenn Seaborg's scientific career began in the 1930's as a research associate of 
G.N. Lewis at the University of California. He early became convinced that the 
science of nuclear chemistry, then in its infancy, provided challenging opportunities 
for scientific discovery. In the Lawrence Radiation Laboratory, in the course of a 
few years, he validated his intuition by the discovery of a host of isotopes, many of 
which have become important in research and medicine. Among these are cobalt-60, 
iodine-131, technetium-99m, cesium-137, and, of course, the plutonium isotopes. In 
1944, he formulated the actinide concept of heavy-element electronic structure that 
accurately predicted the existence of a family of rare earth-like elements at the end 
of the Periodic Table as it was generally presented at that time. The actinide concept 
was the guide to the discovery of the remaining members of the actinide elements. 
In addition to the fissile plutonium isotopes, he and his co-workers over the years 
discovered no less than nine additional members of the new rare earth-like family of 
elements. These discoveries have been of great relevance not only to purely scientific 
matters but also to such global problems as nuclear energy and the control of nuclear 
weapons. 

In addition to his life as an active scientist, Glenn Seaborg has had a distinguished 
career in academic and public life. He served at various times as Chancellor of the 
University of California at Berkeley, Chairman of the Atomic Energy Cemmission 
for a period of ten years, and Chairman of the Lawrence Hall of Science, to name 
only a few of his extra-scientific activities. He was the recipient of a Nobel Prize 
(1951) for his discoveries in the chemistry of the transuranium elements, and has 
received encomiums from most of the scientific societies of the world. 



x DEDICATION 

In spite of worldly distractions, Glenn Seaborg has never wavered in his life-long 
commitment to science. He continues his research into the chemistry and nuclear 
systematics of the actinide elements. Recently, he has focused his attention on the 
possible existence of still another family of superheavy elements at the end of the 
Periodic Table, and the development of new methods for the synthesis of superheavy 
elements. The dedication of these volumes to Glenn Seaborg is not only a testimonial 
to his scientific achievements, it is also an appreciation of the example that he continues 
to set. 

J.J. Katz 
December 5, 1991 
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Chapter 118 

ORIGIN OF THE ACTINIDE C O N C E P T  

Glenn T. SEABORG 
Lawrence Berkeley Laboratory, University of California, Berkeley, 
CA 94720, USA 
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1. Background 

A typical periodic table of the time just prior to World War II, with predicted positions 
for elements beyond uranium, is shown in fig. 1. The heaviest natural elements, 
thorium, protactinium and uranium, of atomic numbers 90, 91 and 92, respectively, 
were placed in corresponding positions just below the sixth period "transition" 
elements- hafnium, tantalum and tungsten- in which the 5d electron shell is being 
filled. Hafnium, tantalum and tungsten are similar in their chemical properties to the 
corresponding transition elements in the fifth period - zirconium, columbium (nowa- 
days better known as niobium) and molybdenum - in which the 4d shell is being filled. 

It had long been known that the chemical properties of thoriüm, protactinium and 
uranium resemble those of the 4d and 5d elements. For this reason most of the 
textbooks and standard works on chemistry and physics in which the electronic 
structure was discussed accepted the view that it was the 6d shell that was being filled. 
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13 14 15 16 17 
AI Si P S CI 

30 31 32 39 34 35 
Zn Ga Ge As Se Br 

48 49 50 51 52 53 
Cd In Sn Sb Te I 

80 81 82 83 84 (85} 
Hg Tl Pb 8i Fo 

(98) (99) (100) 

10 
Ne 

18 
Ar 

35 
Kr 

5~. 
Xe 

85 
Rn 

5z i s9 I s9 I 60 l (61 /  I 62 I 63 I 6« I ~s I 66 I 67 I 68 I 69 I 70 I 71 I 
La Ce Fr Nd Sm Eu Gd Tb Dy Ho Er Tm 

F i g .  1. Periodic table before World War II (atomic numbers of undiscovered elements are shown in 

parentheses). 

Thus, the structures of the elements above radon (element 86) through uranium were 
written to show the addition of the next two electrons in the 7s shell for element 87 
(francium) and element 88 (radium) and addition in the 6d shell for actinium, thorium, 
protactinium and uranium (Latimer and Hildebrand 1940; Richtmeyer and Kennard 
1942; Taylor and Glasstone 1942). 

Many of the early papers that appeared after Bohr's (1913) classical work on the 
quantized nuclear atom discussed the electronic structure of the heaviest elements. It 
was recognized by many that the next hypothetical rare gas should have the atomic 
number 118 in a place 32 elements beyond radon (Z = 86), thus implying transition 
groups similar to those between xenon (Z = 54) and radon (Z = 86). Rydberg (1913) as 
early as 1913 implied that this was to be expeeted. There was general agreement that 
some type of transition group should begin in the neighborhood of uranium, although 
there were differences of opinion as to where it begins and as to which electron shell is 
involved. A number of the earliest publications suggested that this transition series 
involves the filling of the 5f shell, thus possibly giving rise to a "rare-earth" group in a 
manner analogous to that resulting from the filling of the 4f shell. The filling of the 4f 
shell results in the well-known group of fourteen rare-earth elements of atomic 
numbers 58 to 71, inclusive; these elements follow lanthanum. It is of interest hefe to 
note a few of the early and also the later suggestions in order to review the general 
previous status of this question. Most of these early investigators thought that the 
filling of the 5f shell should begin at some point beyond uranium, i.e., beyond the 
elements thät were known to them. 

In early papers Bohr (1923) suggested that the addition of the 5f electrons might 
begin in this region, and in a Bohr-Thomsen type of periodic table he pictured the first 
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entry at the element with atomic number 94. Goldschmidt (1924) thought the tran- 
suranium elements up to atomic number 96 should be homologs of the platinum group, 
and Hahn (1929) thought this view was worthy of serious consideration. Suguira and 
Urey (1926), using the old quantum theory, published the results of their calcula- 
tions, which indicated that the first entry of an electron into the 5f shell should occur 
at element 95, whereas Wu and Goudsmit (1933), on the basis of a more refined 
calculation, showed that their solution of the Schrödinger equation indicated such 
entry at uranium or element 93. McLennan et al. (1926) suggested, as an alternative to 
the filling of the 6d shell, the possibility that the 5f shell begins to be occupied in 
thorium. In a review article Dushman (1926) stated that it is doubtful that the added 
electrons enter the 6d level (thus implying an analogy with cerium, etc.). Swinne (1926) 
pointed out that the available evidence on thorium and uranium was consistent with 
the first entry of 5f electrons at protactinium or uranium, but he also thought that 
it might occur beyond uranium. Saha and Saha (1934) suggested as an alternate 
possibility to the filling of the 6d shell, the entry of the first 5f electron at thorium. 
Karapetoff(1930) suggested that the element with atomic number 93 might be the first 
in which the 5f shell begins to be filled, and Von Grosse (1928, 1930, 1935) suggested as a 
possible alternative to filling of the 6d shell, the entry of the first electron in the 5f shell at 
uranium. Quill (1938), largely for the purpose of illustration, presented periodic table 
arrangements in which the first 5f electron appears in element number 95 in one case 
and in element number 99 in another. Perrin (1935), Rudy (1927) and Carranza (1935), 
on general considerations, proposed as a possibility the theory that the first 5f electron 
appears in thorium, and Villar (1942, 1940) suggested that some of the chemical 
evidence supports this viewpoint. Somewhat earlier, on the basis of his crystallographic 
work, Goldschmidt (1937) had changed his original point of view and had come to 
the view that the first 5f electron enters at protactinium, although he pointed out the 
possibility that this might occur earlier, in thorium, or later, in uranium, or in the (at the 
time unknown) transuranium elements. By analogy with the name "lanthanide" series, 
which Goldschmidt et al. (1925) had already proposed for the rare-earth elements 
because these fourteen elements following lanthanum have lanthanum as their proto- 
type, he proposed the name "thoride" series for the fourteen elements following 
thorium. At the same time he was the first to suggest that terms such as "actinide", 
ù protactinide" and "uranide" might describe the group if it should eventually be found 
to begin earlier or later than this. 

It can be seen that although many interesting and perspicacious proposals had been 
made up to this time, the electronic structure and place in the periodie table of these 
elements could not be regarded as established. 

The discovery of the transuranium elements and the study of their properties, 
especially the chemical properties, furnished a tremendous amount of additional 
evidence of just the type needed to clarify this problem. It is in the transuranium 
elements that the really definitive chemical properties, from the standpoint of placing 
the heaviest elements in the periodic table, first appear. The first conclusive evidence 
that the 5f shell undergoes filling in this heavy region came from the tracer chemical 
observations of McMillan and Abelson (1940) on element 93, neptunium. Upon their 
discovery of neptunium, the first transuranium element, McMillan and Abelson were 
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able to show definitely that it resembles uranium in its chemical properties and bears no 
resemblance to rhenium, which is the element immediately above it in the periodic table 
of that time. This excellent experimental evidence was interpreted by them to indicate 
that this new "rare-earth" group of similar elements starts at the next element beyond 
uranium. The later caiculations of Mayer (1941) indicated that the energy and spatial 
extension of the 5f eigenfunctions drop sharply at about element 91 and therefore that 
the filling of the 5f shell might begin at the first element beyond protactinium or 
uranium. Daudel (1943), in commenting on Mayer's paper, made some remarks 
concerning the special nature of the felectrons at the beginning of the rare-earth and the 
heavy-transition groups. Starke (1943) and Bedreag (1943) also interpreted the tracer 
experiments with element 93 as indicating that the first 5felectron comes at element 93, 
but Strassmann and Hahn (1942) thought, on the basis of their tracer experiments with 
this element, that it was difficult to make any deduction. As a result of our first tracer 
experiments with element 94, together with our consideration of the tracer investiga- 
tions with element 93, Wahl and I (Seaborg and Wahl 1942, 1948, 1949) made the 
suggestion that this transition group might begin earlier and that thorium or actinium 
might be the zero element in the series. On the basis of his complete crystallographic 
evidence, including especially observations on the transuranium elements, Zachariasen 
(1944a, b) agreed with Goldschmidt that a thoride series is involved. Some spatial 
classifications of the elements appeared in which the heaviest elements, starting with 
thorium as the homolog of cerium, are listed as the chemical homologs of the rare-earth 
elements, but the reason in these cases appears to be mainly connected with the 
symmetry of and the ease of making such an arrangement (Djounkovsky and Kavos 
1944, Talpain 1945). 

2. Suggestion of actinide eoncept 

I considered all of the evidence, especially the chemical properties of the elements 
with the atomic numbers 93 and 94, and made the suggestion that a rare-earth-like 
series begins with actinium in the same sense that the rare-earth or "lanthanide" series 
begins with lanthanum. On this basis it might be termed the "actinide" series and the 
first 5f electron m i g h t -  although would not necessarily appear in thorium. The 
salient point is that the characteristic oxidation state would be the III stare. 

This suggestion was advanced in a secret report (Seaborg 1944) I prepared in July 
1944 at the wartime Metallurgical Laboratory of the University of Chicago, which is 
quoted in its entirety as follows. 

"Plutonium is the eighth element in the seventh period of the periodic table. The 
correlation ofits chemical properties with its atomic structure can best be accomplished by 
considering it together with a number of the other elements in the seventh period (elements 
89 to 94) in a discussion involving the chemical and physical properties of these elements. 

It seems very probable that some kind of a transition group should begin in the 
neighborhood of these elements. The elements 90 to 94 lie in corresponding positions just 
below the sixth-period transition elements hafnium to osmium (atomic numbers 72 to 76), 
in which the 5d shell is being filled. The transition elements hafnium to osmium are very 
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similar in their chemical properties to the corresponding 4d transition elements of the fifth 
period (zirconium to ruthenium, atomic numbers 40 to 44). Although the first members 
(90Th, 91Pa) of the group 90 to 94 show a great deal of resemblance in chemical properties 
to the first members (7eHf, 73Ta) in the 5d transition series and to the first members 
(40Zr, 41Cb) in the 4d transition series, the later members (93Np, 94Pu) show practically no 
resemblance to 7»Re and 76Os or to element 43 and 44Ru. Neptunium and plutonium are 
much more etectropositive in character than the noble elements rhenium, element 43, 
osmium and ruthenium. There is no evidence for a volatile plutonium tetroxide in contrast 
with the volatile osmium and ruthenium tetroxides, and there is no evidence for an 
oxidation number of VIII in plutonium. Thus it seems certain that the transition in the 
elements 89 to 94 does not involve the simple filling in of the 6d shell. 

On the other hand, the chemical properties of neptunium and plutonium are very 
similar to those of uranium and thorium and are such as to suggest that the 5f shell is being 
filled and that we are dealing with another rare-earth series similar to the well-known 
lanthanide series, 58Ce-71Lu, in which the 4f shell becomes filled. Many people had 
suggested, on the basis of considerations of electronic structure, that a rare-earth-like 
series should begin in this region. There has been a large degree of uncertainty in these 
predictions with regard to the starting point of this series. The two principal choices have 
been between a thoride and a uranide series. From the standpoint of the chemical 
properties of 9oTh, 91Pa and 92U considered alone, the evidence for such a series was not 
strong. However, with the discovery of neptunium and plutonium and the observation of 
the marked similarity of these elements to uranium and thorium in chemical properties, 
the chemical evidence for a rare-earth-like series has become very strong. 

T h e  persistence of the IV oxidation state through the elements thorium, uranium, 
neptunium and plutonium is certainly good evidence that electrons are going into the 5f 
shell. The observation by Zachariasen of the isomorphism of the compounds T h O »  U O »  
NpO2 and PuO2 and his observation of the regular decrease in radius of the metallic ion in 
these oxides in the anticipated manner are also very good evidence that the electrons are 
going into the 5f shell. A number of other crystallographic observations by Zachariasen 
lend support to this view. There are other points of evidence, e.g., (1) magnetic susceptibil- 
ity measurements on uranium and plutonium, (2) the sharpness of the optical absorption 
in aqueous solutions of uranium and plutonium and (3) evidence for organic complexes of 
U ÷ 4 and Pu ÷ 4 in which these elements have a coordination number of 8 (indicating that 
the 6d, 7s and 7p orbitals are available), which facts also give strong support to this 
conclusion. It seems very probable from these lines of evidence that uranium and 
plutonium (and neptunium) have electrons in the 5f shell; however, it is not possible to 
deduce whether or not uranium is the first element in the series for which this is the case. It 
would be eonsistent with this evidence for thorium and protactinium to have no electrons 
in the 5f shell and for uranium to have two electrons in this shell. 

An attractive hypothesis is that this rare-earth-like series begins with actinium in the 
same sense that the lanthanide series begins with lanthanum. On this basis it may be 
termed the "actinide series", and the first 5f electron may appear in thorium. Thus, the 
ground state of thorium may have the structure 5f 1 6d 7s 2 beyond the radon core. With an 
actinide series, uranium may have the electron configuration 5f 3 6d 7s a, neptunium the 
configuration 5f a 6d 7s a and plutonium the configuration 5f 5 6d 7s z. It is very interesting 
to note that Kiess et al. (1944) give a preliminary description of the analysis of the spectrum 
of neutral uranium atoms and come to the conclusion that the electron configuration of 
the lowest state of uranium is 5f 3 6d 7s 2 (with the term symbol 5L6), which supports the 
above view. 
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It may be that, as in the lanthanide series, electrons do not tend to occupy the 6d orbital; 
rather, an additional electron goes into a 5f orbital and gives, e.g., the configuration 5f 2 7s 2 
for thorium and the configuration 5f 4 7s z for uranium. There is evidence that thorium 
emits a complex spectrum corresponding to a rare earth with an electron structure like 
that of 5aCe, whose ground state is known to have the configuration 4f 2 6s z, and that 
uranium has a spectrum similar to that of the rare-earth element 6oNd, whose ground state 
is known to have the configuration 4f 4 6s 2. 

It may be, of course, that there are no 5f electrons in thorium and protactinium and that 
the entry into a rare-earth-like series begins at uranium, with three electrons in the 5f shell. 
It would still seem logical to refer to this as an actinide series. 

In an actinide series it may seem rather peculiar at first sight that the persistent 
oxidation number oflV should be in this region. The IV oxidation state seems to be most 
prevalent and generally most stable among these elements. However, as referred to above, 
in the lanthanide series there are usually only two electrons present in the 5d and 6s shells, 
whereas the persistent oxidation state is certainly III. This generally involves the removal 
of a 4f electron. There are also a number of cases in the lanthanide series where the 
oxidation number IV is found. In the "actinide" series, although the oxidation number IV 
is perhaps prevalent, the oxidation number III seems also to be found in most of the 
members of the series. Zachariasen has recently reported crystallographic evidence for 
tripositive thorium compounds (ThF 3 and ThOF), although magnetochemical experi- 
ments by Selwood have failed to confirm this report. 

There is one way in which the actinide series definitely differs from the lanthanide series. 
This is in the existence of oxidation states higher than IV I-protactinium (V), uranium (VI), 
neptunium (VI), plutonium (VI)] in this series. It must be concluded that the 5f electrons 
are not so tightly bound as the 4f electrons. This is certainly reasonable. However, the 
evidence so far is in favor of a maximum oxidation number of VI in this series, so that the 
removal of three electrons, or four if there are no electrons in the 6d orbitals, from the 5f 
orbitals is the maximum that occurs in ordinary chemical reactions. 

It is interesting to speculate a little about the chemical properties of the series members 
which we have not yet had an opportunity to study. The element 91Pa is obviously 
interesting to study from a chemical and crystallographic point of view in order to throw 
further light on the situation. It seems very likely that this element will have oxidation 
states oflV and III in addition to the V state, and probably at least the IV state will have a 
reasonable amount of stability. It seems almost certain, also, that neptunium will have an 
oxidation state of III, intermediate in stability between U +3 and PU + ». If the picture of the 
actinide series is correct, the configuration 5f 7 6d 1 7s 2 may be reached with element 96 
(similar to the configuration of 64Gd); this configuration should be especially stable. The 
prediction may be made that with element 96 it will be very difficult, if not impossible, to 
reach any oxidation states above III or IV. In the case of element 95 the configuration of 
5f 7 7S 2, similar to 63Eu, may be possible, and it may be expected that the oxidation state II 
will exist. Oxidation states higher than IV may also be difficult or impossible to reach in 
the case of element 95. There already seems to be some evidence for a trend toward greater 
stability for the lower oxidation states in the members of the series that have been studied 
so far. Thus, in going from uranium to plutonium, there seems to be a trend toward greater 
stability of the tIt oxidation state and greater difficulty in reaching the VI state. Ifthe series 
is truly a thoride or a uranide series, the most stable lower oxidation states will occur at 
elements beyond 95 and 96; however, even in this event some tendency may be expected in 
this direction at elements 95 and 96. It would obviously be of great interest and value in 
elucidating the nature of this series to study the chemical properties of elements such as 95 
and 96." 
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The recognit ion that  the elements with the atomic numbers  95 and 96 should have 
relatively stable lower (i.e., III) oxidation states made it possible, during the ensuing 
months,  to chemically identify (i.e., discover) these elements at the wartime Metallurgi- 
cal Labora to ry  following their product ion  by nuclear synthesis reactions. I made the 
announcement  of this discovery at a symposium at Nor thwestern  University on 
Friday, November  16, 1945 (following my premature  disclosure of  this discovery to a 
national  radio audience when I appeared as a guest on the "Quiz  Kids" program the 
preceding Sunday). This talk was published by me in Chemieal and Engineering News 
the following mon th  (Seaborg 1945). This was my first open publication of  a descrip- 
t ion of the aetinide concept. Fol lowing is a quote from the article. 

"The elements 90 to 94 lie in corresponding positions just below the sixth period 
transition elements Hf to Os (atomic numbers 72 to 76) in which the 5d electron shell is 
being filled. The transition elements Hfto Os are similar in their chemical properties to the 
corresponding 4d transition elements in the fifth period (Zr to Ru, atomic numbers 40 to 
44). Although the first members (9oTh, 91Pa) of the group 90 to 94 show a great resem- 
blance in chemical properties to the first members (TzHf, v3Ta) in the 5d transition series 
and to the first members (40Zr,4tCb) in the 4d transition series, the later members 
(93Np, 94Pu) show practically no resemblanee to 75Re and 760S and to element 43 and 
44Ru. This suggests that it is the 5f electron shell which is being filled, although it is not 
possible to deduce from this chemical evidence alone whether uranium is the first element 
in the series for which this is the case. While it is beyond the scope of this discussion to give 
all the supporting evidence, we would like to advance the attractive hypothesis that this 
rare-earth-like series begins with actinium in the same sense that the "lanthanide" series 
begins with lanthanum. On this basis it might be termed the "actinide" series and the first 
5f electron might appear in thorium. Thus, the characteristic oxidation stare - i.e., the 
oxidation state exhibited by those members containing seven 5fand fourteen 5felectrons - 
for this transition series is III. 

The oxidation state of IV demonstrated by thorium is then analogous to the IV 
oxidation state of cerium. From the behavior of uranium, neptunium and plutonium it 
taust be deduced that as many as three of the assumed 5f electrons are readily given up, so 
that the failure of thorium to demonstrate an oxidation state of III is accounted for. On the 
basis of this hypothesis, elements 95 and 96 should exhibit very stable III states; in fact, 
element 96 should exhibit the III state almost exelusively because, with its seven 5f 
electrons, it should have an electron structure analogous to that of gadolinium, with its 
seven 4f electrons. 

The experiments of G.T. Seaborg, R.A. James, L.O. Morgan and A. Ghiorso in the 
Metallurgical Laboratory have recently led to the identification of isotopes of elements 95 
and 96, making it possible to study the chemical properties of these isotopes by the tracer 
technique. These investigators have studied the products produced as a result of the 
bombardment of 2ssU and 239pu with very high energy (40MeV) helium ions in the 
Berkeley cyclotron. This work was made possible by the vital participation and coopera- 
tion of J.G. Hamilton and his group at the University of California, who have recently 
rebuilt the 60-inch cyclotron to produce the high-energy particles needed and who 
performed the bombardments. 

Of course, in the case of some of the elements in the series it may be something of an 
academic matter to assign electrons to the 5f or 6d shells, as the energy necessary for the 
shift from one shell to the other may be within the range of chemical binding energies. The 
electron configuration may differ from compound to compound of an element or even with 
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the physical state of a given compound. This shifting of electron configuration would 
probably be most pronounced with the middle members of the first half of the series - i.e., 
uranium, neptunium and plutonium. Since the energy difference between the 5f and 6d 
shells is rather small and since the resonance effects should be rather large, the latter may 
predominate in determining which energy level lies lowest. 

It is probably worthwhile to make a brief summary at this point with the following 
statements. As of today, the periodic system consists of 96 known, identified elements - i.e., 
there is now positively known at least one isotope, stable or radioactive, for each of the 
elements from atomic number 1 to atomic number 96, inclusive. The evidence points to an 
atomic structure for the heaviest elements - i.e., those elements with atomic number 
greater than 88 - corresponding to a transition series in which the 5f shell of electrons is 
being filled. This series differs in chemical properties from the rare-earth series (the 14 
elements of atomic number 58 to 71, inclusive, following lanthanum) in which the 4f shell of 
electrons is being filled, in that the first members ofthis heavy series are much more readily 
oxidized to oxidation states greater than III. As the atomic numbers of the elements in this 
series increase, the lower oxidation states, and particularly the III state, increase in 
stability. The first 5f electron probably appears in thorium and the stable configuration 
consisting of seven 5f electrons probably comes with element 96." 

Included in that  article was the version of the periodic table shown in fig. 2. 
The clearance process (i.e., removal  of  secrecy classification) did not  allow me to state 

explicitly in the article that elements 95 and 96 exhibited very stable lower (i.e., III)  
oxidat ion states. This was stated explicitly in a later article (Seaborg 1946). I announced  
names for these e l e m e n t s -  americium (Am) for element 95 and curium (Cm) for 
element 96, by analogy with the naming of  the homologous  lanthanide elements, 
europium and gadolinium - on April 10, 1946 at a meeting of the American Chemical  
Society in Atlantic City the following spring. 

3. Further development of actinide concept 

About  three years later (in 1949), I published the following account  of the status of  
the actinide concept  (Seaborg 1949). 

"CORRELATIONS AND DEDUCTIONS" 

3.1. Electronic confi9urations 

Table 5 gives what appears to be the configuration or the best prediction for the 
configuration, beyond the radon structure, of the ground state of the neutral gaseous atom 
for each of the elements actinium to curium, inclusive. The trend in the chemical properties 
with its implication that the 5f becomes progressively of lower energy, compared to the 6d 
level, as the atomic number increases, has been used as an aid in making the predictions. 

The configurations beyond xenon, of the corresponding neutral rare-earth elements are 
given (Yost et al. 1947, Meggers 1947, Klinkenberg 1947) for comparison. The ground 
states given for cerium and praseodymium are those predicted (Yost et al. 1947, Klinken- 
berg 1947) on the basis of the recently determined ground states of the singly ionized atoms 
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TABLE 5 
Suggested electron configurations (beyond radon and xenon) for gaseous atoms of 

actinide and lanthanide elements. 

Atomic No. Element Configuration Atomic No. Element Configuration 

89 Ac 6d 7s 2 57 La 5d 6s z 
90 Th 6d z 7s 2 58 Ce 4f z 6s 2 

(or 5f 6d 7s 2) 
91 Pa 5f 26d 7s z 59 Pr 4f 3 6s 2 

(or 5f 6d 2 7s 2) 
92 U 5f 36d 7s z 60 Nd 4f 4 6s z 
93 Np 5f 5 7s z 61 Pm 4f 5 6s z 

(or 5f 4 6d 7s 2) 
94 Pu 5f 6 7S 2 62 Sm 4f 6 6s 2 

(or 5f » 6d 7s z) 
95 Am 5f 7 7s 2 63 Eu 4f 7 6s 2 
96 Cm 5f 76d 7s 2 64 Gd 4f 75d 6s 2 

(Meggers 1942) and that of element 61 is obtained by interpolation; consequently, these 
are subject to some doubt. The ground states given for neodymium (Schuurmans 1946), 
samarium, europium and gadolinium are those spectroscopically determined (Meggers 
1942) for the neutral atoms and should be considered as weil established. 

It should be emphasized that it would be entirely consistent from the point of view that 
we are dealing here with a series of actinide elements if it should eventually be found that 
there are no 5f electrons present in thorium (or protaetinium). It is quite possible, on the 
basis of present evidence, that protactinium, or even uranium, may be the first to have 5f 
electrons. It seems very likely, however, that electrons will be placed in the 5f shell earlier in 
the series than uranium and that protactinium will have at least one such electron. An 
essential point is that curium definitely seems to have seven 5f electrons, and element 103 
probably would have fourteen 5f electrons. 

In the case of some of the elements in the series it may be difficult to assign electrons to 
the 5for 6d shells, because the energy necessary for the shift from one shell to the other may 
be within the range of chemical binding energies. Many of the experimental facts already 
described, such as the ease of oxidation to higher states and the more complicated 
situation for the magnetic susceptibilities as compared to the rare-earth elements, point to 
lower binding and less electrostatic shielding by outer electrons of 5f than of 4f electrons. 
This was to be expected, and the magnitude of these effects seems reasonable. The 
electronic configuration may differ from compound to compound or even with the 
physical state of a given compound. Moreover,  one certainly cannot be sure that the con- 
figuration of the gaseous atom, e.g., will correspond to that of the compounds or of the 
hydrated ions in solution. In the case of the lanthanides, in fact, the configuration of the 
gaseous atom has in general only two electrons (beyond the xenon structure) outside the 4f 
shell, al though the predominant  oxidation state is certainly the III state. Since the energy 
difference between such far-outlying levels as the 5f and 6d shells is rather small, and since 
resonance effects should be rather large, these may predominate in determining that a 
composite energy level lies lowest. Thus, some of these elements may possibly constitute 
what might more properly be called a 5f-6d range in this series rather than being 
considered as part of a totally 5f transition group. 
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Fig. 3. Qualitative representation of electronic binding energies in the heaviest elements. 

The evidence that has accumulated so far seems, nevertheless, to point to lower energies 
for the 5flevels, as compared to the 6d levels, for the compounds of the element, as early as 
uranium in this series. It is in the case of the elements thorium and protactinium that the 
relative energy positi0ns of these levels äre as yet most uncertain. As in the other transition 
series, the relative energy level of the shell that is undergoing the filling proeess becomes 
lower as the successive electrons are added, and by the time americium and curium, and 
presumably the subsequent members of the series, are reached, the 5f shell seems clearly to 
be of lower energy than the 6d shell. Also, it is not yet possible to place the electrons in 
neptunium and plutonium with eonfidence, and hence in table 5 alternative structures for 
gaseous neptunium and plutonium are suggested. It seems quite possible, for those 
elements in which the energies are so nearly equal, that the 5f as well as the 6d and outer 
orbits may be involved in the chemical binding in some compounds and complex ions, an 
interesting possibility for a new type of bonding. 

Figure 3 is an extremely rough and qualitative pictorial representation of the binding 
energy of the most easily removable 5f and 6d electron (of those present) for each of the 
heaviest elements. A rough representation such as this can be justified only if it helps 
somewhat in the understanding of the situation. It is hoped that such is the case. 

3.2. Possible deductions without data on transuranium elements 

Although it is the information on the transuranium elements that has been decisive in 
enabling us to come to the present view concerning the electronic structure of, or, more 
properly speaking, the best position in the periodie table for, the heaviest elements, it is 
interesting to conjecture, in retrospect, whether it would have been possible to arrive at a 
similar conclusion without this information. Actually, there has been much information 
about actinium, thorium, protactinium and uranium, especially about the latter, which 
pointed in this direetion.., there is the similarity among the metals of these elements with 
respect to electropositive eharacter. In addition, the melting point of uranium metal seems 
to relate it more closely to the immediately preceding elements than to tungsten and 
molybdenum... 

Uranium differs considerably from tungsten and molybdenum in the chemistry of the 
lower oxidation states. Uranium (III) has great similarity to the tripositive rare-earth 
elements and aetinium, and uranium(IV) resembles thorium and cerium(IV). Thus 
uranium (II]) and uranium (IV) are not acidic in charaeter; they do not tend, like tungsten 
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and molybdenum, to form such exceedingly strong complex ions in solution; they have 
fluorides that are insoluble and isomorphous with the fluorides of the rare-earth elements; 
and they have other halides with crystal structures that are in general isomorphous with 
the corresponding rare-earth halides. On the other hand, tungsten (III) and tungsten (IV) 
exist in aqueous solution predominantly as strong complex ions; e.g., tungsten (III) has a 
strong chloride complex ion, and tungsten (IV) forms strong fluoride and cyanide complex 
ions. In this connection Thompson (1947) has pointed out that tungsten(IV) forms the 
very stable complex ion W(CN)~ 4 with the stable configuration of eighteen outer 
electrons, but uranium(IV) possesses no significant tendency to form an analogous 
complex cyanide ion, as would probably be expected if uranium possessed the same outer 
electronic structure as tungsten. 

Although molybdenum dioxide and tungsten dioxide have isomorphous crystal struc- 
tures, tungsten dioxide and uranium dioxide do not, but uranium dioxide, thorium 
dioxide, and cerium dioxide do have isomorphous structures. It is interesting to note that 
although uranium is not associated with tungsten in minerals, uranium and thorium 
minerals practically always have the rare-earth elements associated witb them, and the 
rare-earth minerals practically always contain uranium or thorium. 

Arguments on the basis of the scanty evidence from the chemical properties of thorium 
and uranium alone have been given by others, including Villar (1940) and, more recently, 
Stedman (1947), for a 5f-type transition series in the heaviest elements, beginning with 
thorium. 

3.3. Position in periodic table and nomenclature 

Soon after the establishment of the concept of atomic number, the rare-earth elements 
could be properly fitted into the classification of the elements, and the periodic table took 
its present form. There is general agreement as to the various groups and subgroups, with 
differences only in regard to the best geometrical arrangements for presenting the 
information. Thus, even the undiscovered elements with atomic numbers within the 
confines of this classification had their places fixed, and, when they were discovered, no 
reasons were found to change their positions. However, this is not the situation with 
respect to the transuranium elements, whose positions could only be fixed after experimen- 
tal determination of their properties. Their positions, in turn, apparently influence the 
positions of elements that had been given places previously. 

Since this seems to present a new problem, it is necessary to consider carefully the facts 
that have given rise to the present classification in order to try to find the traditional 
criteria for placement in the periodic table to apply to the elements now under consider- 
ation. The chemical properties, especially in aqueous solution, have been important 
criteria. Thus, the rare-earth elements assumed a position by virtue of their predominant 
trivalency in aqueous solution, a property that is not deducible from the electronic 
structure of their atornic ground states. However, the spectroscopic data have determined 
the general regions of the transition series, where the 3d, 4d, 5d and 4f shells undergo filling, 
and seem to have influenced the practice of uninterrupted placing of the transition 
elements in subgroups. (That is, all ten 3d transitioin elements from 21Sc to 3oZn are 
usually in uninterrupted subgroups, and the same holds true for the 4d, 5d and 4f 
transition series.) 

With such criteria the best method of presenting the actinide elements in the periodic 
table seems to be that shown in fig. 4. Here are shown the fourteen elements of atomic 
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numbers 90 to 103, inclusive, with actinium, element 89, as the prototype. These fourteen 
elements are listed as a series below, and in a manner similar to the common listing of the 
fourteen rare-earth elements of atomic numbers 58 to 71, inclusive, for which lanthanum, 
element 57, is the prototype. It is not suggested that this particular form of the periodic 
table has any more merit than any of a number of others that place these elements in 
positions homologous to the rare-earth elements, because it is obvious that they can be 
analogously placed in a number of other types of tables or charts. The elements 90 to 96, 
inclusive, or the first few of them, could in addition be listed separately below the 5d 
elements in recognition of the resemblance of the first few of these to 5d elements. This 
appears to be undesirable, however, because the last members of this group bear no such 
resemblance, and it is probably impossible to draw a line as to just where the resemblance 
ends. 

Since my suggestion (Seaborg 1945, 1946) that the information on the transuranium 
elements appeared to have reached such a state as to make it possible to place the heaviest 
elements in definite positions in the periodic table (as an actinide transition series), a 
number of publications (Zimen 1948, Harvey 1948, Meggers 1947, Spence 1949, Maddock 
1948, Purkayastka 1948, Hardwick 1947) commenting on this proposal have appeared. 
These in general agree with the suggestion, although in some cases the reasons therefore 
differ and in others there is an understandable expression of desire to see more of the 
evidence in detail. A number of different periodic tables in which these elements have been 
placed as actinides homologous to the lanthanides have been published recently (Wheeler 
1947, Summons 1947, Villar 1947, Oppegaard 1948, Akhumov 1947). 

As mentioned above, a very important point is the presence of seven 5f electrons in 
stable tripositive curium (element 96), making this element very actinium-like. A series of 
thoride elements, e.g., would imply stable IV oxidation states in elements 95 and 96 and the 
presence of seven 5f electrons and the IV state almost exclusively in element 97. A series of 
this type seems to be ruled out by the now-known instability of americium in solution in 
the IV state and by the apparent non-existence in aqueous solution ofany oxidation state 
other than III in curium. Moreover, the III state of uranium would be surprising on this 
basis, because this element would be the second member of a thoride, or "IV oxidation 
state", series. The fact that nearly a year was spent in an unsuccessful effort to separate 
tracer amounts of americium and curium from the rare earths, immediately following the 
discovery of these two elements, illustrates how unnatural it would be to regard them as 
members of a thoride, or IV oxidation state, group. 

The group probably could have been described just as weil by some other term, such as 
"curide series", rather than "actinide", which is derived by analogy with the term 
"lanthanide". Another possibility would be to use a term such as "type 5f rare earths" or 
another name analogous to rare earths. A possibility here might be "synthetic earths" in 
view of the synthetic source of all except the first three members. [The best source of 
actinium is synthetic; actinium comes from pile neutrons by the reactions Ra 226 (n,y) 
Ra 227~- ~ Ac227.] Irrespective of the name that usage will finally assign to this group of 
elements, however, it seems that the outstanding characteristics of the group, namely, the 
ekagadolinium character of curium (and the presumed ekalutecium character of element 
103), together with the regularly increasing trend toward actinium-like character in going 
from thorium to curium, are best represented by listing these elements in corresponding 
positions under the rare-earth elements if it is desirable to give each element only one place 
in the periodic table. 
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3.4. Predicted properties of transcurium elements 

There has been a great deal of speculation concerning the upper limit of atomic number 
for the existence of elements, consideration being given to the fact that such a limit might 
arise from either atomic or nuclear (radioactivity or spontaneous fission) instability. If the 
former is not the limiting factor, it appears likely, on the basis of extrapolation from the 
nuclear properties of the heaviest elements, that the first few elements above element 96 
will have isotopes of sufficiently long life to make possible their investigation at least on the 
tracer scale, if the problem of their production in detectable amount should be solved. 

It is interesting to speculate about the chemical properties of these undiscovered 
elements beyond curium. The seven elements immediately following i.e., elements 97 to 
103, inclusive, should constitute the second half of this rare-earth-like transition group. It 
appears likely that the electrons added in proceeding up this series will be placed in a 5f 
shell of definitely lower energy than the 6d shell. Element 97 will probably have a IV as weil,, 
as a III oxidation state, and in view of the lower binding energy of the 5f as compared to 
the 4felectrons it might be easier to oxidize element 97 (ekaterbium) to this IV stare than is 
the case for terbium since the hydration and lattice energies do not appear to reverse the 
simple prediction for oxidation potentials from ionization potentials in these elements. 
Correspondingly, it should be easier to oxidize element 98 (ekadysprosium) to the IV and 
V oxidation states than is the case for dysprosium, for which oxidation above the III state 
is practically impossible. Toward the end of the series, elements 102 and 101 sbould be 
capable of being reduced to the II oxidation state, which would be analogous to the 
reduction of ytterbium and thulium, and element 103 should be similar to lutetium with 
respect to the complete stability of the III stare. 

Element 104 should continue with the filling of the 6d shell and be a true ekahafnium. 
After the filling of the 6d shell in the following elements there would be addition to the 7p 
shell, with the attainment of the rare-gas structure at hypothetical element 118 (on the 
logical assumption that the 5g shell does not start to fill before this point). 

3.5. Summary 

All available evidence leads to the view that the 5f electron shell is being filled in the 
heaviest elements, giving rise to a transition series. This transition series begins tbrmally 
with actinium in the same sense that the rare-earth or "lanthanide" series begins with 
lanthanum. Such an "actinide" series is suggested on the basis of the following evidence: (1) 
chemical properties, (2) absorption spectra in aqueous solution and crystals, (3) crystallo- 
graphic structure data, (4) magnetic susceptibility data and (5) spectroscopic data. This 
series differs from the rare-earth series in having more oxidation states above the HI state, 
and it differs in other ways that are connected with the lower binding of 5f compared to 4f 
electrons. The salient point is that the characteristic oxidation state is the III state, and the 
group is placed in the periodic table on this basis. (The characteristic oxidation state is 
exhibited by the member containing seven 5f electrons and presumably also by the 
member containing fourteen 5f electrons, curium and element 103.) The data also make it 
possible to give a suggested table of electronic configurations of the ground stare of the 
gaseous atom for each of the elements from actinium to curium, inclusive." 
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4. Completion of actinide series 

T h e  f o l l o w i n g  s e v e n  e l e m e n t s ,  c o m p l e t i n g  t he  a c t i n i d e  ser ies  as  p r e d i c t e d  a t  e l e m e n t  

103, we re  s y n t h e s i z e d  a n d  iden t i f i ed  (i.e., d i s c o v e r e d )  d u r i n g  t h e  f o l l o w i n g  twe lve  yea r s  

(i.e., b y  t h e  y e a r  1961). T h e i r  c h e m i c a l  p r o p e r t i e s  c o n f o r m e d  ve ry  well  w i t h  t h o s e  

p r e d i c t e d  o n  t he  bas i s  of  t he  a c t i n i d e  c o n c e p t .  E l e m e n t s  104 a n d  105, t he  f i rs t  e l e m e n t s  

b e y o n d  t h e  a c t i n i d e  series,  were  l a t e r  a l so  s h o w n  to  h a v e  t he  p r e d i c t e d  c h e m i c a l  

p r o p e r t i e s .  I s u m m a r i z e d  t he  s i t u a t i o n  in  m y  b o o k ,  Man-Made Transuranium Elements 
( S e a b o r g  1963), as  fo l lows.  

"Tab le  6 presents the electronic configurat ion,  or the best predict ion for the eiectronic 
configurat ion,  of the gaseous a toms of the actinide elements. Similar informat ion  for the 
l an than ide  elements is given for purposes  of comparison.  The configurat ions enclosed in 
parentheses  are predicted ones. 

As shown in table 6, fourteen 4f electrons are added in the l an than ide  series, beginning 
with cerium (atomic n u m b e r  58) and  ending with lutet ium (atomic n u m b e r  71); and  in the 
actinide elements fourteen 5f electrons are added, beginning formally (a l though not  
actually) with thor ium (atomic n u m b e r  90) and  ending with lawrencium (atomic n u m b e r  
103). In the cases of actinium, thor ium,  u ran ium and  americium, the configurat ions were 
determined from an  analysis of spectroscopic data  obta ined  by the measurement  of the 
emission lines from neutra l  and  charged gaseous atoms. The knowledge of the electronic 
structures for protact in ium,  neptunium,  p lu ton ium and  curium results from a tomic-beam 
experiments.  

TABLE 6 
Electronic configurations for gaseous atoms of actinide and lanthanide elements (predicted configurations 

are given in parentheses). 

Atomic Electronic Atomic Electronic 
number Element configuration" number Element configuration u 

89 actinium 6d 7s 2 57 lanthanum 5d 6s 2 
90 thorium 6d 2 7s z 58 cerium 4f 5d 6S 2 

91 protactinium 5f 2 6d 7s 2 59 praseodymium 4f 3 6s 2 
92 uranium 5f 3 6d 7s 2 60 neodymium 4f  4 6s 2 

93 neptunium 5f 4 6d 7s 2 61 promethium 4f s 6s 2 
94 plutonium 5f 6 7s 2 62 samarium 4f  6 6s 2 
95 americium 5f 7 7s z 63 europium 4f v 6s 2 
96 curium 5f • 6d 7s 2 64 gadolinium 4f  7 5d 6s 2 

97 berkelium (5f 8 6d 7s z or 65 terbium 4f 9 6s 2 
5f 9 7s 2) 

98 californium (5f 1° 7s 2) 66 dysprosium 4f 1° 6s 2 
99 einsteinium (5fl 1 7s 2) 67 holmium 4fl 1 6s 2 

100 fermium (5fa z 7s z) 68 erbium 4f 1 z 6s 2 
101 mendelevium (5fl 3 7s z) 69 thulium 4fl 3 6s 2 
102 (5f 14 7s 2) 70 ytterbium 4f a4 6s 2 
103 lawrencium (5f 14 6d 7s z) 71 lutetium 4f 14 5d 6s 2 

a In addition to the electronic structure of radon (element number 86), whose electronic configuration is : 
ls z 2s 2 2p 6 3s 2 3p 6 3d 1° 4s 2 4p  6 4d 1° 4f 14 5s z 5p 6 5d a° 6s a 6p 6. 
b In addition to the electronic structure of xenon (element number 54), whose electronic configuration is: 
ls 2 2s 2 2p 6 3s z 3p 6 3d lo 4s 2 4p 6 4d lo 5s 2 5p 6. 
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It is important to realize that the electronic structures listed in table 6 are those of the 
neutral (un-ionized) gaseous atoms, whereas it is the electronic structure of the ions and 
compounds that we are chiefly concerned with in chemistry. The relationship of the 
electronic structure of the gaseous atom of an element to that of its compounds can be 
rather complicated. For example, in the case of the actinide and lanthanide elements, one 
would not necessarily predict the predominanee of the III oxidation state from the 
electronic structures of the gaseous atoms; there are usually only two so-called "valence 
electrons", the 7s or 6s electrons, which might indicate a preference for the II oxidation 
state. 

Apparently, specific factors in the erystal structure of, and the aquation (hydration) 
energies of, the compounds and ions are important in determining the stability of the III 
oxidation state. Thus, the characteristic tripositive oxidation state of the lanthanide 
elements is not related directly to the number of"valence electrons" outside the 4f subshell, 
but is the somewhat accidental result of a nearly constant small difference between 
large-energy terms (ionization potentials on the one hand, and hydration and crystal 
energies on the other) which persists over an interval of fourteen atomic numbers. 
Therefore, ifwe could somehow have a very extended periodic table of elements containing 
numerous "f" transition series, we might expect that the 5f, rather than the 4f, elements 
would be regarded as more nearly representative of such f series. 

Nevertheless, the electronic structures given in table 6 will have some relevanee to the 
electronic structures of the ions and compounds of.these elements. Fortunately, it is 
possible to determine the electronic structure of the ions and compounds by a number of 
methods, such as the measurement of such properties as paramagnetic resonance, 
paramagnetic susceptibility, light absorption, etc. These measurements, together with 
consideration of the chemical and other properties of these elements, have provided a great 
deal of information about the electronic configurations of the aqueous actinide ions and of 
the aetinide compounds. It is interesting to note that these data do show that, in general, all 
of the e lec t rons- in  addition to the radon c o r e - i n  the actinide compounds and in 
aqueous actinide ions are indeed in 5f orbitals. There are very few exceptions (such as 
U2Ss) and subnormal compounds (such as Th2S3) where 6d electrons are present. 

Except for the early actinide elements, the III oxidation state is the characteristic 
oxidation state for each series of elements.. ,  ease of oxidation of the early members of the 
actinide series is due to the looser binding of the 5f electrons early in the series and the 
nearness in energy of several electronic levels in this region (7s, 6d and 50. 

The electronic eonfigurations 5f vor  4f ~, representing the half-filled f shells of curium 
and gadolinium, have special stability. Thus, tripositive curium and gadolinium, are 
especially stable. A consequence ofthis is that the next element in each case readily loses an 
extra electron through oxidation, so as to obtain the f7 structure, with the-result that 
terbium and especially berkelium can be readily oxidized from the III to the IV oxidation 
state. Another manifestation of this is that europium (and to a lesser extent samar- 
ium) just before gadolinium tends to favor the 4f 7 strueture with a more stable than 
usual II oxidation state. Similarly, the stable lag electronic configuration leads to a more 
stable than usual II oxidation state in ytterbium (and to a lesser extent in thulium) just 
before lutetium (whose triposifive ion has the 4f 14 structure). This leads to the prediction 
that element 102, the next to the last actinide element, will have an observable II oxidation 
state. 

After the completion of the 5fshell at lawrencium (element 103, the last actinide element, 
it is predicted that electrons will be added to the 6d shell in the suceeeding transactinide 
elements. It might be added, mainly for the sake of completeness, that the filling of the 6d 
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TAaLE 7 
Predicted electronic structures of some transactinide elements. 

Element Electronic structure a Element Electronic structure a 

104 5f 14 6d 2 7s 2 112 5f 14 6d a° 7s 2 
105 5f 14 6d 3 7s 2 113 5f 14 6d 1° 7s 2 7p 1 
106 5f ag 6d 4 7s 2 118 5f 14 6d 1° 7s 2 7p 6 
107 5f 14 6d 5 7s 2 120 5f 14 6d 1° 7s 2 7p 6 8s 2 
108 5f 14 6d 6 7s 2 125 5f 14 5g 5 6d 1° 7s 2 7p 6 8s z 

a In addition to the electronic structure of radon (element number 86). 

shell should be followed by the addition of electrons to the 7p shell, with the attainment of 
the rare-gas structure at hypothetical element 118. The filling of the 5g shell, eorresponding 
to a wholly new kind ofinner transition series of eighteen elements, is predicted to begin at 
about this region of atomic numbers. It is unfortunate that nuclear instability precludes 
the possibility of synthesizing and studying such very interesting elements. The predicted 
electronic structures of some transactinide elements are given in table 7". 

5. Superactinide elements 

In  tab le  7 n o t e  is t a k e n  of  the  exis tence  o f  the nex t  " r a r e - e a r t h "  series c o n t a i n i n g  5g 

e lec t rons .  T h e  p red i c t ed  n a t u r e  o f  this i nne r  t r an s i t i on  series, c o r r e s p o n d i n g  to the  

fi l l ing o f  the  5g a n d  6f e l ec t ron  shells, and  which  I c h a r a c t e r i z e d  as a " s u p e r a c t i n i d e "  

g roup ,  is desc r ibed  in an  ar t ic le  I p u b l i s h e d  in 1968 (Seabo rg  1968). 

ù Predicted electronic configuration and chemical properties of superactinide elements. 
Although it is uncertain as to the exact point where the 5g or 6f subshells begin to be 

filled (because the energy levels of the two subshells may be very dose  together), it seems 
likely that in a formal sense this would begin at element 122. It is interesting to speculate on 
the electronic structure and chemical properties of such a "superactinide" group of 
elements in which the 18 places in the 5g electron shell and the 14 places in the 6f electron 
shell might be filled in a comingling fashion, leading to a mixed transition series of 32 
elements terrninating at Z = 153. I believe that the best way offitting them into the periodic 
table of the elements - although this is admittedly an approximation and a matter of 
finding the best eompromise - is as a third rare-earth type of transition series below the 
lanthanide and actinide series. Thus in this oversimplification of a complicated situation 
the elements beyond element 121 would be considered as homologs of the elements 
beyond lanthanum (atomic number 57) and actinium (atomic number 89) on an element- 
by-element basis ... If the analogy is valid, the III oxidation state of the "superactinide" 
group should be typical. However, there are reasons to expect deviations. At the beginning 
of the seiles, as is the case for the actinides and for similar reasons, we might expect higher 
oxidation states to be readily reached. Somewhat later in the series we might expect to find a 
prominent  II oxidation stare, analogous to the effect observed in the heavier act inides"  
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6. Status of actinide elements 

As the result of increasing sophistication of the experiments, a large range of oxida- 
tion states of the actinide elements is known, which are summarized in table 14.4 of 
Katz et al. (1986) which is reproduced here. These are well understood on the basis of 
the actinide concept, fitting in well with the expected stability of the III oxidation stare 
of the middle element (element 96 with the half-filled 5f v structure) and the last element 
(element 103 with the filled 5f 14 structure). 

The actinides show an unusually broad range of oxidation states, ranging from + 2 
to + 7 in solution, as summarized by Loveland and I (Seaborg and Loveland 1990). The 
most common oxidation state is + 3 for the transplutonium actinide elements, similar 
to the lanthanides, with + 2 oxidation states being observed for the heaviest species. 
A stable + 4 state is observed for the elements thorium through plutonium and 
berkelium. The + 5 state is well established for protactinium through americium and 
the + 6 stare for uranium through americium. Following the normal trend for 
polyvalent cations, lower oxidation states are stabilized by acid conditions while the 
higher oxidation states are more stable in basic solutions. Complexing can, of course, 
change this general trend. 

In compounds of the + 2, + 3, + 4 oxidation states, the elements are present as 
simple M + 2, M + 3 or M 4 + cations but for higher oxidation states, the most common 
forms in compounds and in solution are the oxygenated actinyl ions MO ~ and MO 2 +" 
Disproportionation reactions are an important part of the chemistry of the actinide 
elements, especially for the + 4 and + 5 oxidation states. 

A few comments on the various oxidation states found in solution follow: 

M (I) 

M(II) 

M (III) 

M (IV) 

M (V) 

The existence of Md + has been reported by Mikheev et al. (1973) hut studies 
by other groups have failed to confirm these observations (Hulet et al. 1980). 
Both No 2+ and Md 2 + form readily in solution. No 2 + is the most stable 
oxidation state of nobelium, a result of the stability of the completely filled 
5f ag shell. Pulse radiolysis of acid solutions has been used to make unstable 
Am 2 +, Cm 2 +, Bk 2 +, Cf  2 + and Es 2 +. Fm 2 + is more stable than these ions but 
less stable than Fm 3 + 
The + 3 oxidation state is the most stable oxidation state for americium 
through mendelevium and for lawrencium. It is easy to produce Pu 3 + and 
Np 3+, but U 3 + is such a strong reducing agent that it is difficult to keep in 
solution. 
The most stable oxidation state of thorium is + 4. Pa 4+, U 4+ and Np 4+ are 
stable but are oxidized by 02. Pu 4+ is stable in acid solutions with low 
plutonium concentration. Americium, curium and californium can be oxi- 
dized to the + 4 state with strong oxidizing agents like persulfate, pulse 
radiolysis or other strong oxidation and complexation techniques. Bk 4 + is 
relatively stable as a result of the half-filled sheU, 5f 7. 

The actinides protactinium through americium form MO ~ ions in solution. 
PuO~ may be the dominant species in solution in low concentrations in 
natural waters that are relatively free of organic materials. 
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UO 2 + is the most stable oxidation state of uranium. Neptunium, plutonium 
and americium form MO 2 + ions in solution with the stability ordering being 
U > Pu > Np > Am. 
M(VII) species, in oxygenated form such as MO 0-, have been reported for 
neptunium, plutonium and americium but are unstable. 

7. Transactinide elements 

The transactinide elements with atomic numbers 104 109, inclusive, have been 
synthesized and identified (i.e., discovered) (Seaborg and Loveland 1990). The known 
elements beyond 103 (rutherfordium, hahnium, seaborgium, nielsbohrium, hassium 
and meitnerium) should be members of a new fourth d-electron transition series 
extending from rutherfordium to element 112, in which the 6d electronic shell is being 
filled. The chemical properties of the members of this group should generally resemble 
those of their homologs hafnium to mercury in the third d-electron transition series. 
The chemical properties of these elements, as predicted by Keller and I in 1977, are 
shown in table 3 ofour paper (Keller and Seaborg 1977), which is reproduced here. The 
predicted chemical properties are generally the result of a judicious extrapolation of 
periodic-table trends for each group together with consideration of relativistic effects 
predicted for these elements. Of especial interest are the properties of element 112, 
ekamercury. Pitzer (1979) has suggested that relativistic effects will make 112 more 
noble than mercury and that element 112 will be a volatile liquid or a gas. 

Of the transactinide elements, only the chemistry of rutherfordium and hahnium has 
been studied. These elements all have short half-lives and study of their chemical 
properties must occur at the accelerators where they are produced. Since typical 
production rates are such that the elements are produced one-atom-at-a-time, the 
experiments to deduce the chemistry of these elements must be carried out many times 

TABLE 3 
Predicted chemical properties of elements 104-112. 

Rf Ha 106 107 108 109 110 111 112 

III, IV IV, V IV, VI III-VII II-VIII I-VI I-VI III , ( -1)  I, II Stable oxidation states 
First ionization energy 

(eV) 5.1 6.6 7.6 
Standard electrode 4 ~ 0 5 ~ 0 4 ~ 0 

potential (V) - 1.8 -0 .8  -0.6 
Ionic radius (A) (+ 4) (+ 5) ( + 4) 

0.71 0.68 0.86 
Atomic radius (Ä) 1.50 1.39 1.32 
Density (g cm-3) 23 29 35 
Heat of sublimation 694 795 858 

(kJ mol- a) 
Boiling point (K) 5800 
Melting point (K) 2400 

6.9 7.8 8.7 9.6 10.5 11.4 
5---,0 4---,0 3 ~ 0  2 ~ 0  3 ~ 0  2--,0 
+0.1 +0.4 +0.8 + 1.7 + 1.9 +2.1 
(+5) (+4) (+3) (+2) (+3) (+2) 
0.83 0.80 0.83 0.80 0.76 0.75 
1.28 1.26 
37 41 
753 628 594 481 335 29 
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with the results of the individiual experiments being added together to produce a 
statistically significant result. The experiments must be very reproducible and involve 
sensitive detection techniques such as high-resolution «-particle spectroscopy and 
fission counting. 

The chemistry of rutherfordium has been shown to be similar to the chemistry of 
hafnium rather than the chemistry of the heavier actinides, a clear demonstration of the 
expected end of the actinide series at lawrencium. This demonstration involved both 
aqueous and gas-phase chemistry. In the gas-phase experiments by Zvara et al. 
(1972a,b) the 3-s isotope 259Rf, produced in the 242pu (22Ne, 5n) reaction was used. 
Zvara and co-workers attempted to use thermochromatography to show a difference 
in volatility of RfC14 which seemed to condense at ~ 220°C as compared to the 
chlorides of the heavier actinides which have much higher condensation 
temperatures. 

In aqueous solution experiments, the 1-min isotope 261Rf produced in the z48cm 
(180, 5n) reaction, was used by Silva et al. (1970). Atoms of rutherfordium recoiling 
from the target were caught in an NH4C1 layer sublimed onto platinum discs, dissolved 
with ammonium «-hydroxyisobutyrate solution and added to a heated Dowex-50 
cation-exchange resin column, The neutral and anionic complexes of hafnium, zirco- 
nium and rutherfordium were not adsorbed on the cation-exchange column while 
actinides were strongly absorbed. Thus, the hafnium, zirconium (tracers) and the 
rutherfordium atoms eluted within a few column volumes while the actinides eluted 
after several hundred column volumes. The time from end of bombardment to start of 
sample counting was less than one half-life of 261Rf and after several hundred experi- 
ments Silva and co-workers were able to detect the decay of 17 atoms of 261Rf in the 
eluant. 

This work was extended by Hulet et al. (1980) to the chloride complexes of 
rutherfordium. Computer automation was used to help perform the chemical opera- 
tions rapidly and reproducibly. An HC1 solution containing 261Rf was passed through 
an extraction chromatography column loaded with trioctylmethylammonium chloride 
which strongly extracts anionic chloride complexes. Such complexes are formed by the 
group IV elements such as rutherfordium while the actinides, and members of groups I 
and II, form weaker complexes and are not extracted. Thus, the actinide recoil products 
elute first and zirconium, hafnium and rutherfordium were shown to elute in a second 
fraction as expeeted for group IV elements. 

However, more recent work shows that the chemical properties of rutherfordium 
differ in subtle ways from those of its homologs zirconium and hafnium, due to the 
complexities introduced by the presence of relativistic valence electrons in its larger 
electronic structure. For example, Czerwinski (1992), using the 6.5-s 261Rfisotope, has 
shown for the tributylphosphate-chloride system, at high chloride concentrations, that 
rutherfordium unlike zirconium and hafnium, forms anionic chloride species, similar 
to plutonium (IV). Furthermore, rutherfordium extraction increases with increasing 
hydrogen-ion concentration, while zirconium and hafnium do not, suggesting the 
formation of a neutral salt. These differences in chemistry show that chemical proper- 
ties exhibited by the lighter homologs cannot be extrapolated in a simple manner to 
prediet the properties of the transaetinide elements. 
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Similarly, Türler et al. (1992) showed that Rf Br 4 is unexpectedly more volatile than 
HfBr4, and RfC14 has a surprisingly high volatility. This may be due to relativistic 
effects leading to more covalent bonding in the rutherfordium halides. 

Hahnium (Ha) is expected to have the valence-electron configuration 7s 2 6d 3 and 
thus to be a homolog of tantalum (with the valence electron configuration 6s / 5d3). 
Zvara et al. (1976) have carried out a set of thermochromatography experiments 
similar to those done with rutherfordium. The isotope used for the study was the 1.8-s 
Z61Ha produced in the 243Am(22Ne, 4n) reaction, with detection by observation of its 
decay by spontaneous fission. The results of the experiments show the volatility of the 
chlorides and bromides of hahnium to be less than that of niobium (a 4d 3 element 
which has the same deposition temperature in the chromatographic apparatus as 
tantalum) but relatively similar to that of hafnium. Gäggeler et al. (1992) and Türler 
et al. (1992), using the isotopes 262.263Ha (half-lives 34 s and 27 s), similarly find that the 
bromide(s) of hahnium are less volatile than the bromides (NbBr 5 and Taßrs) of its 
lighter homologs niobium and tantalum. This is at variance with the theoretical, 
relativistic considerations of Pershina et al. (1992) for Haßr» but the formation of an 
oxybromide or tribromide of hahnium, expected to have a lower volatility than the 
pentabromide, cannot be ruled out. In any case, the experiments show that hahnium 
behaves in a generally similar manner to niobium and tantalum in the volatifity of their 
bromides. 

Gregorich et al. (1988) have investigated some aqueous solution chemistry of 
hahnium, using the 35-seconds 26/Ha, produced in the 249Bk (180, 5n) reaction. With 
nearly a thousand batch experiments, hahnium was found to hydrolyze in strong 
HNO 3 solution and adhere to glass surfaces. Such hydrolysis is characteristic of group 
V elements and different from group IV elements as verified in experiments with 
tantalum and niobium, and zirconium and hafnium, tracers under the same conditions. 
In other experiments, hahnium did not form extractable anionic fluoride complexes in 
HNO3/HF solutions under conditions in which tantalum was extracted nearly quanti- 
tatively. This observation may be explained by an extrapolation of the properties of 
group V elements, in that the tendency to hydrolyze or to form polynegative fluoride- 
complexes may be stronger for hahnium than for tantalum, leading to a failure to 
observe extraction. In the pioneering work of Gregorich et al. (1988), the total study 
involved the identification of 47 atoms of 262Ha on the basis of observation of decay by 
spontaneous fission and «-particle emission, including the time correlation of «-particle 
decays from 262Ha and its 4-s daughter 258Lr. 

To confirm the formation of such polynegative hahnium species, anion-exchange 
chromatographic separations using triisooctyl amine (TIOA) were performed by Kratz 
et al. (1989). They compared the halide complexation of hahnium (using :z62'263Ha) 
with the lighter group V elements niobium and tantalum, and the pseudo-group V 
element protactinium, and found that the halide complexes of hahnium are different 
from those of tantalum, and more like those of niobium and protactinium, indicating a 
reversal in the trend in going from niobium to tantalum to hahnium. It was suggested 
that the non-tantalum-like halide complexation of hahnium is indicative of the forma- 
tion of oxyhalide or hydroxyhalide complexes, in contrast to the pure halide complexes 
of tantalum. 
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The close similarity of the chemical behavior of hahnium to that ofprotactinium and 
niobium motivated Gober et al. (1992) to investigate this further using diisobutylcar- 
binol (DIBC) as an extractant. The extraction yield was greatest for protactinium, less 
for niobium, and least for hahnium. Since the extraction into DIBC is restricted to 
neutral or singly charged metal complexes, while polynegative species cannot be 
extracted, the results indicated that the tendency of hahnium to form polynegative 
complexes at high halide concentrations is stronger than for niobium and much 
stronger than for protactinium. 

Thus, although rutherfordium and hahnium behave in the main in a manner highly 
consistent with that expected for members of group IV and group V, their chemical 
properties cannot be determined reliably in detail from trends exhibited by their lighter 
homologs because of the important, and probably understandable, role played by 
relativistic effects in these heavier elements. 

8. Modern periodic table 

A periodic table that places the actinide elements and the transactinide elements in 
positions that best represent our present understanding is shown in fig. 5. A more 
futuristic periodic table that includes the unattainable "superactinide" group of 
elements with 5g and 6f electrons is shown in fig. 6. 
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1. Introduction 

The electronic structures of molecules containing lanthanide and actinide atoms are 
extremely interesting due to the complex array of electronic states resulting from open 
f-shell electronic configurations. There are seven possible real projections for the 4f 
orbitals which could accommodate up to 14 electrons. As a result, numerous possible 
electronic states of varied spin multiplicities and spatial symmetries result even for a 
simple diatomic molecule consisting of a lanthanide or actinide element. A wealth of 
spectroscopic data has been accumulated up to now on several diatomics containing 
f-block elements. The spectra are considerably complex and definitive assignments are 
not always feasible. 

The 4f-shell electrons are challenging to deal with since they exliibit all kinds of 
chemical behavior-i.e. ,  they behave sometimes like non-bonding electrons while at 
other times are involved in the chemical bonds. The book by Salahub and Zerner (1989) 
as well as the recent introductory remarks by Atkins (1991) entitled "f for facts, factors 
and fallacies" beautifully summarize the rather intriguing behavior of 4f electrons. 

The next important fact oflanthanide and actinide chemistry is going to be one of the 
central themes of this chapter, namely, relativistic effects. Relativistic effects arise from 
the differences in the assumed infinite speed of light in non-relativistic mechanics 
(whether classical or quantum mechanical) and the true speed of light. Although the 
special theory of relativity was proposed by Einstein in the very early part of the 
century, its impact in chemistry came about much later. In fact, it is not an exaggeration 
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if one states that the discovery of several super-heavy actinide elements at Berkeley by 
Seaborg and co-workers provided considerable impetus to the growth of' relativistic 
quantum chemistry pioneered in particular by Pitzer and co-workers at Berkeley. The 
recent article by Hoffman (1990) outlines the connection between relativity and 
super-heavy elements. 

Just prior to the 1970s, quantum mechanics made a significant impact in the 
chemistry of molecules containing light elements in the periodic table due to the advent 
of computers. Although the Schr6dinger equation and the underlying quantum 
principles were considerably old by then, the practical difficulties in applying those 
equations to chemistry were immense, due to the numerical complexities of equations 
pertaining to polyatomic molecules. However, thanks to the advent of computers and 
now supercomputers and the pioneering work of Boys which showed that the 
underlying integrals can be evaluated very easily if one used Gaussians to represent 
atomic orbitals, today ab initio quantum chemists are bolstered to carry out calcula- 
tions approaching a billion electronic configurations (Olsen et al. 1990). 

In recent years, there has been significant growth in our understanding of the nature 
of bonding and electronic states of molecules containing very heavy atoms with the 
advent of relativistic quantum mechanical tools combined with the power of supercom- 
puters. The relativistic effective core potential (RECP) method which is a chemist's view 
of a very heavy atom, made it possible to study molecules containing almost any 
element in the periodic table. The underlying philosophy of the RECP method is that 
the chemical properties of molecules are governed primarily by the valence electrons 
and the other core electrons are deeply buried and do not take an active part in 
chemical bonding. Hence the ECP approximation simply replaces these core electrons 
by an effective potential which therefore effectively leads to the treatment of gold atom, 
eg., as a eleven-electron system (5d 1° 6sa). Balasubramanian and Pitzer (198;7) as well as 
several others (Christiansen et al. 1985, Krauss and Stevens 1984, Ermler et al. 1988, 
Balasubramanian 1989a, b) have written reviews on the subject of the ECP method and 
hence we will not dwell on the details and advantages of the ECP method. 

Relativistic effects play an important and interesting role in the electronic structure 
of lanthanides, actinides and post-lanthanide molecules. As a matter of fact, in 1975 
Pitzer and co-workers (Bagus et al. 1975) showed that not all of the "lanthanide 
contraction" is due to incomplete screening of the 4f-shell electrons. In fact, the magni- 
tude of the 4f-shell effect and relativistic effects were found to be comparable and hence 
indeed nearly half of"lanthanide contraction" itself is due to relativistic effects. In this 
chapter, we will illustrate this point further by considering the electronic states of HfH, 
HfH z, Pt- and Au-containing molecules and comparing them with their light analogs 
(ZrH and ZrH2). The lanthanide contraction plays a very important role in the 
third-row transition-metal compounds containing Hf-At as well as the chemistry of 
molecules containing Hf-At. The third-row transition-metal elements (Hf-Au) form 
stronger chemical bonds compared to the second-row elements because of the 4f-shell 
incomplete screening and the relativistic mass-velocity effect both of which lead to the 
contraction of the 6s orbital of Hf-Au. For the same reason, the 6s 2 shell of Hg, T1, Pb 
and Bi, etc. is considerably lower in energy and hence this shell is relatively inert leading 
to the "inert-pair effect" phenomenon. 
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The electronic spectra of rare-earth diatomics such as LaO, CeO, PrO, etc. are 
notoriously complex as noted by Field and co-workers (see, e.g., Field 1982). Since an 
array of molecular electronic states result from incomplete 4f shells, several electronic 
states have nearly the same properties. Furthermore, spectroscopic bands arising from 
one set of states can be highly perturbed by another set of states in the near proximity. 
Moreover, there are several isotopes for lanthanides with large nuclear spins which lead 
to complex hyperfine structures. 

In spite of the above-mentioned complexities, progress on electronic structure 
computations of lanthanide and actinide molecules as well as spectroscopy of lanthan- 
ide molecules in general and oxides in particular, has been impressive. The fact that 
molecules such as C6oLa (Chang et al. 1991), U(CsHs) 2 (Chang and Pitzer 1989), etc. 
can be computed is a testimonial to the progress in this area and the impact that 
large-scale ab initio computations has made in the chemistry of molecules containing 
lanthanides and actinides. 

The objective of this chapter is to review these developments in both theoretical 
computations and experimental spectra of molecules containing lanthanides and 
actinides. It is not our intent to provide a comprehensive set of available data on these 
molecules. That would be an overwhelming and rather ambitious task. Instead, my 
objective will be to identify a few molecules of both experimental and theoretical 
interest and emphasize the interplay between theory and experiment. I propose to 
summarize the insight gained from theoretical computations especially in regard to the 
importance of relativistic effects in lanthanide and actinide chemistry as well as post- 
lanthanide chemistry. 

We have enumerated a list of such species. As seen from the contents, even such a 
focused list is rather long. We hope to discuss as many of these species in as much detail 
as possible, but due to the bias of the chapter, all molecules and all references pertaining 
to all lanthanide and actinide molecules will not be included. That is merely to make 
this difficult task of reviewing a subject of such a large scope possible. We lay special 
emphasis on species which elucidate some interesting theoretical concept or relativistic 
effects. We have organized this chapter into seven sections, each section containing 
subsections. Section 2 discusses rather briefly relativistic effects and theoretical tech- 
niques to compute them. Section 3 focuses on ab initio and semi-empirical techniques 
for lanthanides and actinides. Sections 4-7 offer a list of molecules containing 
lanthanides and actinides for which both experimental and theoretical (although these 
may not be complete) data exist. 

2. Relativistic effects and methods 

There are several review articles (Pitzer 1979, Pyykk6 and Desclaux 1979, Krauss 
and Stevens 1984, Balasubramanian and Pitzer 1987, Malli 1982a, b, Christiansen 
et al. 1985, Pyykk6 1986, 1988, Balasubramanian 1989a, b, 1990a, b) which deal with 
the importance of relativistic effects on the chemical and spectroscopic properties of 
molecules containing very heavy atoms. For a detailed description of these effects and a 
survey of the literature, the reader is referred to these reviews. However, in this chapter 
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we will elucidate the basic nature of relativistic effects and in particular their role in 
lanthanide and actinide chemistry. We will also describe the basic relativistic quantum 
chemical methods briefly. For  more details on these methods, the reader is referred to 
the above-mentioned reviews. 

2.1. The nature of  relativistic effects 

Relativistic effects can be defined as differences in chemical and spectroscopic 
properties arising from the true velocity of light as opposed to the assumed infinite 
velocity of light in non-relativistic models. Relativistic effects are far more important for 
molecules containing very heavy atoms since the inner electrons in such atoms are 
subjected to the electric field generated by a large number of protons. Consequently, to 
maintain balance with the large electrostatic force the inner electrons of very heavy 
atoms move with speeds that are comparable to the speed of light. For example, it is 
estimated that the ls electrons of post-lanthanide atoms such as gold attain 60~o of the 
speed of light. 

There are several effects of relativity on chemical bonding and spectroscopic 
properties. We first focus on a relativistic effect called the "mass-velocity" effect. As the 
electron approaches the speed of light, its mass increases with velocity since in special 
theory of relativity mass is no longer a constant and varies as 

M -  M° 

where M o is the rest mass (mass when v = 0) and M is the actual mass. It is clear that 
when v approaches 60~o of c, M becomes 

M = 1.25 M o. 

That is, even at 60~o of the speed of light the mass of an inner ls electron of the gold 
atom increases by 25~.  The 25~ increased mass means an increase in its kinetic energy. 
Since the total energy is conserved, the electrostatic energy has to become more 
negative. The electrostatic energy of an electron is inversely proportional to its 
averaged orbital radius and this evidently leads to the contraction of the inner ls 
orbitals of atoms such as Au, Pt, T1, etc. To keep balance with the core orbitals, which 
by far experience most of the relativistic effects, the valence orbitals also contract. For  
example, the 6s orbital of the gold atom contracts. Bagus et al. (1975) showed that 
nearly half of the lanthanide contraction is actually attributed to relativity. We discuss 
this in detail in the next section. 

Another relativistic effect of considerable importance in the chemical properties of 
molecules containing very heavy atoms is the spin orbit interaction. The spin-orbi t  
interaction is a relativistic effect in the sense that it goes to zero in the limit c --. oe due to 
the presence of~ 2 (e = l/c) term in the numerator of the spin-orbi t  operator. Physically 
it arises from the coupling of the orbital angular momentum (1) of the electron with its 
spin (s). As Z (the atomic number) increases, the coupling of l and s increases 
significantly. Thus a new quantum number for the atoms, j = 1 + s, becomes a good 
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Balasubramanian (1989a, b). 

quantum number and 1 and s are no longer good quantum numbers. This, in turn, 
introduces significant mixing of electronic states of different spin multiplicities and 
different I values for an atom. 

Figure 1 shows the periodic trend in the 3Po-3P 2 splitting of the group IV elements 
where the suffixes are the J quantum numbers. Note the dramatic increase in the 
3P0-3P z splitting of Pb (1.3 eV) compared to Sn (0.4 eV). The ground state of the Pb 
atom is thus 88% 3P o and 12~o 1S o compared to Sn which is 97?/0 3P o and only 3% 1S 0. 
Non-relativistically, electronic states of different spin multiplicities do not mix and 
thus the mixing of 3p with 1S is purely a relativistic effect. Likewise, the J = 2 state of Pb 
is 70% 3P 2 and 30% 1D 2. 

The spin-orbit coupling makes significant impact on the electronic structure and 
spectroscopy of lanthanide and actinide molecules. First electronic states of different 
spin multiplicities and spatial symmetries are mixed by spin-orbit coupling. Conse- 
quently, the conventional AS = 0, AA = + 1 selection rules, where S and A are total 
spin and angular momentum along the molecular axis, do not hold for diatomics 
containing lanthanides and especially actinides. This is because the intensity of such 
electronic transitions depend on the magnitude of an integral called the transition 
moment. The spin-orbit coupling increases the transition moments and therefore the 
transition probabilities of electronic transitions which are rigorously zero non-relativ- 
istically. This is brought about primarily through mixing of different electronic states 
which do not mix non-relativistically. 

The spin-orbit effect can destabilize chemical bonds and enhance chemical reactiv- 
ity through coupling of different electronic states. For example, the Do of Pb 2 (Bala- 
subramanian and Pitzer 1983) is reduced to half of its value primarily through the 
spin-orbit effect. For example, the D e of Pb2 is ~,, 1.8 eV in the absence of spin-orbit 
coupling, but becomes 0.88 eV when spin-orbit effects are included. This is primarily 
because the spin-orbit  stabilizations of atomic states and molecular states are not 
always the same. In the case of Pb, the ground state of the lead atom is considerably 
more stabilized than the Pb 2 dimer and thus the D e is decreased significantly compared 
to the D e of Sn 2 which is 1.94eV. The ground state of P b  2 is a mixture o f  3~---~ g (0:), 

+ + 2 1 + + 2 leg  (0g)(rc) as well as Zg (0g)(Tzu). 
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The enhancement of reactivity through spin-orbit coupling occurs when potential 
energy surfaces of electronic states of different spin multiplicity cross. For molecules 
containing very heavy atoms, if this happens, the spin-orbit coupling at the points of 
intersection could be large leading to a significant number of non-adiabatic surface 
hoppings from one surface to the other. Typically high spin electronic states of heavy 
atoms do not insert into H 2 but the low spin states do. Hence if the high spin surfaces 
cross the low spin surfaces there could be considerable interaction between the two 
surfaces primarily brought about by spin-orbit coupling in the heavy species. In this 
event, there could be hopping of electrons from high spin to low spin states non- 
adiabatically and thus the high spin atoms, which are intrinsically non-reactive, 
become more .reactive. This is exemplified by several studies from our laboratory on the 
reactivity of third-row transition-metal atoms. For example, spin-orbit coupling 
enhances the reactivity of high spin state Ir with H 2 (Balasubramanian and Dai 1990). 
In this chapter, we show how the reactivity of Hfwith H 2 is contrasted compared to Zr 
and H 2 due to lanthanides and relativistic effects. 

2.2. Relativity and tanthanide contraction 

Bagus et al. (1975) have studied the effects of relativity and the lanthanide contrac- 
tion (gradual decrease of atomic radii from La to Lu) on Hf to Bi atoms which follow 
the lanthanides. It is important to know how much of the contraction on the 6s valence 
orbital is caused by relativity as opposed to incomplete screening of the 4f shells. 
To accomplish this goal, Bagus et al. made Hartree-Fock calculations on "pseudo- 
atoms" corresponding to Hf, Re, Au, Hg, T1, Pb and Bi without 4f electrons, but with 
the atomic number reduced by 14. The orbital energies of the pseudo-atoms were 
compared with Dirac-Fock orbital energies of the real atoms by Bagus et al. Of course, 
this technique would thus separate the contraction effect due to 4f shells and relativity. 

Typically the seven projections of the 4f shells occupy a small volume and thus fail to 
screen the nucleus. This results in an incomplete screening of the 4f-sheU electrons. 
Consequently, e.g., the 6s orbital of the Hf atom is not fully shielded by the 4f shell of 
electrons. This, in turn, leads to a contraction of the outer 6s orbital. The contraction of 
the radii of the outer electrons is more commonly referred to as the "lanthanide con- 
traction". However, not all of the orbital-radii contraction arises from the incomplete 
screening of the 4f shells. As a matter of fact, nearly half of the contraction is due to 
relativity. 

Table la reproduces the results of Bagus et al. (1975) which shows a critical com- 
parison of the orbital energies in Hartree atomic units for both the HF pseudo- 
atom (without 4f shells) and the actual atom for which relativistic Dirac-Fock energies 
are listed. Note that the actual orbital energies are negative and for convenience the 
magnitudes of these energies are shown in table la. The difference in the orbital 
energies of the pseudo-atom and HF atom measures the effect of the 4f shell. The 
difference in the DHF orbital energy and HF orbital energy measures the effect of 
relativity. 

As seen from table la, the difference in the 6s orbital energy of the pseudo-Hfand Hf 
(HF) is 0.0299 Hartrees while the difference between Hf (HF) and Hf (DHF) energy is 



TABLE la 
Orbital binding energies in a.u. of atoms Hf-Bi. Both pseudo, relativistic and non-relativistic atoms are 

compared. Reproduced from Bagus et al. (1975). 

5d 6s 6p 

(5d3/2) (5d5/2) (6Sl/2) (6Pl/2) (6P3/2) 

pseudo-Hf 0.3192 0.1805 
H~HF) a 0.2992 0.2104 
H~DHF) b 0.2473 0.2355 0.2397 

pseudo-Re 0.4660 0.2031 
Re(HF) 0.4538 0.2347 
Re(DHF) 0.3972 0,3661 0.2783 

pseudo-Au 0.5372 0.1905 
Au(HF) 0.5210 0.2208 
Au(DHF) 0.4935 0.4287 0.2917 

pseudo-Hg 0.7191 0.2288 
Hg(H F) 0.7142 0.2610 
Hg(DHF) 0.6501 0.5746 0.3280 

pseudo-Tl 0.9472 0.3162 
TI(HF) 0.9683 0.3611 
TI(DHF) 0.8945 0.8062 0.4492 

pseudo-Pb 1.1772 0.4025 
Pb(HF) 1.2245 0.4589 
Pb(DHF) 1.1388 1.0360 0.5665 

pseudo-Bi 1.4131 0.4906 
Bi(HF) 1.4874 0.5582 
Bi(DHF) 1.1389 1.2710 0.6862 

0.1836 
0.1924 

0.2114 0.1765 
0.2268 
0.2398 

0.2751 0.2199 
0.2693 
0.2862 

0.3385 0.2612 

a Reference [1] of Bagus et al. (1975). 
b Reference [3] of Bagus et al. (1975). 

TABLE lb 
Comparison of radial expectation values (R) for Hf, Re, Au, Hg, TI, Pb and Bi. Reproduced from Bagus et al. 

(1975). 

5d 6s 6p 

d3/2 d5/2 Pl/2 P3/2 

pseudo-Hf 2.5048 4.6934 
Hf(HF) 2.2277 4.0684 
Hf(DHF) 2.3376 2.4198 3.6939 

pseudo-Re 2.0326 4.2162 
Re(HF) 1.7999 3.6942 
Re(DHF) 1.8301 1.9047 3.2770 

pseudo-Au 1.7228 4.2230 
Au(HF) 1.5433 3.7006 
Au(DHF) 1.5359 1.6185 3.0609 

pseudo-Hg 1.6040 3.7500 
Hg(HF) 1.4327 3.3284 
Hg(DHF) 1.4312 1.4987 2.8434 

pseudo-Tl 1.5042 3.3294 
TI(HF) 1.3412 2.9669 
TI(DHF) 1.3387 1.3940 2.5792 

pseudo-Pb 1.4214 3.0475 
Pb(HF) 1.2671 2.7242 
Pb(DHF) 1.2641 1.3119 2.3916 

pseudo-Bi 1.3506 2.8336 
Bi(HF) 1.2046 2.5939 
Bi(DHF) 1.2012 1.2439 2.2429 

4.2434 
3.9262 

3.5166 4.0123 
3.7532 
3.4569 

3.0739 3.5162 
3.4116 
3.1366 

2.7802 3.1862 
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0.0293. The former energy of stabilization is due to the incomplete screening of the 4f a4 
shell while the latter energy of stabilization is due to relativity. This means that the 
effect of the lanthanide contraction is comparable to the effect of relativity. 

Figure 2 shows systematically the magnitude of orbital energies of Cu, Ag and Au as 
well as the Zn, Cd and Hg triad. The plot joining the pseudo-atom (without 4f 14 shells 
and without relativity) is almost collinear (expected trend). The dotted curve is the 
actual Di rac-Fock  trend including relativistic effects and 4f 14 shells while the full curve 
is the HF line without relativistic effects. It is clear that the dramatic change in trend for 
Au and Hg is due to both incomplete screening of the 4f 14 shell and the effect of 
relativity. 

Table lb shows the orbital radii expectation values for the pseudo-, HF and D H F  
atoms. Figure 2 shows the orbital radii expectation values obtained by Bagus et al. As 
seen from both table lb and fig. 2, the 6s~/2 orbitals of Hf -Bi  are contracted both due to 
lanthanide contraction and relativity. For  the gold atom (fig. 2), the contraction due to 
lanthanide contraction is 0.523 a.u. The relativistic contraction is 0.64 a.u. Consequent- 
ly, the relativistic contraction effect is larger than the lanthanide contraction effect for 
the gold atom. For  the Hf atom, the contraction is 0.625 a.u. while the relativistic 
contraction is only 0.3745 a.u. Hence, for Hf, the lanthanide contraction is larger than 
the relativistic contraction. 

The above effect of relativistic and lanthanide contraction has dramatic impact in the 
chemical and spectroscopic compounds of molecules containing Hf to Bi. For example, 
the color of gold is due to this effect. Figure 3 compares the ionization potentials of Cu, 
Ag and Au atoms. As seen from fig. 3, the IP of gold is substantially larger than Cu and 
Ag, which is an anomaly since generally the IP decreases as one goes down the group. 
The trend in fig. 3 is akin to the D H F  orbital energies of Cu, Ag and Au computed 
by Bagus et al. (fig. 2). Hence, it is clear that nearly half of the anomalous behavior 
of the gold atom is due to relativity while the other half is due to the lanthanide 
contraction. 

The lanthanide and relativistic contractions have other important consequences on 
molecular and chemical properties. Figure 4 compares the equilibrium bond distances 
of NiH, PdH and PtH. Note that the PtH diatomic has a significantly shorter bond 
distance compared to PdH which is attributed to the contractions of the outer 6s 
orbital of the Pt atom arising from both lanthanide contraction and relativity. 

Figure 5 compares the Des of Cuz, Ag 2 and Au 2 triad. Once again, the trend from 
Cu 2 to Ag 2 is reversed in going from Ag 2 to Au 2. That is, instead of the expected 
decrease in the binding energy of Au z it actually increases. This is also due to the 
contraction of the 6s valence orbital of the gold atom which leads to a stronger and 
shorter bond for Au 2 compared to Ag z. 

Atoms such as Hg, T1, Pb and Bi form considerably weaker bonds compared to the 
lighter members in the same group. This too is a consequence of the contraction of the 
6s orbital of these elements. Note that for Hg-Bi  the 6s 2 shell is complete. The unusual 
stability of the 6s shell leaves the filled 6s 2 shell inert in that it does not actively 
participate in bonding. Hence, two Hg atoms form only a van der Waals dimer Hg2, 
while Cd 2 and Zn 2 are strongly bound. For the same reason Hg 2 + is unusually stable 
(Nessler and Pitzer 1987). 
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The formation of H g - H g  bonds would require promotion of an electron from the 6s 
orbital to the 6p orbital. Figure 6 compares the ns -np  promotion energy by comparing 
the (ns2)lS-(nsnp)lP energy separations of Zn, Cd and Hg. As evidenced from fig. 6, 
mercury has got an usually larger promotion energy resulting from stabilization of the 
6s orbital due to the lanthanide and relativistic contractions. Consequently, these 
effects are extremely significant and often dramatically alter the spectroscopic proper- 
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ties and the reactivities of the third-row transition-metal compounds as well as 
compounds of Hg-Bi .  

2.3. Basic relativistic quantum techniques 

Since the difference between non-relativistic and relativistic mechanics is in the 
treatment of the speed of light, the natural origin for all relativistic methods of treating 
energy levels is the Einstein energy expression, 

E 2 = m2c  4 + p2c2. 

If one uses the quantum postulates to introduce operators for E and p as it is done to 
derive the SchrBdinger equation from energy conservation laws, one obtains an 
equation called the Kle in -Gordon  equation which involves second derivatives both in 
spatial coordinates and time. -This leads to the possibility that the probability density 
p = ~ , *  could be negative which makes it difficult to interpret p. 

In an attempt to overcome the above-mentioned difficulty, Dirac discovered an 
equation now well known as the Dirac equation which is essentially a relativistic 
analog of the Schr6dinger equation. The resulting equation for a single electron in a 
central Coulombic field is 

HDO'= Et), 

where 

where the ap are the 2 x 2 Pauli matrices and I is the 2 x 2 identity matrix. 
The Dirac Hamiltonian for a many-electron atom can also be written as 

1 
H D = Z h o ( i ) +  Z - - ,  

i i < j  rij 

where h D (i) is the one-electron Dirac Hamiltonian, 

ho( i  ) = (oti.Pi + fli c2 - Z /r i ) .  

Note that the above Hamiltonian ignores the two-electron relativistic Breit interaction. 
Introduction of the Breit interaction as a perturbation shows that it is very small in the 
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valence region and more important for the properties of core electrons, for which this 
makes a significant contribution. 

Since the one-particle Dirac Hamiltonian involves 4 x 4 matrices instead of scalar 
functions and differential operators, the solution of the Dirac equation is a vector of 
four components. This is referred to as a four-component spinor which takes the form 

~9 1 V P.k(r) Z,,.(O, 4) 
nkm = rLiQ.k(r ) • _ k m ( O  ' ~ ) J ,  

where 

Zkm (0 '  ~)) = Z 1 ". m - a a C(l~j,m-a,a)Yz ( 0 , ¢ ) ¢ 1 / 2  , 
a =  +1 /2  

Y]' - "  is a spherical harmonic, 

1/2  = = , 4 V / U  = = , 

are the Pauli spinors, C(1½j; m -  a,a) are the Clebsch-Gordon coefficients, k is the 
relativistic quantum number, defined as 

k =  j'+3,1 if j = / - ½ ,  

= - ( j - ½ ) ,  if j =  1+½, 

and 2 is defined as 

2 =  k, if j = / - ½ ,  

= - ( k  + 1), if j = / + ½ .  

The Q.k are known as the small components and P.k are the large components. They 
satisfy the following coupled differential equations for a central force field, 

dP"k kP"*( 2 ) 
d--r- + - - r - \ ~  + aEv(r) - e.k ] Q.k = O, 

dQ,k kQ.k 
dr r ~[v(r) - e.k]P.k = O. 

Desclaux's (1975) numerical Dirac-Fock implementation in a computer is widely 
used to generate relativistic numerical all-electron wavefunctions for almost any atom 
in the periodic table. This appears to be one starting point for ab initio relativistic 
quantum computations of molecules containing very heavy atoms. 

The small components Q,k s in relativistic four-component spinor solutions make 
small contributions especially for valence properties. Their contributions are far more 
important for core electrons. This can be best illustrated by a comparison of the large 
and small components of the 6s valence orbital of the lead atom. Figure 7 reproduces 
this comparison made by Lee et al. (1977). As seen from fig. 7, the Q6s~/2 spinor makes an 
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Fig. 7. A comparison of small and large components of the 6s1/2 spinor of the Pb atom. Note that the Q6sl/2 
components make negligible contribution in the valence region. Reproduced from Lee et al. (1977). 

appreciable contribution only near the nucleus and is far less important in the valence 
region. 

The above discussion leads to a natural approximation called the Pauli approxi- 
mation to the Dirac equation which is tantamount to ignoring the small Q components. 
This is the method used in practice for most of the chemical problems. 

Another starting point for relativistic effects is the perturbational Breit-Pauli 
Hamiltonian, 

Hne = H o + HD + HMV + Hso,  

where 

H o -- non-relativistic Hamiltonian, 
~2 

H D-- +~-(VzV) (Darwin), 

0~ 2 
HM v = _ __ y '  p4 (mass-velocity), 

8 

= y ,j × e , ) . ( s ,  
r i i~ j  rij  

where ~ is the fine-structure constant, and 

(spin-orbit), 

I + E 1 "  
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The Pauli Hamiltonian is ideally suited for carrying out relativistic corrections as 
a first-order perturbation to a non-relativistic Hamiltonian. However, the Pauli terms 
have been used with considerable success in variational self-consistent field (SCF) calcula- 
tions. Wadt and Hay (1985) used the above Hamiltonian within the Cowan-Griffin 
approximation to include relativistic effects for heavy atoms except that they typically 
do not include the spin-orbit effect variationally in the molecular calculations. 

There are several other semi-empirical methods such as the relativistic extended 
Hfickel method formulated by Pyykk6 and co-workers. The Dirac-Slater multiple X~ 
method (Case 1982) has also been employed to include relativistic effects approximate- 
ly. Zerner and co-workers use the INDO/C1 method to study lathanide compounds. 
We will discuss these in section 3.2. 

3. Theoretical methods for lanthanide and actinide molecules 

3.1. Ab initio techniques 

3.1.1. E C P  method 
Ab initio methods for lanthanide and actinide molecules are mostly based on the 

effective core potential (ECP) method, especially if the molecules in question have 
several heavy atoms. The philosophy of the ECP method is to replace the chemically 
unimportant core electrons by an effective core potential and treat the remaining 
valence electrons explicitly. There are several techniques to derive RECPs which we 
now briefly describe and refer to the reviews by Christiansen et al. (1985), Krauss and 
Stevens (1984), Balasubramanian and Pitzer (1987) for further details. 

An ab initio effective core potential method derived from the relativistic all-electron 
Dirac-Fock solution of the atom, which we call the relativistic effective core potential 
(RECP) method, has been widely used by several investigators to study the electronic 
structure of polyatomics including the lanthanide- and actinide-containing molecules. 
This RECP method was formulated by Christiansen et al. (1979). It differs from the 
conventional Phillips-Kleinman method in the representation of the nodeless 
pseudo-orbital in the inner region. The one-electron valence equation in an effective 
potential V c of the core electron can be written as 

(h + Vc) ~b~ = Ev~b v, 

where (091q9c)--0, Hq9 c = Ec$~. In the Phillips and Kleinman approximation q9 v is 
written as 

ev = Xo-- Y~(Zo]~c)¢c. 
C 

Substitution of the above expression in the one-electron equation yields 

(h + Vc + VEv)Z ~ = E~Z ~, 

C 

where the VEvs are known as Phillips-Kleinman effective core potentials. The problem 
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with these ECPs, as pointed out in the literature, is that they underestimate the 
repulsive region of the potential energy surfaces. This method can be adapted to 
relativistic Dirac-Fock equations as follows. 

In the relativistic method, the Dirac-Fock four-component spinors are partitioned 
into core and valence spinors. The many-electron relativistic wavefunction for a single 
configuration can be thus expressed as 

where A is the antisymmetrizer, ~[ . . . . .  0~ are core orbitals, m being the number of core 
electrons, and 0 [ , . . . , 0 ,  ~ are the valence orbitals, n being the number of valence 
electrons. The total energy E r can be partitioned into core, valence and core-valence 
iterative energies. In symbols, 

E T = E c + Ev + Ecv. 

This leads to the following expressions 

= <<IH~ I<>, Ev + Ec v R rel R 

t M r  el = h D (i) + ~ [Jc(i) - K c (i)] + -- ,  
c " " r i j  

where the indices i and j  run over valence electrons. For an orthonormal set of valence 
orbitals, it can be shown that the Dirac-Hart ree-Fock (DHF) equation for a single 
electron is given by 

where the ecv are the off-diagonal Lagrange multipliers given by 

The adaptation of the Phillips-Kleinman method to relativistic spinors yields relativis- 
tic pseudo-orbitals and relativistic ECPs given by 

R R R R )~v=O~+~ac@¢,  O ~ = ( 1 - P ) z  R, P=~l@c><~cl ,  
c c 

v R P K  rel rel rel = -- P H  v P % P,  P H v  - - H ~  P +  + 

where 

H r e l  + v R P K )  R __ R 
-- v Z v - - e v Z v ,  

. . . .  R if U c°re V RPK.  ( h D + U  )Z~ = %Z~, = ~ ( d c -  Kc) + 
c 

In the above method, one could introduce the Pauli approximation by neglecting the 
small Q component spinors of the Dirac equation. This leads to RECPs expressed as 
two-component spinors. The use of non-relativistic kinetic energy operator for the 
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valence region together with two-component spinors leads to Hartree-Fock-like 
expressions involving the pseudo-orbitals. The Vees (effective potentials) in this ex- 
pression are not the same for pseudo-orbitals of different symmetry. The RECPs are 
thus expressed as products of angular projectors and radial functions. In the Dirac- 
Fock approximation, the orbitals with different total j but which have the same l 
value are not degenerate, and thus the potentials derived from the Dirac-Fock 
calculations would be j dependent. The RECPs can thus be expressed by introducing 
the/j-dependent radial potentials U R~e lj , a s  

/ + 1/2 

u"EP= ~ E u~jEP(r)[ljm>(ljml, 
l=0j=[1-1/2] 

where the ]ljm) are Pauli two-component spinors. 
The above expression for the RECPs involves an infinite sum over 1 which in turn 

requires calculations of the radial potentials for all the excited states of the atom. The 
radial functions uREP --Zj do not change significantly with I and j after these numbers 
exceed the maximum values of I and j of electrons in the core. 

Hence, a practical approximation which stops the summation at maximum I and j  
values denoted by L and J, respectively, is introduced. This leads to RECPs expressed 
a s  

L - 1  / + 1 / 2  j 
uREP REP = t:L, ir) + Z Z Z ,,TRE" \ ~ l j  - -  ULj )l Om ) ( Oral. 

1 = 0  j= l l -1 /2 l  m = - j  

Christiansen, Lee and Pitzer (1979) have proposed that the pseudo-orbital can be 
expressed as 

N 

P ~ S = r ~ C i r  i, f o r r < r  s, 
i 

= ~bl(r), for r > r m, 

where r,, is a match radius, and q~t is the all-electron Dirac-Fock orbital. In this 
method the coefficients C i are determined by matching the value and the first three 
derivatives of the Pz and q~ at r,, with the condition that Pz is normalized. The r,, value is 
minimized stipulating that Pt can have only one maximum and two inflection points. 
This method is one of the most widely used ab initio RECP methods to include both 
spin-orbit and electron correlation effects. 

In recent years, Ross et al. (1990), Hurley et al. (1986), La John et al. (1987) and 
Pacios and Christiansen (1985) have provided convenient analytical Gaussian forms 
for the RECPs derived using the above procedure. This is based on the K a h n -  
Baybutt-Truhlar form for Gaussian ECPs, 

U L sRee (r) - u~ee (r) : ~ Cirni exp( - ~ir2), 
i = 0  

where the C i, n~ and ~ are parameters chosen to obtain the best fit for the numerical 
potentials. The RECPs, when averaged with respect to spin, take the following form, 

L 1 

uAREP(r)-- u~REe (r) × ~ ~, [U~gee(r)-- U~REe(r)]llm)(Im[, 
/ = 0 m  = - l  
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where 

u A R E P  - -  1 rlU REP ¢r~ 1' U REP z \-~ 2l+1L l , t- l l2tl"q-(l+ ) t,t+ll2trJJ • 

The advantage of the above form is that it can be fit into conventional non-rela- 
tivistic codes since the two-component spinor projections have been eliminated and we 
obtain simple I lm) projections involving ordinary spherical harmonics. However, the 
averaging method eliminates the spin-orbit operator. Fortunately, the spin-orbit 
operator itself can be expressed in terms of RECPs as shown by Hafner and Schwarz 
(1978, 1979) and Ermler et al. (1981). This form is shown below, 

L- 1 ( / l+1/2 
= ~ ll, l+½,m)  HS° ~ AU~E'(r) ~2l 1-z-~/2 

/=1 

x ( l , l + ½ , m [ - - -  

where 

A U ~  ~ ( r )  = R~p REP Ul, t+ 1/2 (r) -- U~, l - 1/2 (r). 

1 +  1 z-  ~/z "~ 
21+ 1 y" 11,1-½,m)( l , l -½,mlj ,  

- I - 1 / 2  

At present, Ermler, Christiansen and co-workers have systematically generated 
averaged ECPs and spin-orbit operators expressed in the above forms for all elements 
in the periodic table except Ce-Lu and the actinides. Progress is being made to 
generate RECPs of these elements as well. However, we note that Pitzer and Winter 
have generated RECPs for U, NP and Pu which have been successfully employed in 
molecular computations. 

Hay and Wadt (1985a, b) have published ECPs which are in form identical to the 
averaged RECPs of Christiansen, Ermler and co-workers. However, there are differ- 
ences. First, the Hay-Wadt  potentials are derived from the Cowan-Griffin adaptation 
of the Breit-Pauli Hamiltonian into a variational computation of the atomic wave- 
function. From these solutions the ECPs are generated. It should be noted that the 
spin-orbit coupling is not included in the Hay-Wadt  ECPs. Consequently, molecular 
calculations done using these ECPs would not include spin-orbit coupling. 

Hafner and Schwarz (1979) proposed quasi-relativistic model potentials expressed as 

core 

--relVe:: = Vrez + ~ Iljmj> Vl•(r)<ljrnil 
l , j ,mj  

where V,e I (r) and Vij (r) are parametrized as 

- -  Z e : :  -I- A exp (c~r), 
grel (r) 

r 

Vii (r) = Btj exp ( -  ill jr), 

where Zefy is the effective charge of the atomic core. The parameters c~, flij, A and Big are 
obtained so that the effective Hamiltonian reproduces the valence-electron spectrum of 
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the alkali-like systems. The resulting effective potentials include spin-orbit interaction. 
Preuss, Stoll and co-workers at Stuttgart have adapted several other ECP methods 

which include core polarization effects with considerable success in molecular calcula- 
tions (see Igelmann et al. 1988, Dolg et al. 1989a, b, Miiller et al. 1984, Szentpaly et al. 
1982). They have generated complete sets of ECPs for all elements in the periodic table 
including lanthanides and actinides (Dolg et al. 1989). Preuss, Stoll and co-workers 
have in particular applied these ECPs for computing the spectroscopic constants and 
potential energy curves of lanthanide oxides such as GdO, EuO, YbO, etc. We will 
describe the results of the specific calculation on these species in a subsequent 
section. 

Pyykk6 and Desclaux (1978) (see also Desclaux and Pyykk6 1974, 1976) have used 
the one-center Dirac-Fock method to study diatomic hydrides containing very heavy 
atoms. In particular, the work of Pyykk6 (1987) on several lanthanide hydrides is worth 
citing. We will describe the results of these calculations subsequently. It should be 
stated that the one-center DF method is applicable only to diatomic hydrides. A critical 
comparison of the properties computed by this method with the state-of-the-art ab 
initio method suggests that the properties obtained by the one-center method are not 
always in good agreement with more accurate procedures. Also, the properties of the 
excited states have not been computed using this method. 

There have been several all-electron relativistic calculations on very heavy diatomic 
hydrides such as AgH and AuH. The calculations of Lee and McLean (1982a, b) em- 
ployed four-component STO spinors as basis sets for all-electron calculations of AuH, 
AgH, Ag2, etc. More recently, Ramos et al. (1988) have used this method to study the 
sixth-row hydrides. We have critically compared the results of Ramos et al. (1988) with 
those of Balasubramanian et al. (1991). The main problem with all these techniques is 
that they do not include electron-correlation effects and suffer greatly in this regard. 
Therefore, computed properties are often not in good agreement. 

Sadlej and co-workers (Sadlej and Urban 1991, Kell6 and Sadlej 1991a, b) have had 
considerable success in using the Breit Pauli Hamiltonian in all-electron relativistic 
calculations which included electron-correlation effects. Techniques which include 
electron-correlation effects such as the coupled cluster method or Moller-Plesset (MP) 
perturbation method have been adapted to include relativistic effects. The authors have 
carried out such computations on molecules such as AgH, AuH, etc. 

3.1.2. SCF, CASSCF, CI, RCI methods for the electronic structure of molecules 
containing lanthanides and actinides 

The simplest of the ab initio methods which ignores electron-correlation effects 
completely is the self-consistent field (SCF) method and is described in sufficient details 
in the textbooks. In principle, it treats the many-electron problem as a one-electron 
equation in the effective field created by the rest of the electrons. The resulting equation, 
known as the Hartree-Fock equation, is solved iteratively to self-consistency. 

A more accurate method which serves as the basis to generate orbitals for higher- 
order electron-correlation effects is the complete active space multi-configuration self- 
consistent field (CAS-MCSCF or CASSCF) method. In this method, a set of the most 
active electrons, usually the valence electrons, are distributed in all possible ways 
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among a chosen set of most important orbitals called the active orbitals. This leads to 
an electronic configuration space called the full configuration interaction (CI) space. 
There are several methods of solving self-consistent field equations in a multi-configur- 
ation space. Typically eigenfunctions of the density matrix, called the natural orbitals, 
are used in the CASSCF methods to achieve self-consistency. The augmented Hessian 
method, the linear-equation method, etc., which are widely used in solving CASSCF 
equations, are described well in the literature and thus we do not repeat these details 
here. See, e.g., the review by McLean et al. (1990) or Roos (1987). 

The CASSCF method is an excellent zeroth-order starting point, which generates 
orbitals optimized in the full CI space of active orbitals. The disadvantage of this 
method is that the number of configurations grows astronomically for a given number 
of electrons as more and more orbitals are included in the active space. For this reason, 
only for a few compounds, such as MH, MO, MF, M2, M3, etc. (M denotes a heavy 
atom), a full CASSCF is possible. One method that can be used to bring down the 
number of configurational spin functions (CSF)in the CASSCF is to reduce the active 
space. This calls for judgement and alternative choices and is never a size-consistent 
method in comparing different regions of the potential energy surfaces (valley versus 
dissociated regions). More recently, Malmquist et al. (1990) and Merchan et al. (1991) 
have developed and applied a restricted active space method (RASSCF) in which only 
selected excitations are included for the active space of orbitals. That is, instead of the 
full CI in the CASSCF one can choose, e.g., important excitations in the RASSCF. In 
general, the truncation procedure of electronic excitations leads to slower convergence 
in the RASSCF and thus the possible quadratic convergence in the CASSCF may not 
always be accomplished in the RASSCF. 

Typically, since the CASSCF/MCSCF procedures only provide zeroth-order de- 
scription of orbitals, higher-order correlation effects are included using a configuration 
interaction (CI) method. In the CI method, electrons are excited in the external space of 
orbitals. A linear-variational approximation is used for these configurations. This re- 
quires diagonalizing matrices of the order of n x n, where n is the number of configur- 
ations. Fortunately, only a few lowest roots are required in practice. Hence,, iterative 
procedures such as the Davidson method could be used for the diagonalization 
method. The advances in graphical-unitary group approach (GUGA) (see Paldus 1976, 
Shavitt 1978, Brooks and Schaefer 1979) as well as the symbolic CI method (Liu and 
Yoshimine 1981) have made it possible to do direct CI which can include several million 
configurations. The recent advances in full CI technology have provided avenues for 
the CI calculations approaching a billion configurations (Olsen et al. 1990). 

Following CASSCF typically a multi-reference singles + doubles CI (MRSDCI) 
method is used to introduce higher-order electron correlation effects. In this method, 
all possible single + double excitations are allowed for all configurations with coeffi- 
cients larger than a threshold T. Usually T is chosen as 0.07 although a choice of 0.05 or 
0.03 is more accurate. However, for other complex molecules even the choice of T-~ 
0.07 may lead to too large a number of CSFs. Hence, the choice of T varies with 
molecules. A special case of the MRSDCI is the SDCI method which includes only 
single + double excitations from the leading configuration. The SDCI procedure is 
used normally with the SCF method. 
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Higher-order correlation effects not included in the MRSDCI or SDCI could be 
estimated using the empirical formula of Langhoff and Davidson (1974) commonly 
called the Davidson correction. The approximation which includes this correction is 
denoted by SDCI + Q or MRSDCI + Q. The Davidson correction is more important in 
the SDCIor MRSDCI method rather than the SOCI method, since the SOCI expan- 
sion is more complete and the Davidson correction usually over-shoots that for the 
SOCI. 

There are other techniques for introducing electron-correlation effects such as the 
coupled-cluster method (Bartlett 1989, Paldus and Cizek 1989). The coupled-electron 
pair formalism (CPF) (Arhlichs 1985), modified coupled-pair formalism (MCPF) and 
more recently averaged coupled pair formalism (ACPF) have been used (see, e.g., the 
papers of Bauschlicher and Langhoff 1989, 1991). The coupled-cluster methodS have 
been mostly used for lighter molecules and have not yet been used for molecules 
containing lanthanides or actinides. However, the MCPF method has been used for 
La-containing species by Bauschlicher and co-workers. 

All the methods described above take into account electron-correlation effects but 
completely ignore spin orbit coupling which is known to be very significant for mole- 
cules containing actinides and lanthanides. A method to introduce electron correlation 
and spin-orbit coupling for diatomics based on a SCF procedure was developed in 
1982 by Christiansen et al. and was called the spin-orbit CI (SOCI) method. This 
should be contrasted with the second-order CI method which is also abbreviated as 
SOCI. In the spin-orbit CI method which we prefer to call the relativistic CI method, 
all electronic configurations which can mix in the presence of the spin-orbit operators 
are included variationally. However, this method was restricted to diatomics and only 
up to 5000 configurations could be included. 

The author (Balasubramanian 1988) and independently Pitzer and Winter (1988) 
developed the relativistic CI procedures for polyatomics to include the electron- 
correlation effect and spin-orbit coupling simultaneously. The author's procedure 
used the CASSCF/MRSDCI natural orbitals as the basis set for the :relativistic 
configuration interaction (RCI) and is done using real natural orbitals and hence the 
RCI matrices are in general real or imaginary. Pitzer and Winter showed that for 
molecules with Czv or bigger point groups the spin functions can be symmetry adapted 
in the double group of the molecular point group which leads to real CI matrices. Both 
techniques include configurations (in the former case primitive Slater determinants) 
that have the same symmetry in the double group of the molecular point group. 

Lastly, we mention the basis sets. All ab initio ECP computations after 1984 
described in this chapter were done using valence Gaussian basis sets in conjugation 
with effective core potentials. Typically, valence Gaussian basis sets for the heavy metal 
are of (3s 3p 3d) quality where the numbers in front of s, p and d specify the numbers of 
contracted Gaussian functions. For lanthanides and actinides, obviously 4f-type 
Gaussian functions are included in the basis set. We will describe in individual sections 
the basis sets used prior-to describing the calculational results. We will also describe the 
valence space of electrons when ECPs are included. 

Throughout this chapter, we will use acronyms such as SCF, MCSCF, CASSCF, 
MRSDCI, RCI, etc. The readers are referred to this section for their meaning. 
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3.2. Approximate methods 

3.2.1. Ligand-field theory 
Field (1982) has combined the well-known molecular-orbital pictures of s and p 

orbitals with the ligand-field theoretical treatment of the d and f orbitals. This approach 
has provided very simple and yet promising interpretation for lanthanide oxides. 
Lanthanide oxides such as CeO, PrO, etc. are highly ionic. The conventional MO 
theory for the AB diatomic molecule by itself ignores the A+B - or A+2B -2 ionic 
character of such compounds. Although indirectly from MO theory, this can be 
rationalized as well but the amount of effort is usually more significant using the 
LCAO-MO approach. 

The ligand-field theory combines the electrostatic model of the AB molecule with the 
MO picture. It tends to rationalize how the energy levels of the metal ion are affected by 
the surrounding field generated by the ligand. The simplest form of the ligand-field 
theory is the crystal-field theory and is described in textbooks (Cotton and Wilkinson 
1976). The more accurate forms of ligand-field theory take into consideration the 
electronic structures from a MO standpoint. This theory considers the overlap of the 
metal orbitals with the ligand orbitals. There are many variations of this theme. 

The (n -1)d  and (n -2 ) f  orbitals occupy a small volume, as discussed before, and 
thus especially the overlap of the (n -  2) f orbital with ligand orbitals would be rather 
small. Consequently, the potential energy curves of states belonging to a specific 
electronic configuration with metal df orbitals and o and ~t MOs derived from s and p 
with ligand orbitals are similar. This is the underlying philosophy of the implemen- 
tation of ligand-field theory to interpret complex spectra of lanthanide oxides. We will 
illustrate this procedure further in section 6. 

3.2.2. Local-density functional ( LD F) method 
As illustrated in section 2.2.2, accurate determination of many electron wavefunc- 

tions which include electron-correlation effects to a high order is an extremely difficult 
many-body problem requiring a multi-million CI expansion. The philosophy behind 
the density functional method is that the properties of the ground state of a molecule 
can be determined if its charge density is known, even though the electronic wavefunc- 
tion may not be known. Thus, if the density can be computed directly without the 
knowledge of wavefunctions, then one can circumvent the tedious problem of having 
to determine the wavefunction. The density functional method seeks to replace the 
Hartree-Fock non-local exchange potential with other forms of potentials. The first 
form of the density functional theory is the Slater local-exchange approximation. The 
Hobenberg-Kohn theorem (Hobenberg and Kohn 1964) is the basis of subsequent 
LDF methods which basically state that knowledge of the charge density suffices to 
determine the ground-state properties. The multiple-scattering Xa method or muffin- 
tin method and its relativistic analog is one way of implementing the LDF method. 
There are, of course, several basis-set expansion techniques. The major advantage of 
the LDF method is that the replacement of the conventional HF non-local potential 
with some forms of local potential, which includes both correlation effects and 
exchange effects, lead to simple Hartee-Fock-like equations. There are no CI diagonal- 
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izations involving matrices of the order of a million x million. Instead, computation- 
ally inexpensive HF-like equations are solved. Recently, the LDF method has been 
extended to include relativistic effects through complex exchange potentials (see, e.g., 
Becke 1986). The reader is also referred to the excellent book by Parr and Yang (1989) 
on density functional theory. 

Kohn and Sham (1965) showed that the exact ground-state energy E o is given by 

1 5- I ~  Z,p(1) +21 IIp(1)p(2 ) dzldr2 g o -  2 ~ (~91(1)lV~lOi(1))- dz 1 +Exc(p), 
• . J ,  r l ,  .].J r12 

where p is the density and 0i(1)s are called the Kohn-Sham orbitals and Exc 
(exchange-correlation energy) is a function of the density p, which can be expressed as 
the sum of the probability associated with 0~s. The Kohn-Sham orbitals are obained 
variationally solving Hartree-Fock-like equations, 

F(1)Oi(1 ) = eiO~(1), 

where 

1 2 Z .  
P(1) = - 5 v 1  - + 2 Jj(1)  + vxc(1), 

where V~(1) is the exchange-correlation functional given by 

VX¢ - -  - -  

~p 

The Fock-like equation above can thus be solved iteratively leading to self-consistency 
if the functional Ex~(p ) is known. Several approximations have been used in the litera- 
ture for E~ (see Parr and Yang 1989). In the local-density functional method, Ex¢ is 
approximated as 

where e~ is the exchange-correlation energy per atom in a homogeneous electron gas. 
The practical implementation of the LDF method uses an initial guess for p to find E~, 
V~ and then the Fock-like equation is iterated. The Kohn-Sham orbitals can be 
expressed as a linear combination of Gaussians or localized muffin-tin orbitals in the 
muffin-tin approximation. The main problem with the DF method is in the choice of 
Exc for which several approximations are made including the Xc~ approximation. 

The LDF method is generally applied for the ground state although in recent years 
Salahub (1987) has used it to obtain excited-state properties. There is also a question as 
to whether the density functional method can treat electronic states of different spin 
multiplicities size-consistently and if it produces correct dissociation behavior. Often 
the dissociated atoms are above their true energies which leads to dissociation energies 
higher than the experimental values. It should also be stated that the assignment of 
electronic states arising from a complex set of open-shell d and f electric configurations 
from Kohn-Sham orbital occupancies is not always unambiguous. There appears to 
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be difficulty in differentiating electronic states which have similar occupancies in the 
Kohn Sham orbitals. Hence, at present, it appears that all electronic states derived 
from complex open-shell d and f electronic configurations are not always well differen- 
tiated by the LDF method. Finally, in the LDF method, one seeks to replace the 
complex many-body nature of the electron-correlation problem by one set of local 
potential. It is not evident that this could always be accomplished in practice, although 
in principle such a function should exist. 

3.2.3. Intermediate neglect of differential overlap~spin orbit 
C1 method (1NDO/S-CI) 

In recent years, Zerner and co-workers (Kotzian et al. 199 la, b, 1989a, b) have extended 
the previous intermediate neglect of differential overlap for spectroscopy INDO/S 
method (Ridley and Zerner 1973a, b) to include spin-orbit interaction through a spin- 
orbit interaction enhanced INDO/S-CI method. In the INDO/S method, one-center 
core integrals are taken from experimental IPs. The two-center electron integrals are 
parametrized using the Weiss-Matya-Nishimoto formula (a variation of the integral 
parametrization used in the Paraisen-Parr-Pople method). All one-center integrals 
are fully accounted for explicitly for d and f electrons. The one-center spin-orbit 
operator Hso = ~(r)!" s is used to evaluate spin-orbit integrals. The radial ( integrals are 
taken from atomic spectroscopy. 

The spin-orbit CI part of the INDO/S-CI is an adaptation of the Pitzer double- 
group CI approach which we have already described. This method has been applied by 
Zerner, R6sch and co-workers for several lanthanide compounds such as LaO, CeO, 
GdO, LuO, PrO, etc. We will describe the results of these calculations is section 6. 

4. Electronic structure.of lanthanide hydrides 

In this section, we review the results of calculations and comparison with experi- 
ments for lanthanide hydrides. Although YH and ScH are strictly not lanthanide or 
rare-earth compounds, it is important to investigate these compounds as well to 
compare and contrast these compounds with their periodic analog, namely, LaH. For 
this reason we include some discussions on Sc and Y compounds. With the intent of 
demonstrating the effect of the lanthanide contraction, we also include the results of 
HfH and HfH 2 and compare them with ZrH and ZrH 2. In each section, we briefly 
describe with acronyms the method of computations. The reader is referred to 
section 2.1.2 for their meanings. We also include the periodic trends within a group and 
emphasize any anomalies. 

4.1. YH and ScH 

Balasubramanian and Wang (1989a, b) carried out CASSCF followed by full 
second-order CI (SOCI) calculations which included excitations from all CASSCF 
configurations. They used a (3s3p3dlf) valence Gaussian basis set together with RECPs 
which retained 4d 1 5s 2 shells of the Y atom in the valence space. For the hydrogen 
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TABLE 2 
Spectroscopic properties of low-lying electronic states of YH. 

Reproduced from Balasubramanian and Wang (1989a, b). 

State Ro(A) T~(cm - 1) COe(Cm - 1) 

1E+(0+) 1.865 0 1510 
1E+ 1.865 11 1510 
317(0-) 1.907 7884 1488 
317(0 +) 1.907 7905 1488 
3H(1) 1.907 8187 1489 
317(2) 1.907 8458 1489 
3H 1.907 8179 1489 
3A(3) 1.944 9062 1432 
3A(2) 1.944 9000 1431 
3A 1.944 9002 1432 
3A(1) 1.944 9047 1433 
3E +(1) 1.944 10 164 1337 
3Z+(0-) 1.944 10 171 1342 
3Z+ 1.944 10 175 1334 
1A(2) 1.950 10 991 1366 
1A 1.950 10992 1366 
117(1) 1.944 12687 1380 
117 1.944 12 685 1380 
1Z +(II)(0 ÷) 2.034 15 049 
1Z +(II) 2.034 15 050 
3171(11)(2) 1.965 20 226 1418 
317 (II)(1) 1.965 20 478 1418 
31-I(11)(0-) 1.965 20 789 1417 
317(ii)(0 ÷) 1.965 20 789 1417 
317 (II) 1.965 20 510 1418 
117(II)(1) 1.955 21 990 1386 
117(11) 1.955 21991 1386 
1F(4) 1.988 30 051 1298 
1F 1.988 30 051 1298 
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atom, van de Duijneveldt's (5slp/3slp) basis set was used. Balasubramanian and Wang 
studied 29 electronic states of YH. In addition, spin-orbit coupling was included 
through the RCI method. Langhoff et al. (1987) studied four electronic states of YH 
using the SCF/MCPF method and the Hay-Wadt ECPs (Hay and Wadt 1985a, b) 
which included 4s 2 4p64d 1 5s s shells of Y. The spin-orbit coupling was neglected in this 
work. 

Table 2 shows the spectroscopic constants obtained by Balasubramanian and Wang 
(1989a, b) for the electronic states of YH while fig. 8 shows the computed potential- 
energy curves. 

Both Langhoffet al. and Balasubramanian and Wang predicted the ground state of 
YH to be 1Z+, in noticeable disagreement with Bernard and Bacis (1977) who had 
carried out the rotational analysis of a system which they designated as a 3~-3A system. 
It now appears that this assignment is incorrect. The most consistent assignment for 
this system appears to be a 3A-3II system. 
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Bernard and Bacis (1977) observed six electronic systems ascribed to YH. They also 
carried out the rotational analysis of these systems and identified the transitions as 
3(I) ~ 3A, (II-I,1Z)-lY~ and (IE,1A) ~ 1FI. These assignments appear to be incorrect and in 
any case are not consistent with the theoretically predicted ly, + ground state for YH. 
Their B'IZ ÷-A'IE +, when reassigned as B1Z +-1E + system, agrees with the computed 
T e of the IE+(II) state of Balasubramanian and Wang (1989a, b). 

The Voo value of the experimental system is ~ 14300cm -1 while the computed 
SOCI value for the xE+(II) state is 15 049 cm-1 including spin-orbi t  coupling. The 
BaA-A1FI system of Bernard and Bacis has a v00 value of 11 378 cm-1. This system 
corresponds to the 1H-XIE ÷ system whose computed transition energy is 12 687 cm-  1 
(Balasubramanian and Wang). Likewise, the 3(I)-3A system of Bernard and Bacis 
should also be reassigned. 

The Balasubramanian-Wang computed dissociation energy of YH (3.05 eV) agreed 
with a value of 2.95 eV obtained by Langhoffet al. (1986). However, the dipole moment 
computed recently by Balasubramanian (1990) using (4s 2 4p 6 4d a 5s 2) RECPs with a 
large basis set was found to be 0.3 D lower than the value of Langhoff et al. 

Following the theoretical calculations, Simard and co-workers (Simard et al. 1991) 
have obtained C1E+-X1E + spectroscopic system of YH as well as a system in the 
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Fig. 10. The spectra of YD and YH in the 19 600 cm- 1 region. Reproduced from Simard et al. (1991). 

19 600 cm-  1 region. These spectra are shown in figs. 9 and 10. As seen from the assign- 
ment of the observed spectra, Simard and co-workers confirm the theoretically pre- 
dicted X1E + ground state of YH. 

Figure 11 shows the calculated energy levels of YH and the experimentally observed 
levels. As seen from fig. 11, the computed values are in excellent agreement with 
experiment considering the approximations introduced in the theoretical procedures. 

Table 3 shows the contributions of important configurations in the SOCI of the 
electronic states of YH. In table 3, the ~ and b orbitals are non-bonding yttrium 
orbitals. The contribution from the 5p orbital of Y is very noticeable. Most of the other 
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electronic states are dominated by a single configuration except the 132 + (II) state which 
is a mixture of several configurations. 

Table 4 shows the MuUiken populations of various electronic states of YH. As one 
can see from that table, the gross yttrium populations of all the electronic states are 
considerably smaller than 3.0 indicating the ionic character of the YH bond with the 
Y + H -  polarity. Note that the 5p population is between 0.2 and 0.986 in various states. 
This indicates considerable dsp hybridization. This hybridization is the smallest for the 
1F state (0.126) and the largest for the ll-I(II) (0.986), 311(1I) (0.61), 3~+ (0.751), 311 
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TABLE 3 
The contributions of important configurations in the SOCI wavefunctions 

of YH. Reproduced from Balasubramanian and Wang (1989a, b). 

State Percentage of contributions 

ly+ 162 202 (86), 162 lrt z (8), 
31/ 162 201 1~1 (94) 
3A 102 261 161 (96) 
3E+ 162261 361 (81) 
XA 162 261 161 (81) 
11I 162261 1"~ 1 (80) 
IE+(II) 162 261 361 (58), 162 l'rt 2~ (7), 162 182 (6), 162 2o 4o (5), 162 302 (5) 
317(11) 162 llz 1 161 (89) 
117(II) 162261 2~ 1 (85) 
1F 162 1~) 2 (89) 
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TABLE 4 
Mulliken-population analyses of electronic states of YH. Reproduced from Balasubramanian and Wang 

(1989 a, b). 

Gross Overlap 

State Y Y(s) Y(p) Y(d) H H(s) H(p) Y-H 

12; + 2.694 1.550 0.454 0.690 1.306 1.296 0.010 0.639 
31I 2.696 0.947 0.663 1.086 1.304 1.295 0.009 0.690 
3A 2.709 0.962 0.368 1.380 1.291 1.283 0.008 0.672 
32;+ 0.735 1.025 0.751 0.959 1.265 1.258 0.007 0.700 
1A 2.700 0.791 0.610 1.300 1.300 1.292 0.008 0.680 
117 2.769 0.918 0.350 1.500 1.231 1.224 0.007 0.653 
12;+(11) 2.782 0.900 0.522 1.361 1.218 1.211 0.006 0.670 
317(11) 2.730 0.293 0.681 1.757 1.270 1.262 0.007 0.680 
117(11) 2.827 0.632 0.986 1.209 1.173 1.168 0.005 0.652 
1F 2.758 0.345 0.126 2.287 1.242 1.235 0.007 0.664 

(0.603), and  1A (0.610) states. The d popu l a t i on  of the g round  state is 0.690, and  the d 
popu la t ions  of  m a n y  o ther  states are between 0.96 and  1.5 with the except ion of the 1F 
and 3I-I(I1) states. 

Bauschl icher  and  Walch  (1982) have considered full valence M C S C F / C I  calcula-  
t ions on  the lowest  six electronic states of ScH. Subsequent ly ,  Chong  et al. (1986) have 
s tudied  the d ipole  momen t s  of  the f irst-row hydr ides  using the M C P F  and 
C A S S C F / M R C I  techniques.  

Table  5 shows the C A S S C F  and  F O C I  results for ScH ob ta ined  by Bauschl icher  and  
Walch.  W e  note  that  they too  ob ta in  a 1E+ g round  state for ScH ana logous  to YH. An 
ini t ial  compa r i son  of table  5 with table  2 reveals tha t  the energy separa t ions  of the 
excited states of  ScH are be low the co r re spond ing  values of  YH. 

The  g round  state of ScH was found to be main ly  c o m p o s e d  of  Sc(d) and  H(s) o b o n d  
while the excited states of ScH exhibi ted  sp hybr id  bonds.  The  d ipole  m o m e n t  of  ScH in 
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TABLE 5 
Summary  of FV-MCSCF and first-order CI for ScH (Ro is in 
bohr and T~ in c m -  1). Reproduced from Bauschlicher and Walch 

(1982). 

MCSCF FOCI  

State R e T e R e T e 

1E+ 3.39 0 3.37 0 
3A 3.67 1412 3.65 2328 
3Aa 3.67 2098 3.65 3023 
3Ha 3.68 4502 3.61 4995 
3Z+" 3.91 5875 3.90 6317 

a Core taken from 1]~+ SCF. 

its 1Z + state was computed as 1.374 D using the MCPF method if four electrons are 
correlated and 1.641 D if twelve electrons are correlated. 

Figure 12 shows the contour plots of the highest-occupied ~ and ~t orbitals of the 
1E+ ground state of ScH obtained by Bauschlicher and Walch (1982). As for fig. 12, 
the 7~ orbital is mainly Sc(4s) but is polarized outward perpendicular to the bond axis. 
The 3~ orbital is a non-bonding Sc(4p) orbital. The 6~ bonding orbital is mainly 
Sc(3d~) + H(ls) orbital. 

Following the Bauschlicher-Walch calculation, Balasubramanian (1987) studied 
ScH using RECPs and a CASSCF/FOCI method. Table 6 compares the all-electrons 
result with the ECP result. As seen from table 6, the agreement between the ECP and 
all-electron result is good. 
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TABLE 6 
Compar ison of ECP and all-electron results for ScH. Repro- 

duced from Balasubramanian (1987). 

R e (A) T~ (cm - 1) 

State ECP All-electron a ECP All-electron 

1Z + 1.744 1.78 0 0 
3A 1.884 1.93 2050 2328 

Bauschlicber and Walch (1982). 

TABLE 7 

Energies and equilibrium structures for the low-lying states of YH z. 
Reproduced from Balasubramanian and Ravimohan (1988). 

State 

CASSCF MRSDCI 

g (A) 0 (deg) E (eV) g (A) 0 (deg) E (eV) 

ZA 1 1.95 123 0.0 a 1.94 123 0.0 a 
2 + Z g 2.02 180 0.37 2.01 180 0.36 
2B 1 2.04 133 1.11 2.02 132 1.04 
2Fig 2.10 180 1.18 2.08 180 1.16 
2A 2 2.04 130 1.66 2.02 126 1.56 
2A~ 2.10 180 1.74 2.08 180 1.71 

a The absolute CASSCF valence energy of 2A 1 is -2 .550578 Hartree 
and the MRSDCI  valence energy of 2A1 is -2 .573984 Hartree. 

4.2. Y H  2 and S c H  2 

Balasubramanian and Ravimohan (1988) have computed the potential energy 
surfaces of three electronic states of YH 2 of 2A1, 2B x and 2A 2 symmetries. They em- 
ployed a (3s2p4d/3s2p3d) valence Gaussian basis set in conjunction with RECPs which 
retained the outer 4d 1 5s 2 shells of the Y atom in the valence space. A full CASSCF 
followed by MRSDCI calculations which retained all configurations in the CASSCF 
with coefficients > 0.05 as reference configurations were made. 

Table 7 shows the computed equilibrium geometries and energy separations of the 
electronic states of YH 2, while fig. 13 shows the potential energy surfaces of three 
electronic states of YH 2 obtained by Balasubramanian and Ravimohan (1988). 

It is evident from table 7 and fig. 13 that 2A 1 is the ground state of YH 2 with a 
bent equilibrium geometry (Ro = 1.94 ~, 0 e = 123°). This state is more stable than 2Z~- by 
0.36eV. Balasubramanian and Ravimohan (1988) found that the equilibrium struc- 
tures in all the cases are bent rather than linear. However, unlike in the 2A:t state, 2A 2 
and 2B1 are very close to the linear states in energy. The stability of the 2A1 ground state 
with respect to Y + H 2 dissociation was found to be 31 kcal/mol at the CASSCF level of 
theory. It should be mentioned that Balasubramanian and Ravimohan inadvertently 
compared their computed dissociation energy with the enthalpy of the solid Y + H 2 
reaction. 
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In fig. 13 for each 0 = H / Y \ H  bond angle, Y - H  bond lengths were optimized. All the 

three states have barriers for the insertion of the yttrium atom into H 2 to form YH 2. 
The saddle points occur near 28, 37 and 40 ° for ZA1, 2B 1 and 2A 2 states, respectively. 
The saddle points were obtained as the superposition of the surfaces obtained by 
starting from the CASSCF wavefunction of the linear structure and the CASSCF 
wavefunction of the dissociated structure (Y + H2). The barrier height of the 2A 1 

surface (0.98eV) is lower than the corresponding values of 2B 1 (2.09eV) and 2A z 
(1.41 eV) states. 

Table 8 shows the dipole moments  of the 2A1, 2B 1 and 2A 2 states  at their bent 
equilibrium geometries obtained from the MRSDCI  density matrices. All three states 
have Y + H -  polarities. The dipole moment  of the 2A 1 s ta te  is the smallest, while that of 
2A 2 state is the largest. The large dipole moments of these states reveal the ionic 
character of Y - H  bonds. 

TABLE 8 
Dipole moments for the low-lying states of Y H  2. Reproduced 

from Balasubramanian and Ravimohan (1988). 

State p (D)" 

2A 1 1.41 
2B 1 3.81 
2A 2 6.01 

" Polarity Y+H-. 
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TABLE 9 
Mulliken-population analysis for the low-lying states of YH 2. Reproduced from Balasubramanian and 

Ravimohan (1988). Populations of the two H atoms are combined together. 

Gross populations Y H 

State Y (total) H (total) Y (s) Y (d) Y (p) overlaps 

2A x 2.36 2.64 0.83 1.01 0.52 1.35 
2]~ + 2.40 2.60 0.98 0.92 0.50 1.36 
2 g B 1 2.34 2.66 0.41 1.47 0.45 1.34 
2Fig 2.38 2.62 0.44 1.46 0.48 1.34 
2A z 2.47 2.53 0.54 1.55 0.38 1.33 
2Ag 2.51 2.49 0.53 1.42 0.56 1.34 

The analyses of the leading configurations near equilibrium geometries of the 
three states of YH 2 revealed that they are dominated by their leading configuration 
with coefficients > 0.98. The 2A 1 ground state is composed of the la  2 2a I lb  2 con- 
figuration, wherein the la l  and 2a I orbitals are mixtures of Y(5s)+ H ( l s ) +  H2(ls ) 
and Y(4d) + Ha(ls) + H2(ls), respectively. The lb 2 orbital is composed of Y(5py) + 
Ha(iS ) - H2(ls ). 

Table 9 shows the Mulliken-population analyses of the electronic states of YH 2. The 
Y population strongly deviates from its neutral 3.0 population suggesting transfer of up 
to 0.6 electrons to the hydrogen atoms. We also note significant deviation from the 
neutral 4d 1 5s 2 electronic configuration near the equilibrium geometries. T h e Y - H  
overlaps are also quite significant. 

Balasubramanian (1987) studied the insertion of Sc(2D) into H 2 in the 2A 1 state. In 
addition, the linear 2Z~, 2Fig and 2Ag states of the ScH 2 molecule were studied. He used 
a complete active space MCSCF method followed by full second-order CI (SOCI). For 
the Sc atom, RECPs which retained the outer 3d 1 4s 2 shells were retained in the valence 
space. The (4s5d/3s3d) valence Gaussian basis set augmented by two sets ofp  functions 
suggested by Wachters was used for the Sc atom. 

Figure 14 shows the bending potential energy surface of ScH 2. Again 0 is the H /SCH 

bond angle, as in fig. 13. For each 0, S c - H  bond lengths were optimized. Table 10 
shows the geometries and energy separations of three linear electronic states of ScH 2 at 
the CASSCF and SOCI levels of theory. 

As seen from both fig. 14 and table 10, the Sc atom has to surpass a large barrier of 
1.57 eV (SOCI) to insert into H 2 to form the 2Z~- state. The 2Zg+ state thus formed is 
only 0.22eV more stable than the dissociated Sc + H 2 species. As seen from fig. 14, 
there exists a shallow obtuse angle bent minimum for ScH 2. At the CASSCF level, this 

o 

minimum has R e = 1.81 A and 0 e = 133.4 °. At this level, this minimum was found to be 
0.04 eV below 2Z~-. The author thus suggested that the possibility of an obtuse angle 
2A~ ground state for ScH 2 cannot be ruled out, but such a minimum formed only a 
shallow potential well. 

Table 11 shows the Mulliken populations of the SOCI natural orbitals of ScH 2 
obtained by Balasubramanian (1987). The leading configuration of the 2y,,+ state of 
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Fig. 14. Potential-energy surface of the 2A 1 state of ScH 2. Reproduced from Balasubramanian (1987). 

TABLE 10 
Geometries and energies of low-lying states of ScH 2. Reproduced from Balasubramanian (1987). 

Method State R e (A) 00 (degrees) E (eV) 

SOCI zE + 1.84 180.0 0.0 a 
SOCI 217~ 1.91 180.0 0.16 
SOCI 2Ag 1.91 180.0 0.62 
SOCI Sc + H 2 0.22 
SOCI 2A~ (barrier) 1.57 b 
CASSCF 2E + 1.86 180.0 0.0 c 
CASSCF ZlI~ 1.94 180.0 0.19 
CASSCF zAg 1.94 180.0 0.68 
CASSCF ZA 1 1.83 29.0 1.81 a 

a SOCI energies reported with respect to the energy of the zE+ state at its equilibrium geometry. 
g 

b The energy splitting between the linear geometry and the barrier evaluated at the CAS geometries. 
c Energies reported with respect to the 2E+ CASSCF energy. 

. g 

d The energy of the barrier at the estimated CASSCF geometry with respect to the 2]~ + minimum. 
g 
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TABLE 11 
Mulliken-population analysis (net and overlap) of the low-lying states ofScH 2 at their equilibrium geometries. 
Populations of both the hydrogen atoms are grouped together. Reproduced from Balasubramanian (1987). 

Net population 

State Sc H Sc (s) Sc (d) Sc(p) H(s) H(p)  Overlap 

2E+ 1.77 1.90 0.75 0.81 0.22 1.89 0.01 1.33 
2 g Hg 1.67 1.99 0.41 1.16 0.21 1.98 0.01 1.35 
ZAg 1.74 1.92 0.47 1.14 0.25 1.91 0.01 1.35 

S c H  2 is l~ 2 1~ 2 1~ 1 ( -  0.967). The lt~g orbital is primarily a bonding orbital of Sc 4s and 
H l s  (Sc 3d makes non-negligible contributions). The 2gg orbital is dominantly Sc 3d 
and ls but is slightly anti-bonding with respect to hydrogen ls orbitals, The 1~ u is 
primarily Sc(4p) + Hl( ls)  - H2(ls ). As seen from table 11, the Sc(4s) net population is 
smaller but the 4p population is not zero suggesting considerable 4p mixing in the 1~ u 
orbital. 

Now we compare YH z with ScH 2 while the bending potential-energy surface of the 
2A 1 s ta te  of ScH 2 has a shallow bent minimum (0 e = 133.4 °, R e ~ 1,81 A), the 2A 1 

surface YH 2 has a well-bound minimum (0 e = 123 °, R e =  1.95A). The 2A1-2Y,+ 
splitting is very small for ScH 2 while it is somewhat large for YH 2. The barrier to insert 
the Sc a tom into H 2 is about  36 kcal/mol in the 2A 1 surface, while for the Y atom the 
corresponding barrier is about  23 kcal/mol, which is much smaller. Thus, the Y atom is 
found to be more reactive with H 2 than Sc. The 2A 1 bent YH 2 state is more stable with 
respect to Y + H 2 by about 31 kcal/mol while the 2Z+ state of ScH 2 is only 5 kcal/mol 
more stable than Sc + H 2. Thus, bonding in YH 2 is much stronger than in ScH/. 

The total gross population of Sc in the 2Z+ state of ScH 2 is 2.44 while the 
corresponding population is 2.40 in YH 2. This suggests greater charge transfer from Y 
to H in YH 2 compared to ScH~. The Y(5p) population of all electronic states o fYH 2 (cf., 
table 9) are considerably larger than the corresponding Sc(4p) populations. This 
suggests greater involvement of the Y (5py) orbital in the lb  2 orbital of YI-][ 2. 

4.3. LaH 

Das and Balasubramanian (1990) computed the spectroscopic constants and poten- 
tial energy curves of 20 electronic states of LaH. They used RECPs with 5s 2 5p 6 5d 1 6s 2 

valence shells for the La atom together with a (5s5p3dlf) valence Gaussian basis set. 
CASSCF followed by the FOCI  method of calculation was used to compute the 
potential-energy curves while the spectroscopic constants were obtained using the 
SOCI method. In addition, the spin orbit effects were introduced using the RCI 
method. 

Table 12 shows the computed energy separation for the atomic states of La com- 
pared with experimental values together with the possible molecular states of LaH. As 
evidenced from table 12, there are several possible low-lying electronic states for LaH. 
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TABLE 12 
Dissociation relationships for some low-lying electronic states of LaH. Reproduced from Das and 

Balasubramanian (1990). 

Atomic state Energy (cm- 1) 

Molecular state (La + H) SOCI Exp. a 

iZ+, iFI, 1A, 3Z+, 317, 3A 
1Z -, 1Fi ' 1A, l@, 3Z- ' 3FI ' 3A, 3@ 
1E+ 117I, iA, 3Z+, 3H, 3A 
1Z+, 11"I, bX, 1¢, 1r, 3y+, 3II ' 3A, 3@, 3 F 

a 2 D ( d l s  2 )+2S 0 0 
a 2F (d 2 s 1) + 28 5706 6961 
b 2D (d 2 s 1) + 2S 9437 8249 
a 2G(d2 s 1) + 2S 11193 9280 

"Averaged over J. 
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Fig. 15. Potential-energy curves 
for LaH. Reproduced from Das 
and Balasubramanian (1990). 

Figure 15 shows the potential-energy curves for LaH obtained using the 
CASSCF/FOCI  method while table 13 shows the SOCI spectroscopic constants of 
LaH. As seen from table 13, the ground state of LaH is a X 1E+ state with R c = 2.08 
and ~oc = 1433 c m -  1 

Bernard and Bacis (1976) have observed B~--~A, C--*A and b ~ a  systems of LaH. 
They have made rotational analysis of the observed systems and assign these three 
systems to XA III,  1E-1FI and 3@-317 systems, respectively. 
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TABLE 13 
Spectroscopic properties of LaH. Reproduced from Das and Balasubramanian (1990). 

6 5  

State R e (~,) co e (cm 1) T~ (cm-  1) Do (eV) /~o (D) 

X 1 ]~+ 2.08 1433 0 2.60 2.42 
3A 2.13 1352 2805 2.24 3.63 
a 317 2.12 1341 5147 1.92 2.32 
117 2.13 1309 6226 1.80 3.95 
1,5 2.16 1299 6510 1.77 0.25 
3d# 2.19 1240 10612 2.00 4.89 
~Z + 2.20 1203 11794 1.20 - 0.49 
317 (II) 2.19 1228 11 956 1.83 4.24 
aE-  2.18 1247 12035 1.86 5.40 
A 1~+ (17) 2.20 1230 13 025 2.17 2.17 
3A (II) 2.24 1166 14 020 1.61 1.63 
B 1 17 (II) 2.16 1293 15 729 1.77 3.24 
31-I (III) 2.09 1377 15 880 1.81 3.14 
3E (II) 2.17 1251 16 107 1.35 4.17 
1F 2.18 1260 16838 1.88 6.51 
lqb 2.18 1259 17 333 1.79 4.46 
1A (II) 2.18 1234 17 427 1.60 5.49 
1A (III) 2.20 1226 20 109 - 2.21 
C 117 (III) 2.19 1342 20 170 - 6.15 
b 3A (III) 2.10 1364 23 256 - 4.48 

It is evident from table 13 that the 1II state is not the ground state of LaH. Hence, 
Das  and Balasubramanian (DB) argued that the A state of  Bernard and Bacis should be 
reassigned to the X 1Z+ ground state of  LaH. Das and Balasubramanian suggested 
reassignment of the Bernard-Bacis  assignment in accordance with table 13. These 
suggested assignments are also consistent with LaF (Barrow et al. 1967, Schall et al. 
1987). The ground state of LaF is now well known to be a X 1Z+ state. For LaF excited 
A 1Z+, B 1II, C q-I, D 132+ and E 12+  states have been observed and assigned through 
the analysis of A *-- X, B ~ X, C ~ X, D ~ X, and E ~ X systems. The Voo values for these 
transitions are 11 662, 16 184, 20 960, 22 485 and 22 574 cm 71, respectively. The well- 
characterized spectra of LaF supported the assignment in table 12. 

The A 132 + ~ X 1E + system predicted at 13 000 cm - 1 has not yet been observed. The 
corresponding transition for LaF has been observed at 11 662 c m -  1. The B ~--~X system, 
with a theoretically predicted Te value of 15 730cm-1 ,  is consistent with the Voo band 
head of the experimentally observed B,--~A system (15 619 cm-1).  It is also consistent 
with the rotational analysis of Bernard and Bacis which suggested that A2 = + 1 for 
this transition. For LaF, this system appears with Voo = 16 184 cm-1 .  

The C--*A system of Bernard and Bacis with a Voo = 18595cm -1 was found to 
be most consistent with the C I I I ~ X  1E+ system by DB, with a theoretical T e = 
20 170 cm-1 .  Likewise, the triplet-triplet transition observed with Voo = 16 000 cm-1  
was assigned to b3A~--~aaI-I by DB with a theoretical V o o = 1 8 1 0 0 c m  -1. The 
differences between theoretical and experimental values were found to be within the 
error bars of  calculations for excited states. 
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TABLE 14 
Contribution of various leading configurations to the SOCI wavefunctions at the equilibrium geometries of 

the electronic states of LaH. Reproduced from Das and Balasubramanian (1990). 

State Electronic configurations (percentage) 

i•+ 102262 (86), 102 152 (6), 102 In 2 (4) 
3A; 1A 10220 15 (97); 1022~ 15 (87), lo 2 1~ 2 (10) 
3I~; 11-[ 10220 112 (95); 10220 in (74), lo 2 15 1~ (20) 
3(I);  11~ 10215 17t (95;90) 
3y+ lo 2 20 30 (52), 102 20 40 (24), 162 20 5o (12) 
3y- 102 152 (60), 102 1"~ 2~ (4), 102 2'~ 3~ (4), 102 1"~ 2 (3), 102 15 25 (3) 
3H(II); iH(II) lo 2 15 1~ (86; 56), 1o 2 20 in (3; 16) 
1Z+(II) lo 2 20 30 (23), lo 2 152 (32), lo 2 20 40 (11), lo 2 20 50 (10) 
3A(II) 1o220 15 (42), 10230 15 (17), 10240 18 (14), 10250 18 (10), lo26o 15 (7) 
3]~-(II) lo 2 152 (30), lo 2 1"~ 2~ (12), lo 2 17t 3~ (12), lo 2 1~ 2 (5), lo 2 2~t 3~z (5) 
31](11I); 1H(III) lo 2 2o in (55), 10220 2~z (22); lo 2 15 in (39), lo22o 172 (17), lo 2 15 2~ (16) 
iF lo 2162 (95) 
1A(II) 10220 15 (40), lo 21~ 2 (11), 10230 l~ (8), lo 21~2~ (8), 10240 16 (7) 
1A(III) lo 21-~ 2 (36), lo 220 1~) (22), lo 21~ 2~ (13), lo 21~ 3~ (9) 
aA(III) lo 21-~ 2n (41), lo 21~ 3~ (17), lo 2 1~ 4~ (12), lo 22"tt 5~ (9) 

The dipole moments  in table 13 are large and positive suggesting La + H -  polarities. 
Some of the excited states have very large dipole moments  showing significant La + H -  
charge separations. 

Table 14 shows the weights of the leading configurations for the electronic states of  
LaH. Even the ground state of  L a H  is a mixture of 10220 2, 102~) 2 and l•2"lr, 2 
configurations. The excited electronic states are considerably more  complex as 
evidenced from table 14. 

We now compare  the properties of ScH, YH, and LaH. In compar ing  the R e values of 
the three molecules in their l y +  ground states, we note that there is a sharp rise in 

o 
compar ing  the bond  lengths of ScH with YH. However,  the bond  lengths of YH (1.95 A) 

o 

and LaH (2.08 A) are quite similar. This is primarily because of the sharp rise in the 5py 
orbital part icipation in YH compared  to ScH. Although the 6p popula t ion decreases 
for LaH,  the 6s popula t ion rises slightly. The La(5d) popula t ion is enhanced in the 1Z + 
state. 

Figure 16 compared  the Des of  ScH, YH and LaH. We note that the M - H  bond 
strength is significantly enhanced in going from ScH to YH, but the D r decreases in 
going from YH and LaH.  

Another  quant i ty  of interest is the #e/Re ratio. This quanti ty compares  the extent of 
charge transfer in the three species. As seen from fig. 17, the ize/R ~ values are similar for 
ScH and YH, but  dramatical ly increases for LaH. This suggests significant ionic 
character  of the L a - H  bond. 

The lo valence orbital of  L aH  is composed of La(6s) + H(ls) while the 2o orbital is 
composed  of  La(Sd), La(6pz ) and H(ls). Of course, the ~t and ~ orbitals are non-bonding.  
The MuIl iken-populat ion analysis of the i £  + ground state of L a H  revealed that  the La 
popula t ion  is 6s 1's2 6pO.22 5dO.97. 
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4.4. L a H  + 

Das and Balasubramanian (1991c) have computed the spectroscopic constants and 
potential-energy curves of LaH +. They used a CASSCF method followed by full second- 
order CI calculations in conjugation with 5s 2 5p 6 5d 6s 2 RECPs of Ross et al. (1990). 
The basis set used was (5s5p3d) valence Gaussian basis set. At both CASSCF and SOCI 
levels, excitations from the 5s 2 5p 6 shells were not allowed. The CASSCF calculations 
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TABLE 15 
Dissociation relationships of the low-lying states of LaH +. Reproduced from Das and Balasubramanian 

(1991c). 

Energy (cm- 1 ) 

Atomic states Molecular states Theory Exp. a 

a 3F (5d 2) + 2S 2 Z - ,  zFi ' 2A, 2~, 0 0 
4 E - ,  4FI ' 4A, 4@ 

a 1D (5d 1 6s 1) + 28 2]~+, 2FI ' 2 A 288 179 
a 3D (5d I 6s 1) + 2S 2E+, 2I], 2A, 1604 1590 

4E+, 4H, 4A 

a Experimental values are J averaged from Moore (1971). 

included four a 1, one b2, one b 1 and one a 2 orbitals in the active space. The spin orbit 
effects were included using the RCI method. 

Elkind and Armentrout (1986a, b) have studied the periodic trends in the reactivity of 
Sc +, Y+, La + and Lu + with H 2 using ion-molecular  collision of the type 

La + + U  2 ~LaH + + H  

They measure the D o value of LaH + as 2.48_+ 0.09eV. Elkind and Armentrout 
(1986a, b) proposed several mechanisms for the formation of LaH +. The theoretical 
calculations of Das and the author not only provided an unambiguous mechanism for 
the formation of LaH +, but also explained the observed branching ratios of LaD + and 
LaH + in the La + + HD reaction. There are similar studies by Elkind and Armentrout 
(1986a, b) on the reactivities of other transition metal ions with H2, see also Armentrout 
and Beauchamp (1989), as well as Martinho and Beauchamp (1990). 

Table 15 compares the computed dissociation limits of the electronic states of LaH + 
by Das and Balasubramanian together with experimental atomic data from Moore's 
book (Moore 1971). The experimental values are averaged with respect to J, so that 
comparison of energies can be made in the absence of spin-orbi t  coupling. As seen 
from table 15, although the ground state of La + is a 3F state arising from the 5d 2 

configuration, the excited electronic state of 1D and 3D symmetries arising from the 
5d ~ 6s~ configuration are quite closer. Although the ground state of the La atom is 2 D  

arising from 5d ~ 6s 2, it is quite interesting that La + has a 5d  2 ground state rather than 
5d ~ 6s 1 or 6s 2 ground states. Since the lanthanide contraction is experienced only by Hf 
onwards, the 6s orbital of La has no contraction from this effect since the 4f shells have 
not yet started filling up. The effect of relativity is also rather small. Consequently, the 
removal of a 6s electron is favored for La +. Subsequent to the removal of a 6s electron 
the electronic configuration rearranged to form a 3F state for La +. We note that Hf + 
has a 5d 6S 2 (2D)  ground state rather than 5d 2 6s since removal ofa 6s electron becomes 
considerably more difficult for Hf primarily due to lanthanide contraction and to a less 
extent because of relativity. 

As evidenced from table 15, there are several doublet and quartet low-lying elec- 
tronic states of LaH+. Figure 18 shows the potential-energy curves for several elec- 
tronic states of LaH + computed by Das and Balasubramanian (1991 c). Table 16 shows 
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T A B L E  1 6  

Spectroscopic constants of the lowqying states of LaH+. Reproduced from Das and Balasubramanian 
(1991c). 

Oo (eV) 

State Ro (A) co e (cm- 1) T e (cm 1) #e (D) Theory Exp." 

2A 2.074 1480 0 4.41 
zE+ 2.040 1517 1948 3.60 
2II 2.064 1462 2855 4.08 
2E+ (II) 2.184 1287 17082 - 
4E- 2.774 407 19 597 - 
4~ 2.972 346 19 874 - 
4II 3.087 229 20127 

2.54 
2.33 
2.19 

2.57 _+ 0.09 

The experimental D O from Elkind et al. (1989) was corrected for zero-point correction using our calculated 
~oo to obtain experimental D e. 

the  s p e c t r o s c o p i c  c o n s t a n t s  of  b o u n d  e lec t ron ic  s tates  o f  L a H  +. As e v i d e n c e d  f r o m  

fig. 18, d o u b l e t  s tates  d i s soc ia t ing  in to  La+(3F)  + H a re  bound .  T h e  4 E - ,  4(I) a n d  4rI  

s ta tes  h a v e  o n l y  l o n g - r a n g e  m i n i m a .  

T h e  q u a r t e t  s tates  of  L a H  + do  n o t  f o r m  very  deep  p o t e n t i a l  wells since La  ÷ in these  

s tates  does  n o t  hyb r id i ze  m u c h  a n d  r e m a i n  in a c o n f i g u r a t i o n  c loser  to  the  La  ÷ 5d 2 

con f igu ra t i on .  T h e  low spin  s ta tes  of  La  ÷, to the  con t r a ry ,  u n d e r g o  s ignif icant  5 d - 6 s  as 

well  as 5d6s6p h y b r i d i z a t i o n  so tha t  p r o n o u n c e d  m i n i m a  are  fo rmed .  
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As seen from table 16, the ground state of LaH + is 2A. Several authors (Schilling 
et al. 1987, Alvarado-Swaisgood and Harrison 1985, Aglada et al. 1981) have studied 
ScH +. They find that ScH + too has a zA ground state. The first excited z2 + state of 
LaH + in only ~ 1950 cm-  1 above the ground state. The R e values of all doublet' states 
are uniformly between 2.04 and 2.18 A. The quartet states to the contrary from longer 
Res consistent with the high spin characters of  these states. 

The 4H-ZA, 4(I)-2A weak spin-change transitions are predicted in the 20 000 cm-1 
region. The 2E+(II)-21~+ transition occurs in the 15 000 cm-  1 region. Since the dipole 
moments of charged species are gauge-dependent, all /4s listed in table 16 were 
obtained by placing the dipole operator on the La atom. The positive polarity of the 
dipole moment of the doublet states indicates that there is electronic charge transfer 
from La + to H. Since the IP of La is much smaller than H, most of the ionization takes 
place on La. 

As we stated before, Elkind et al. (1989) have measured the D°(LaH +) as 2.48 eV 
using guided ion-mass spectrometry. The experimental D e value including zero-point 
correction is 2.57eV. The CASSCF/SOCI value of 2.54eV computed by Das and 
Balasubramanian (1991c) was in excellent agreement with the experiment. 

The ground state of LaH is a 12+ state with R e = 2.08 A and co e = 1433 cm-1 (see 
section 4.3). The adiabatic ionization energy for the process 

LaH(12 +) , LaH+(2A) + e - 

was computed as 5.33 eV by Das and the author. They also computed the SOCI IP 
of the La atom as 5.3 eV in reasonable agreement with the experimental value of 5.61 eV 
(Moore 1971). Therefore, Das and the author predicted theoretical adiabatic IP of LaH 
to be roughly 0.3 eV below its true value and thus 5.65 +_ 0.1 eV. 

Das and the author computed the spin-orbi t  effects for low-lying states of LaH + 
They found that the spin-orbi t  splittings of the low-lying doublet electronic states of 
LaH + to be between 590 and 694cm -1. The zri1/2-21I3/2 spin-orbi t  splitting was 
found to be 694 cm-  1 while the ground state splitting was calculated as 590 cm-  1. The 
spin-orbi t  mixing of different states was found to be rather small for all states except 
the 3 states for which 2A3/2 and 21-I3/2 mixing was roughly 2%. Since the ground state of 
LaH + is formed through promotion of some of the 5d electronic density to the 6s 
orbital, the spin-orbi t  separation reduces near the potential well of LaH +. 

Table 17 shows the leading configuration in the SOCI wavefunctions of LaH + 
computed by Das and Balasubramanian (1991c). The 2A ground state of LaH + is 
predominantly 16 2 1~). The 16 orbital was found to be a mixture of La+(d6) and 
La+(6s) + H(ls) orbital while the 1~) is a non-bonding La+(d~) orbital. The 21B + state is 
somewhat more complex in that it is a mixture of 16 2 26, 16 2 36 and 162 4~ configur- 
ations. The La(6s) orbital makes significant contribution to the 26 orbital. The 2I] state 
is analogous to the 2A state. Two quartet states of LaH +, the 4Z- and 4II states, are 
especially complex while the 4q) state is relatively simple. Since 26 participates in the 
second leading configuration of 4H (36%), the La(6s) orbital makes non-negligible 
contribution to the 4H state. The 42-  state is a mixture of 16 1~ 2 and 16 182. 

Table 18 shows Mulliken-population analyses of electronic states o fLaH + obtained 
by Das and Balasubramanian (1991c). There is a transfer of 0.24 eV from La + to H in 
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TABLE 17 
Contributions of important configurations in the SOCI wavefunctions of 

LaH +. Reproduced from Das and Balasubramanian (1991 c). 

State Configuration (percentage) 

2• 16 2 18(97) 
22~+ 162 2~ (73), 162 3e (10), 1~ 2 46 (5) 
2]][ 162 1~ (97) 
2Z+(II) 1~22a (34), 162 36 (27), lt12~ (10), lt~ 2 50" (9), 162 6~ (6) 
2E- 16 1~ 2 (85), 16 1~ 2 (15) 
4qb 1~ 1~ lb (99) 
41q 16 1~ 1~ (58), 16 2~ l~t (36) 

TABLE 18 
M ulliken-population analyses of the low-lying states of LaH +. Reproduced from Das and Balasubramanian 

(1991c). The 5s 2 5p 6 core  populations are subtracted from the Mulliken populations in this table. 

Gross population 
Overlap 

State La H La (s) La (p) La (d) H (s) population 

2A 1.76 1.24 0.15 0.04 1.56 1.24 0.53 
2E+ 1.79 1.21 0.87 0.04 0.88 1.20 6.53 
2II 1.79 1.21 0.18 0.06 1.55 1.20 0.53 
aE+ (13) 1.70 1.30 0.32 0.57 0.82 1.29 0.47 
4Z - 2.07 0.93 0.03 0.03 2.01 0.93 0.09 
4(I) 2.06 0.94 0.02 0.02 2.02 0.94 0.09 
417 2.06 0.94 0.12 0.02 1.92 0.94 0.08 

the 2A g round  state. No te  that  the 2E+ state has a 5d °'88 6s °'87 popu l a t i on  since 2~ 

orb i ta l  is singly occupied  in the leading  conf igura t ion  of the 2E ÷ state. The zZ +(II) state 
has larger  La+(6s)  popu l a t i on  c o m p a r e d  to o ther  states. The La(6p) popu l a t i on  is 
relat ively small  in all but  the 2Z+(I1) state. In  the g round  state, the La  p o p u l a t i o n  is 
5d 1'56 6s °'15, and  hence 6s p o p u l a t i o n  is ra ther  small. No te  that  La  experiences the 

effects of  nei ther  l an than ide  con t rac t ion  nor  relat ivi ty as much as Hf  and  ensuing 
elements.  

4.5. LaH~ 

Das  and  B a l a s u b r a m a n i a n  (1991 c) c o m p u t e d  the bending  po ten t ia l -energy  surfaces 
of eight  e lectronic  states of  L a H  + arising from the inser t ion of  La+(3F;  5d 2) and  
La+(1D; 5d 1 6s 1) into H 2. They used the C A S S C F / S O C I  me thods  toge ther  with the 
same R E C P s  and  basis sets descr ibed in sect ion 4.4. Rosi  and  Bauschl icher  (1990) have 
s tudied b ind ing  o f L a  + and La  2+ to C2H2, CzH 4 and C3H 6. 

F igure  19 shows the c o m p u t e d  po ten t ia l  energy surfaces of  e ight  electronic states of 
La  

L a H + .  In fig. 19, 0 is the H "  "-H b o n d  angle. F o r  each 0, the L a -  H b o n d  lengths were 
op t imized  and  the op t imized  energies are p lo t ted  in fig. 19. Separa te  C A S S C F  calcula-  
t ions were made  for each state. The  C A S S C F  active space inc luded four a l ,  two b2, one 
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b I and one a 2 orbitals in the C2v symmetry. For  very small bond angles (0 ~ 5°), the 
optimized L a - H  bond lengths become very long, hence leading to La + + H 2 dissocia- 
tion. Consequently, the bending potential-energy surfaces model insertion La + into 

H 2 • 

As evidenced in fig. 19, La + in its 1D excited state (5d 1 6s 1) inserts into H 2 with a 
small barrier of < 8 kcal/mol. This is not the case for the 3F ground state of H 2. It forms 
only small angle complexes in three channels. Subsequent, for the formation of these 
complexes La + has to surmount a high barrier to insert into H 2 in all channels for the 
triplet state. The intersection of the 1A1 surface with the triplet surfaces could facilitate 
non-adiabatic channels for the reactivity of 3F state of La +. However, sp in-orbi t  
coupling which is one possible source of interaction was found to be rather small. Also, 
the L a - H  bond lengths at the 0 intersection of the two states are quite different. 
However, since La+(1D) is only a few hundred c m -  ~ above La+(3F), initial beam could 
consist of La+(tD) in large percentage and then could undergo insertion into H 2. 

The insertion of ~D state of La + into H 2 leads to several states among which 1A 1 is 
decisively the only favorable state. The ground state of LaH~- is 1At and has a bent 
equilibrium geometry. Table 19 shows the equilibrium geometries of the low-lying 
electronic states of LaH~,  from which it can be seen that the ground state of LaH~ is a 
1A 1 state with R e = 2.057 A and 0 e = 106 °. We note that 3A 1 is the only other state 
exhibiting a bent molecular geometry. 

The aBe, 3B 2 and SA 2 states contain small angle minima corresponding to loose 
complexes of La ÷ with H 2. These weak complexes are 2 -3  kcal/mol more stable than 
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TABLE 19 
Geometries and energies of the low-lying states of LaH~. Reproduced ~ o m D a s  and Balasubramanian 

(1991c). 

CASSCF SOCI 

State R e (,~) 0 e (deg) E (eV) Ro (A) 0e(deg) E (eV) 

1A 1 2.070 105.0 0.0 2.057 106.0 0.0 
1E+ 2.205 180.0 1.44 2.193 180.0 1.42 
1A~ 2.277 180.0 2.49 2.263 180.0 1.42 
3A u 2.274 180.0 2.53 2.263 180.0 2.68 
31-I. 2.258 180.0 3.10 2.219 180.0 2.87 
1FI, 2.289 180.0 2.90 2.265 180.0 3.00 
3A 1 2.280 92.3 3.00 2.260 92.6 3.11 

La+(3F) + H 2. Hence, they are not likely to have long-enough lifetimes to be observed 
in hot molecular beams. 

Alvarado-Swaisgood and Harrison (1985) found that ScH + has a 1A 1 ground state 
with R e = 1.745 A and 0 e = 106.7 ° compared to LaH~- which also has a 0 e of 106 °. The 
longer L a - H  bond lengths are excepted since La is neither subjected to lanthanide 
contraction nor relativistic effects as much as Hf-Au.  

Table 20 shows the geometries of the saddle points in the LaH ~ bending potential- 
energy surfaces. As seen from this table, the 1A 1 state exhibits a relatively weaker saddle 
point at 0 = 29 ° (a barrier height of 8 kcal/mol). The 3A 1 surface contains a very acute 0 
saddle point (barrier height -- 77 kcal/mol). The barrier in the 3A1 surface arises from 
an avoided crossing. Three other triplet states contain saddle points with obtuse bond 
angles (0 > 90 °) with larger barrier heights (>  56 kcal/mol). The La H bond lengths at 
the saddle point are longer than the bond lengths at minima. Hence, for the complete 
insertion of La + into H z, t o  form the LaH ~ molecule, the La + (aF) ion has to surmount 
a barrier of at least 56 kcal/mol. 

TABLE 20 
Saddle points in the potential energy surfaces of LaH2. Reproduced 
from Das and Balasubramanian (1991c). Bond lengths were optimized at 
the SOCI level while bond angles were obtained from CASSCF results. 

State R (A) 0 (deg) Barrier height (kcal/mol) a 

1A 1 2.10 29.4 8 
aB 1 2.32 118.5 6l 
3A 1 2.33 140.3 67 
3A a 2.43 45.5 77 
3B 1 2.27 122.0 57 
1B z 2.35 99.0 60 
1A 2 2.34 92.4 61 
3B z 2.33 98.6 6l 
3A 2 2.28 90.0 56 

a Barrier heights were calculated with respect to the corresponding 
dissociated limits at the SOCI level. 
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The dissociation energy for the process, 

LaH~(1A1) , La+(3F; d 2) -t- H 2 

was computed by Das and Balasubramanian (1991c) as 11.3 kcal/mol at the SOCI level 
of theory. The D e relative to La + (1D; 5d6s) was found to be 12.5 kcal/mol. The D e 
( H L a - H  +) was computed by these authors as 58.6 kcal/mol at the SOCI level. The D e 
(HLa +-H)  is almost identical to the D e (La +-H).  Alvarado-Swaisgood and Harrison 
(1985) found the first and second bond energies of ScH ~ to be 54.7 and 51.7 kcal/mol. 

Elkind et al.'s (1989) experiment on the reactivities of La +, Sc +, Y+ and Lu + with H 2 
using guided ion beam mass spectrometry revealed that La + reacted with HE primarily 
through an insertion mechanism. Their surface ionization (SI) beam of La + was found 
to be 69~o 3F (d2), 12~ ID (ds) and 15~o 3D (ds). Since the La + (3F;  d 2) forms only loose 
complexes with H 2 [2-3  kcal/mol more stable than La ÷ (3F) + H2], at experimental 
translational energies > 4eV it is not expected that these loose complexes will be 
long-lived. Neither do their collisions result in LaH ÷ + H unless substantial barriers 
are surpassed. 

As seen from fig. 19, the La ÷ [1D(ds)] is an attractive candidate for insertion into H 2 
as it forms a stable LsH ~. Hence, the primary mechanism for the reactivity of La ÷ with 
H 2 to produce LaH ÷ is the insertion of La ÷ [aD(ds)] into H 2 to produce LaH ~ (1A1). 
The possibility suggested by Elkind et al. (1989), viz., through the insertion of La ÷ 
(3F; d 2) was not-supported by the calculations of Das and Balasubramanian (1991c), 
since the triplet surfaces have to surpass a substantial barrier. The experimentally 
observed statistical behavior of the branching ratio in the La ÷ + HD reaction was also 
explainable from theory. 

Table 21 shows the important configurations in the SOCI wavefunctions for the 
minima of LaH~. All states of LaH~ with the exception of 3A 1 were found to be 
dominated by a single configuration. The la~ orbital of ~A x near its 0 e was composed of 
La(5d), and smaller amounts of La(6s) and H l(ls) + H2(ls ) orbitals, The lb 2 orbital was 
found to be a mixture of La(dTt) and H2(%), H~(ls)-H2(ls ) orbital. The contribution of 
La ÷ (6p) was found to be rather small. However, in the ~ ÷ Z g state the La(6p) orbital 
makes enhanced contribution to the 1% orbital. 

TABLE 21 
Leading configurations of the low-lying states of LaH 2. Reproduced 

from Das and Balasubramanian (1991c). 

State Configuration (percentage) 

1A 1 

1A u 

3A u 

31I u 

3A 1 

2 2 la  1 lb  z (95) 
2 2 1% 1% (96) 

lo 2 1% 15g (93) log2Og 1% lbg (4) 
2 

log  1% lbg (93) lt~g2t~g 1% 1~ s (4) 
2 lo S lo .  l~g (92) log2t~g lo u l"ltg (4) 
2 10 S 1% ln~ (92) l o g 2 6 g  10 u l"Ir.g (5) 

la  12a 1 lb  2 (88), la~ 2al 3al (3), la  I 2a 1 lb  2 2b 2 (3) 
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TABLE 22 
Mulliken-population analyses for the low-lying states of LaH~. Reproduced 

Balasubramanian (1991 c). 
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from Das and 

Gross population 
Overlap 

State La H La(s) La(p) La(d) H ( s )  population 

1A1 1.52 2.48 0.27 0.09 1.16 2.46 1.05 
~Z + 1.42 2.58 0.28 0.43 0.71 2.57 1.07 
IA~ 1.88 2.! 2 0.20 0.07 1.61 2.11 0.63 
3A u 1.88 2.12 0.21 0.07 1.60 2.11 0.64 
3rIu 1.93 2.07 0.23 0.09 1.61 2.06 0.65 
117 u 1.92 2.08 0.26 0.07 1.59 2.07 0.59 
3A 1 1.88 2.12 0.43 0.07 1.38 2.11 0.62 

The 3A 1 double hump in the surface arises from two avoided crossings. For 0 << 60 °, 
this state was found to be predominantly la22ax 3a x (90~o). For  larger 0s 1-60 < 
0 < 140], this state was found to be dominated by the la x 2a 1 lb22. The overlap of La(d~) 
and La(6~) with H 2 (1~*) orbital becomes larger as 0 increases, leading to larger 
occupancy of the lb 2 orbital. The minimum at 0 = 92 ° therefore arises from this avoided 
crossing. As 0 > 140 °, the la21b22b2 configuration (90~o) dominates. The second 
barrier near 0 = 140 ° in the 3A 1 surface is due to the avoided crossing ofla x 2a 1 lb~ with 
la 2 lb 2 2b 2. The saddle point in the XB x surface (0 = 119 °) was found to arise from the 
avoided crossing ofla  2 lb 2 la 2 and la x lb 2 lb x. At 0 = 120 °, the 1B x s t a te  was found to be 
56~o la~ z lb2 la2 and 32~o la t lb22 lbx while at 0 = 100 ° it was found to be 59~o ta 2 lb 2 lbx 
and 29~o la 2 lb 2 la2. 

The saddle point in the 3B 1 surface (0 = 122 °) was found to arise from the avoided 
crossing of la 2 lb 2 la 2 and la x lb22 lb v At 0 = 110 °, the 3B x s ta te  was found to be 56~ 
la 2 lb 2 la 2 and 34~o la x lb 2 lb 1. The 3A 2 surface near its saddle point (0 = 90 °) was found 
to be 52~o la 2 lb2 lbl and 38~o la l lb 2 la2. For all larger angles the lal ~ lb 2 lb x configur- 
ation was found to dominate. 

Table 22 contains the Mulliken populations of the electronic states of LaH~.  The 
equilibrium bond angle (106 °) for the XA x state was found to be determined by the La 
5dl 'X66s  0"27 hybridization. The 5d population is attributed to both (5dT0 orbital 
mixing in the lb2 orbital and 5d(~/~) mixing in the lal orbital. The 6p population of the 
linear 1 + E g state was found to be larger (0.43). All triplet and excited singlet electronic 
states except 3A x were found to have similar populations [La(6s)=0.20-0.26,  
La(5d)= 1.59-1.61]. The 3A 1 state differed from this trend (see table 22). The La + - H  
overlap populations for each bond was found to be 0.525 for the 1A x ground state. This 
is identical to the L a - H  ÷ overlap population of 0.53 (see table 18). 

4.6. L a H  z 

Das and Balasubramanian (1991a) studied the bending potential-energy surfaces of 
four doublet and four quartet electronic states of the LaH 2 molecule. They used a 
CASSCF method followed by full second-order CI calculations. They used (5s5p3d lf) 



76 K. BALASUBRAMANIAN 

O. 15] 

| Lo(a4F)+Hz 
l O. 12- 

G 
0.09- 

- r  

0.06 ' 

e-  
hi 0.03- 

~ o-  

-0,03 

LaH 2 

/ / / / 2  " - - -  

~(a2O)+ H 2 

i i i 
50 d O  9'0 I20 150 180 

0 (Degrees)-----') 

Fig. 20. Potential-energy surfaces 
for LaH 2. Reproduced from Das 
and Balasubramanian (1991a). 

as well as (5s5p3d) valence Gaussian basis sets in conjugation with an active space 
comprising four al, two bz, one b I and one a 2 orbitals. 

Figure 20 shows the bending potential energy surfaces for LaH 2 arising from 2D and 
4F electronic states of LaH 2. The ground state of La is 2D (5d 1 6s 2) while there are 
several excited states arising from 5d 2 6s ~. We considered the ~F state with the objective 
of comparing and contrasting high spin and low spin reactivities of the La atom. 

As evidenced from fig. 20, the 2D ground state of La atom inserts into H 2 relatively 
easier compared to the excited high spin 4F. This is reminiscent of LaH ~ discussed in 
section 4.5. The 2D state of La also forms other bent doublet electronic states but these 
are somewhat higher in energy and also need to surmount larger barriers for insertion 
into H 2 (see fig. 20). All quartet states have to surpass substantial barriers for insertion 
into H z. 

Table 23 shows the geometries of the bent and linear states of LaH 2 computed by 
Das and Balasubramanian (199 la) at both CASSCF and SOCI level of theories. In that 
table also listed are the results with and without 4f functions. It is easily seen that 4f 
functions do not play an important role for LaH 2. 

The ground state of LaH 2 is of ZAt symmetry with R e = 2.14 A and 0 e = 111.9 °. The 
higher-order correlation effects in the SOCI do not change the geometries much 
compared to the CASSCF. The ground-state geometry of LaH 2 is similar to YH z 
computed by Balasubramanian and Ravimohan (1988). YH2 also has a 2A 1 ground 
state (see section 4.2) with R c = 1.94A and 0c = 123 °. The dissociation energy for 
LaHz(ZA0 to yield La(ZD) + H 2 was computed as 11 kcal/mol at the SOCI level. 

Table 24 reports the geometries of the saddle points and barrier heights relative to 
the dissociation limits. All saddle points have longer L a - H  bond lengths compared to 
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TABLE 23 
Geometries and energies of the low-lying states of LaH 2. Reproduced 

from Das and Balasubramanian (1991a). 

State 

CASSCF SOCI 

E, eV E, eV 

R~,A 0~,deg (5s5p3d) R~,A 0~,deg (5sSp3d) (5s5p3dlf) 

2A 1 2.158 111.4 0.0 2.140 111.9 0.0 0.0 
2B! 2.225 120.5 0.52 2.190 119.7 0.48 0.48 
22+ 2.277 180.0 0.66 2.260 180.0 0.69 0.68 
TAg 2 2.200 102.2 0.83 2.174 102.8 0.76 0.75 
2Ag 2.339 180.0 0.81 2.312 180.0 0.84 0.88 
2B 2 2.207 122.4 1.94 2.195 119.8 1.32 1.30 
21Jig 2.322 180.0 2.17 2.310 180.0 1.50 1.49 
4A u 2.314 180.0 2.80 2.298 180.0 2.94 3.01 
4IIu 2.279 180.0 3.03 2.259 180.0 3.11 3.12 
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TABLE 24 
Saddle points in various potential energy curves of LaH 2. Repro- 
duced from Das and Balasubramanian (1991a). Barrier heights 
were calculated with respect to the corresponding dissociation 

limits. 

Barrier height, 
State R, ~, 0, deg kcal/mol 

2A 1 2.21 24 21 
2B 1 2.16 33 36 
2A 2 2.17 31 40 
2B 2 2.11 57 51 
4A 2 2.42 93 52 
4B 1 2.40 110 53 
4B 2 2.44 97 55 
4A 1 2.45 108 66 

minima.  The saddle point  0s are also similar to YH 2. For  YH 2 the 2A1, 2B 1 and 2A 2 
states conta in  saddle points  near  0 = 20, 37 and 40 °, respectively. 

The 2A 1 surface of LaH 2 intersects the 4B1, 4B2, and  4A 2 surfaces at 0 ~ 25 °, while 
the 2A 2 and  2B 1 surfaces cross these quar te t  surfaces near  40 °. These intersections may 
provide non-ad iaba t ic  channels  for the quartet-s tate  a tom to hop to the doublet-s tate  
surfaces. The s p i n - o r b i t  couplings among  electronic states of different spin mult i-  
plicities near  intersections are negligible. The RCI calculat ions suggested small SO 
coupling. 

Table  25 shows the impor t an t  configurat ions for the low-lying states of La H  2. The 
2A 1 g round  state was found to be p redominan t ly  la 2 2a 1 l b  2 (95~o). The 2B 1 and  2A 2 
excited states were composed of la  2 lb22 lb  1 and la  2 l b  2 l a  2 configurations,  respective- 
ly. The low-lying 2E ~ is composed of lo g2 2Gg lcr 2 (95~o). The highly excited quartet  

l inear states were found to be considerably pure. The 4A. and  41-Iu states could be 
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TABLE 25 
Leading configurations for the electronic states of LaH 2. Reproduced 
from Das and Balasubramanian (1991a). Numbers in parentheses are in 

percentages. 

State Configuration 

2A 1 la 2 2a 1 lb 2 (95) 
2 2 2B 1 la  1 lb 2 lb 1 (95) 

2) '~;  l O g  2 2~g lo 2 (95) 
2 2 2A 2 la 1 lb 2 la 2 (94) 
2 2 2Ag log 1% lbg (96) 
2 2 

2B 2 la I lb 2 2b 2 (94) 
2 2 2I~g log lo u l~g (95) 

4A u lo 2 2Og 1% lbg (92), log 2~g 3Og 1% l~g (3) 
4II. lo 2 2Og 1% l~g (88), lgg 26g 3~g 1% l'~g (3) 

represented mainly by la 2 2t~g lt~ u 1~g(92~o) and l~2g 2t~g 1~ u l'l~,g (88~o) configurations, 
respectively. The saddle points in the doublet potential-energy surfaces arise from 
avoided curve crossings. The saddle point at 0 = 24 ° of the 2A1 state arises due to the 
avoided crossing of the la 2 2al lb 2 configuration with the la 2 2a 2 3al configuration. 
For 0 < 30 °, the 2Aa state is dominated by la 2 2a 2 3a~, while for 0 > 30 °, the state is 
predominantly described by the la 2 2al lb 2 configuration. At the saddle point, these 
two configurations mix strongly. Similar avoided crossings occur for the 2B1, 2B2, and 
2A 2 states. Near 0 = 30 °, the potential energy curve of the 2B 1 state arising from the 
la 2 tb 2 lb 1 configuration undergoes an avoided crossing with the 2B1 (la 2 la 2 lb 0 
surfaces. The saddle point in the 2A 2 s t a t e  surface is due to the avoided crossing of 2A 2 

(la 2 lb 2 la2) and 2A 2 (la 2 2a 2 la2) configurations. For the 2B 2 state, the dominant 
configuration for 0 > 60 ° is la 2 lb 2 2b a (907/o), while for 0 < 60 °, the state is predomi- 
nantly la~ 2a~ lb2 (90~o). 

Table 26 shows the Mulliken-population analyses of LaH 2. The total gross popula- 
tion of the lanthanum atom is less than 3.0 for all electronic states of LaH 2, indicating 
L a + H -  polarity of L a - H  bonds. Except the excited 4Au and 4FI, states, 0.6 electronic 
population is transferred from the lanthanum atom to the two hydrogen atoms of 
LaH 2. There is a significant loss of the electronic density from the 6s orbital of the 
lanthanum atom. The La(6p) populations are large for most of the low-lying states. The 
5d orbitals of the lanthanum atom also gain significant amounts of electron density. In 
the 2A~ ground state, there is significant electronic charge transfer from the 6s orbital to 
the 6p and 5d orbitals. The L a - H  bond is composed of 31~ La(6s), 11~o La(6p), and 
58~o La(5d) at the equilibrium geometry. 

The first excited 2B~ state has a rather low La(6s) population. The La(5d) population 
of this state is nearly 2.0 while the La(6p) population is comparable to that of the 
ground state. Thus, the mixing of different configurations of La is very large. For  the 

2 + low-lying linear state ( I2 g ) the La(6p) population is 1.01. Thus, the participation of the 
6p orbital in the L a - H  bonding is significant. The L a - H  bonds for this state have 37~o 
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TABLE 26 
Mulliken-population analyses for the electronic states of LaH 2. Reproduced from Das and 

Balasubramanian (1991a). 

Gross populations 
Overlap 

State La(total) H(total) La(s) La(p) La(d) H(s) population 

2A 1 2.38 2.62 0.74 0.27 1.37 2.16 1.09 
2B 1 2.37 2.63 0.14 0.28 1.95 2.62 1.13 
2]~+ 2.39 2.61 0.89 0.49 1.01 2.60 1.14 
2Ag 2 2.46 2.54 0.21 0.20 2.05 2.53 1.13 
2Ag 2.36 2.64 0.22 0.48 1.66 2.62 1.15 
2B z 2.45 2.55 0.18 0.70 1.58 2.53 1.15 
21~g 2.49 2.51 0.27 0.56 1.66 2.50 1.17 
4A u 2.82 2.18 0.87 0.10 1.85 2.17 0.62 
4FI u 2.88 2.13 0.85 0.16 1.86 2.11 0.64 

La(6s), 21~o La(6p), and 42~o La(5d) characters. The La(6p) population of the 2I-Ig state 
is also large. For these two doublet linear states, the overlap of the La (6pr) orbital with 
HE(lOu) along the internuclear axis is stronger. The excited 4A u and 41-Iu states have 
relatively low La(6p) populations. The La-H bonds for these two states have about 
30~o La(6s), 4~ La(6p), and 66~ La(5d) characters. Consequently, the La atom almost 
retains the 5d 2 6s1 configuration in these two quartet states. The overlap populations of 
all the doublet states are above 1.0 while the two quartet linear states have overlaps of 
0.63. 

The high spin states of LaH/form linear structures but the low spin states form bent 
minima. This is primarily because the low spin state of the La atom can form bond pairs 
with the H(ls) electrons while the high spin state is primarily non-bonding. Hence, the 
bent minima are formed through the La(d), La(dx2_z2), La(dx2_zr~+z2), La(6p) and 
La(6s) hybridization in the low spin states, while effective orbital overlap in the high 
spin states is achieved primarily through the La(do), La(6s), and H(ls) orbitals. The 
most effective overlap of La(do), La(6s) and H(ls) is achieved for the linear geometry; 
consequently, high spin states are linear while many low spin states are bent. The La -H  
bond lengths of the linear high spin states are longer than the La-H bond lengths in 
the bent states. For example, the 4A, linear state has R e ~ 2.298 A while the ZA 1 ground 
state has R e ,-~ 2.14 A. There are several factors which contrast the bond lengths. The 
primary factor is that La(do) + La(6s) overlap with H(ls) is considerably smaller in the 
linear geometry compared to the La(d6) + La(do) + La(6s) overlap with H(ls) in the 
bent geometry. This is consistent with the La-H overlap Mulliken populations in 
table 26. For example, the La-H overlap is 1.09 in the 2A 1 state compared to 0.62 for 
the linear 4A u state. The La -H  overlaps are also much smaller for the 4I-Iu s t a t e .  

Table 27 shows the computed dipole moments of doublet states of LaH 2 at their 
equilibrium geometries. All four states exhibit strong La+H - polarities. The strong 
La+H - polarities of the La -H  bonds are quite consistent with the Mulliken popula- 
tions shown in table 26. 
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TABLE 27 
Dipole moments for the bent minima of LaH 2. Reproduced from 

Das and Balasubramanian (1991a). 

State #, D 

2A 1 3.79 
2B 1 5.42 
2B 2 4.72 
2A 2 7.42 

4.7. HfH, ZrH and Till 

Balasubramanian and Das (1991) compared the potential-energy curves of 14 
electronic states of HfH using the CASMCSCF followed by the SOCI method. They 
also included spin-orbit effects using the RCI method. Balasubramanian and Wang 
(1989a, b) computed the potential-energy curves and spectroscopic constants of 30 
electronic states of ZrH using comparable CASSCF/SOCI methods. Chong et al. 
(1986) computed the properties of two electronic states of Till. Chen et al. (1991) have 
recently considered the gas-phase thermochemistry of Till. The experimental D o 
(Ti-H) was determined using guided ion beam mass spectrometry as 2.12eV in 
agreement with Chong etal.'s computed CASSCF/CI D e of 2.12eV. Of course, 
zero-point correction to the experimental value yields a D e of 2.21 +_ 0.09eV. We 
discuss the results of all these computations and compare them primarily to show the 
effect of lanthanide contraction on HfH. 

4.7.1. H f / /  
We discuss Hfl-I, ZrH and Till in the order of title. The potential-energy curves of 14 

electronic states of Hfl-I computed by Balasubramanian and Das (1991) are shown in 
fig. 21. Table 28 shows the computed spectroscopic constants of HfH in the absence 
of spin-orbit coupling. Balasubramanian and Das (1991) predicted 2H(II)-X 2A, 
2A(II)-X 2A and/H(III)-X 2A transitions of HfH to occur in the 15 000, 17000 and 
19 000 cm-1 region, respectively, in the absence of spin-orbit effect. 

Table 29 contains the spectroscopic constants of Hf H including spin-orbit effects. It 
is evident from table 29 that spin-orbit coupling strongly mixes several electronic 
states of HfH leading to an intermediate coupling description of electronic states. The 
T e values also change up to 1500 cm-1. 

Balasubramanian and Das (1991) computed the D e of HfH without spin-orbit 
coupling as 2.87 eV. The correction to Do due to spin-orbit coupling was, however, 
found to be only 0.01 eV which yielded spin-orbit corrected D e of 2.88 eV. 

Tables 29 and 30 show the composition of electronic states of HfH with and without 
spin-orbit coupling, respectively. Although 2A, 21-I, 41-I, 4A and 2~ states are relatively 
simple in that weights of the leading configurations are larger than 71%, this is not the 
case with other states of HfH such as 4Z-, 2E +, 2H(II), etc. (see table 29). 

The spin-orbit coupling has noticeable effects on some of the electronic states of 
HfH (see table 30). For example, the ½ state is a strong mixture of 2II, 2y. + and 4E-. 
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Fig. 21. Potential-energy surfaces for HfH. 
Reproduced from Balasubramanian  and Das  
(1991). 

TABLE 28 
Spectroscopic constants  of low-lying electronic states of HfH. Reproduced from 

Das  (1991). 
Balasubramanian  and 

State R, (,~) T, (cm - 1) o~, (cm - 1) /z, (D) D~ (eV) 

ZA 1.852 0 1702 0.71 2.87 
21] 1.841 1964 1682 0.86 2.65 
4~ 1.882 8078 1617 1.41 1.86 
4E 1.882 8807 1609 1.71 1.76 
21~ + 1.900 9071 1540 - 0.29 2.47 
41-1 1.887 9995 1596 1.25 1.64 
2H (II) 1.838 15 133 1612 1.85 - 
4A 1.942 15 857 1451 0.06 - 
20 1.907 16 973 1449 2.41 
ZA (II) 1.875 17 093 1593 1.80 - 
2Z - 1.870 18 414 1506 1.70 - 
ZH (III) 1.837 18 803 1672 3.14 
4(I)(11) 1.832 21 411 1682 3.32 - 
417 (II) 1.924 22 524 1441 -- 0.08 - 

Likewise, the ~II) state is a mixture of 21-I, 4 ~  and *E-. Even the ground state of HfH is 
contaminated by 2H (8~o). 

Table 31 shows the Mulliken populations of the electronic states of HfH. The Hf(6s) 
population is larger in 2A and 2H states compared to quartet states. The Hf(6p) 
populations are uniformly larger. The H f - H  overlap populations are larger than 0.5. 



82 K. BALASUBRAMANIAN 

TABLE 29 
Spectroscopic constants of the low-lying co-co states of HfH. Reproduced from Balasubramanian and 

Das (1991). 

,'~--S 

State description R e (~,) co~ (cm- 1) T e (cm- 1) #e (D) 

_3 2A + 2I'I 1.854 1704 0 0.66 2 
L 21"1 + 2E+ + 4E- 1.853 1651 3807 0.81 2 
~(II) 2H + 40 + *E- 1.855 1654 3921 0.89 

5 2A + 40 1.853 1701 4742 0.67 2 
~(III) 40 + 217 1.884 1611 8989 1.38 

~(II) 40 + 2A 1.884 1616 10252 1.39 

½(II) 4 E -  + 217 + 2E+ 1.881 1625 11 261 1.59 

_7 40 1.881 1618 11 788 1.42 2 
~(IV) 4 E -  + 217 1.882 1607 12 581 - 

9 40 1.888 1608 12 929 1.40 2 

TABLE 30 
Contributions of various 2-s states to the low-lying co-~  states of 

HfH. Reproduced from Balasubramanian and Das (1991). 

co-co state Contribution 

3 82% 2A, 8~o 21"I 2 
!2 72% 21-I, 9% 2E +, 4% *X - 

~(II) 68% 2H, 20% 4@, 4% *E- 

5 90% 2A, 2% 4@ 2 
~ (III) 95%40, 1% 2H 

(II) 97% 40, 0.2% 2A 

½(II) 85% *E-,  6% ZH, 5% 2E+ 
7 98% 40 

2a(IV) 92% 4•-,  5~o 21][ 

92 96% 40 

TABLE 31 
Mulliken-populations of the low-lying states of HfH. Reproduced from Balasubramanian and Das (1991). 

The 5s 2 5p 6 core electrons are omitted for convenience in accounting for Mulliken populations. 

Gross Overlap 
State Hf H Hf (s) Hf(p) Hf(d) H f - H  

ZA 3.72 1.28 1.68 0.44 1.59 0.50 
21-1 3.74 1.26 1.60 0.41 1.73 0.54 
4(I) 3.74 1.26 1.08 0.42 2.24 0.59 
*Z-  3.75 1.25 1.09 0.37 2.29 0.59 
2E + 3.72 1.28 1.56 0.69 1.47 0.55 
41-1 3.75 1.25 1.08 0.44 2.23 0.59 
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TABLE 32 
Spectroscopic properties of thirty-six electronic states of ZrH. 

Reproduced from Balasubramanian and Wang (1989b). 

State R e (~,) T e (cm - x) e~ e (cm - 1) 

2A3/2 1.77 0 1777 
2A5/2 1.77 546 1779 
2A 1.77 292 1743 

4(I) 3/2 1.82 1279 1604 
4(I)5/2 1.82 1571 1605 
4(I)7/2 1.82 1857 1606 
409/2 1.82 2148 1606 
4~ 1.82 1720 1605 

41-11/2 1.78 2337 1740 
21"I3/2 1.78 2637 1740 
2rl 1.78 2526 1742 

4E ~-/2 1.82 2533 1613 
4Za/2 1.82 2533 1613 
4Z-  1.82 2533 1613 

41-Ii/2 1.82 3521 1585 
4H3/2 1.82 3678 1585 
4H5/2 1.82 3841 1585 
41-I 1.82 3683 1585 

2)'~i/2 1.85 5227 1598 
2Z + 1.85 5221 1597 

4A1/2 1,92 9731 1413 
4Aa/2 1.92 9928 1413 
4A5/2 1.92 10 136 1413 
4A7/2 1.92 10 353 1414 
4A 1.92 10045 1413 

217 (11)1/2 1.85 10 615 1565 
217 (II)a/2 1.85 10 758 1567 
2H (II) 1.85 10 687 1564 

2A (11)3/2 1.88 10 764 1534 
2A (II)5/2 1.86 11 149 1551 
2A (II) 1.87 l0 960 1548 

4A (II)a/2 1.88 12 940 1512 
4A (1I)3/2 1.88 13 104 1511 
4A (11)5/2 1.88 13 278 1512 
4A (II)v/2 1.88 13 467 l 513 
4A (II) 1.88 13 205 1512 
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4.7.2. ZrH 
Balasubramanian and Wang (1989a, b) have computed the spectroscopic constants 

of 36 electronic states of ZrH using the CASSCF/SOCI method together with RECPs 
which retained the 4d 2 5s 2 outershells in the valence space and (3s2p4dlf/3s2p3dlf) 
basis sets. A subsequent study by Balasubramanian (1990b) also compared the 
properties obtained using 4e and 12e RECPs for ZrH. Langhoff et al. (1987) have 
studied two electronic states of ZrH using the SCF/SDCI/MCPF methods. 

Table 32 shows the spectroscopic constants of ZrH obtained by Balasubramanian 
and Wang (1989a, b). Figure 22 shows the actual potential-energy curves of some of 
these electronic states of ZrH. Note that the potential energy curves in fig. 22 were 
obtained using the inferior FOCI method whereas the results in table 32 were obtained 
using the superior SOCI method. 

The spin-orbit splitting of the ground state of ZrH is 546cm -1 while the 
4(I)3/2--4(I)4/2 excited state spin-orbit separation is 870cm -1. Since the spin-orbit 
contamination of different of different electronic states is rather small, Balasub- 
ramanian and Wang did not find significant changes in the R e and co e values due to the 
spin-orbit coupling effect. 
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Fig. 22. Potential-energy surfaces 
for ZrH. Reproduced from 
Balasubramanian and Wang 
(1989b). 
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TABLE 33 
The contributions of important  configurations in the SOCI 
wavefunctions of ZrH. Reproduced from Balasubramanian and 

Wang (1989b). 

States Percentage of contributions 

:A 

2FI 
'*E 
4H 
25-+ 

'*A 
2H (II) 
2A (II) 
4A (II) 

102202 181 (75), 10220130.1 181 (6) 
10"220 "1 181 1~ 1 (96) 
l o  2 20. 2 lrc 1 (33), 10. 22¢r 22n I (28), 10 .2 20.1 lrc a 181 (7) 
10.220.11 n2 (48), 10.220.1162 (46) 
lc~2 2o 11611~1 (87) 
lo "2 213 ̀23o 1 (59), 10.2 20.1 1~2 (20) 
10. 2 20.1 30.1 161 (90) 
1~ 2 2or I lrc 1 161 (51), lo  .2 2cr12~ 1 161 (23) 
10. z 2o 1 3~ 1 161 (67), 10. 2 2o 1 lrc 2 (10), 10. z 1~ 2 161 (9) 
10. 2 lzt 1162(83) 

The ground state predicted by Balasubramanian and Wang agreed with Langhoff 
et al.'s (1987) SCF/SDCI/MCPF computation. In a subsequent study, Balasubra- 
manian (1990b) computed the properties of eight electronic states of ZrH using a 
superior basis set and (4s24p 65d / 5s 2) RECPs. The spectroscopic constants obtained 
using either procedures were comparable (AR e = 0.04 ]~, Ao) e = 40 cm- 1, AD e = 0.17 eV). 

Table 33 shows the contribution of the important configurations to the electronic 
states of ZrH. In table 33, the EA, 4@, 4ii and 4A(II) states have leading configurations 
with weights > 76~. All other states are heavily mixed. Table 34 shows the Mulliken- 
population analyses of the electronic states of ZrH. The 5p contribution is quite 
significant for all states of ZrH. The 4d population of the 2A state is smaller in 
comparison to other states. The total gross populations of the Zr atom are less than 4.0 
in all the states indicating that these states are ionic with the polarity Zr +H-.  

Balasubramanian (1990b) computed the dipole moment of ZrH (~e) as 1.24 D in the 
ZA state with Zr+H - polarity. The 40 excited state has significantly larger dipole 
moment of 2.13 D. Langhoff et al. (1987) obtain #es of 1.23 and 2.42 D, respectively, 
using the SCF/MCPF method. Both calculations suggest that ZrH is ionic with 
Zr + H -  polarity. 

4.7.3. Ti l l  
There are several studies on Til l  but the ones by Chong et al. (1986) as well as an 

earlier study of Bauschlicher and Walch (1983) provide accurate data for comparison with 
ZrH and HfH. In the former study, Chong et al. used all electron SCF/SOCI/CPF/MCPF 
methods in conjugation with a (8s6p4d3f) Gaussian basis set for Ti and the (4s3p) basis 
set for the hydrogen atom. Their computed spectroscopic constants of the 40 and 2A 
states of Till  are shown in table 35. 

At all levels of theory (SOCI, CPF, MCPF), the high spin 40 state is the ground state 
of Til l  in contrast with both ZrH and HfH. The 3d population is ~ 0.3 electron larger 
in the 4(1) state of Till  compared to 2A. 
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TABLE 35 
Spectroscopic constants and other properties for the 4~ and 2A state of Till. Reproduced from Chong et al. 

(1986). 

SDCI CPF MCPF CASSCF/CI 

4~ ground state - 5 electrons correlated 
E (Hartree) + 840 - 8.99683 - 9.00155 - 9.00126 - 9.01689 
R e (bohr) 3.439 3.440 3.440 3.443 
e~ e (cm- x) 1506 1592 1548 1444 
D e (eV) 1.99 2.07 2.06 2.12 
#(D) 1.899 2.308 2.185 
d#/dR (D/bohr) 1.373 1.246 1.283 
3d population 2.27 2.33 2.30 2.26 

4~ ground state - 13 electrons correlated 

E (Hartree) + 840 - 9.27128 -9.29987 - 9.29979 
R e (bohr) 3.397 3.347 3.365 
~o e (cm - a) 1515 1327 1407 
D e (eV) 2.06 2.07 2.05 
#(D) 1.777 2.307 2.122 
d#/dR (D/bohr) 1.523 0.589 1.064 
3d population 2.29 2.45 2.41 

2A excited state - 5 electrons correlated 
E (Hartree) + 840 - 8.98095 -- 8.99095 - 8.99102 
T e (eV) 0.432 0.289 0.279 
R e (bohr) 3264 3.369 3.352 
~e (cm- 1) 1323 1025 1705 
D e (eV) 1.55 1.78 1.78 
p(D) 1.916 1.585 1.557 
dp/dR (D/bohr) 1.288 0.821 0.928 
3d population 2.04 2.04 2.05 

2A excited state - 13 electrons correlated 
E (Hartree) + 840 - 9.24561 - 9.28862 - 9.28957 
T~ (eV) 0.698 0.306 0.278 
R e (bohr) 3.198 3.270 3.271 
og~(cm- 1) 1694 1561 1594 
D e (eV) 1.36 1.76 1.77 
# (D) 2.057 1.828 1.709 
dl(dR (D/bohr) 1.687 0.706 0.752 
3d population 2.09 2.17 2.16 

T h e  d i p o l e  m o m e n t  of  t he  4 0  s t a t e  is 2.12 D a t  t h e  h i g h e s t  level  of  t h e o r y  wh i l e  t h e  

c o r r e s p o n d i n g  v a l u e  is 1.71 D for  t he  2A s ta te .  T h e  Res of  t h e  4 0  a n d  2A s t a t e s  a r e  1.781 

a n d  1.73 A, respec t ive ly .  
T h e  3d  2 4 s 2 - 3 d  3 4s 1 e n e r g y  s e p a r a t i o n  o f  the  Ti  a t o m  is 0.81 eV a n d  t h u s  t h e  4 0  s t a t e  

is f a v o r e d  v ia  s p i n - e x c h a n g e  s t a b i l i z a t i o n  energy .  N o t e  t h a t  t h e  3d  p o p u l a t i o n  of  the  4 0  

s t a t e  is b e t w e e n  2.0 a n d  3.0 i n d i c a t i n g  c o n s i d e r a b l e  m i x i n g  o f  t h e  t w o  c o n f i g u r a t i o n s .  

T h e  d i p o l e  m o m e n t  of  T i l l  is i n c r e a s e d  c o m p a r e d  to  S c H  a n d  V H  ( C h o n g  et al. 1986). 
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Fig. 23. Relative trend in the 2A 4(I) energy separations of Till, ZrH and HfH. 

4.7.4. Effect of lanthanide contraction on the Till, ZrH and HfH triad 
The 2A electronic states of the three species have Res of 1.78, 1.811 and 1.854, 

respectively, while the Des of the three molecules in the 2A state are 1.77, 2.47 and 
2.87 eVs. The effect of lanthanide contraction is not fully manifested in the Res of the 
three species compared to the Des. The stronger H f - H  bond compared to the Z r - H  
bond is partly attributed to the lanthanide contraction. The #e value of Till ,  ZrH and 
HfH in the 2A state are 1.92, 1.24 and 0.71 D, respectively. We note a steep decrease in 
the HfH's #e. 

The most dramatic manifestation of the lanthanide contraction is in the 2A-%b 
energy separation. This is plotted in fig. 23 for the three species. For  Ti, we noted before 
that the 3d 2 4s 2 3d 3 4s 1 energy separation is small and hence the 40 state exhibits a 
mixed character. The spin-exchange energy overcomes in the 40 state, resulting in a 40 
ground state for Till. The 2A 4(I) energy separation therefore increases from Til l  to 
ZrH. However the 2A-40 energy separation is substantially larger for HfH as seen 
from fig. 23. That is, AE values of the 40 - 2A separation are -0.28, 0.19 and 1.0 eV. The 
steep rise in the energy of the 40 state is due to the lanthanide contraction. The 4 0  state 
involves enhanced ns character. The 6s-5d promotion energy is considerably larger 
for Hf since the 6s orbital is stabilized and contracted primarily due to lanthanide 
contraction and secondarily due to relativity. 

The above trend can be explained by comparing the (nd 2 ns2)3F-(nd 3 nsl)5F energy 
separation of Ti, Zr and Hf (fig. 24). As is clear from fig. 24, this separation is 
dramatically larger for Hf. As noted before, lanthanide contraction is somewhat more 
important for Hf compared to relativity while the opposite trend is true for the latter 
third-row transition elements such as Pt, Au, etc. 



R E L A T I V I S T I C  E F F E C T S  A N D  E L E C T R O N I C  S T R U C T U R E  89 

1.6 

1,4 

A 1.2 

IM 
< 1.0 

0.8 

0.6 

0.4 r i J 

T i  Z r  Hf  

Fig. 24. (nd 2 rts 2) 3 F - ( n d  3 ns 1) 5F energy separa t ions  of Ti, Zr  and  HI'. 

4.8. H f H  z and Z r H  2 

4.8.1. H f H  2 
Das and Balasubramanian (1991 d) have obtained the potential-energy surfaces of 12 

electronic states of H f H  2. Related YH~- and ZrH~- have been studied by Das and 
Balasubramanian (1989). They employed CASSCF followed by full second-order CI 
(SOCI) using RECPs which retained the outer (5s 2 5p 6 5d26s 2) shells of Hf in the 
valence space. The computed potential-energy surfaces are shown in fig. 25. As seen 
from fig. 25, the excited IA state of Hf atom (5d z 6s 1) inserts into H 2 spontaneously to 
yield the IA 1 ground state of the H f H  2 molecule. The 3F ground state of Hf has to 
surmount barriers for insertion into H z. The smallest barrier is for the 3A/state and it 
was computed as 17 kcal/mol. 

The crossing of 1A~ with triplet surfaces could result in surface hoppings from triplet 
to singlet surfaces. The primary mechanism for this would be spin-orbi t  coupling. Das 
and Balasubramanian (1991d) used the RCI method to study spin-orbi t  coupling at 
0 intersections and found this effect to be small but non-negligible. The Hf atom in the 
5F (5d 3 6s 1) state exhibits a different behavior. It forms small angle complexes with H 2 
and subsequently forms linear minima. 

Tables 36 and 37 show the geometries and energy separations of bent and linear 
electronic states of HfH z, respectively. The ground state of HfH 2 is a aA 1 state with 
R e = 1.842 A and 0 e = 126.7 ° (table 36). The linear electronic states in table 37 have 
longer bond lengths compared to the bent states primarily due to enhanced 6p 
participation in the l a  u orbital of the linear state. 

Table 38 shows the saddle points in the potential energy surfaces of HfH2. Only the 
5A z state exhibits an obtuse-angle saddle point. All other very acute angle saddle points 
of HfH 2 are due to avoided crossings. 
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TABLE 36 
Geometries and energy separations of the bent low-lying states of HfH 2. Reproduced from Das and 

Balasubramanian (199 ld). 

State 

SOCI 

CASSCF E, eV E, eV 

Re, ,~ 0 r, deg E, eV R e, ~, 0 e, deg without f with f 

1A1 1.862 120.0 0.0 1.842 126.7 0.0 0.0 
3B 1 1.900 125.5 0.44 1.875 125.7 0.52 0.51 
3A 1 1.896 127.1 0.38 1.877 127.8 0.54 0.53 
3A 2 1.878 105.6 1.01 1.855 109.3 1.05 1.03 
1A 1 1.891 111.6 1.31 1.867 112.6 1.19 1.18 
1B 2 1.888 123.6 2.11 1.880 121.5 1.56 1.59 
1B 1 1.885 113.1 1.76 1.859 113.2 1.66 1.60 
3B 2 1.924 114.5 1.94 1.894 116.8 1.94 1.91 
5A 2 2.073 23.3 2.48 2.020 24.4 2.77 2.73 
5A 1 2.088 22.7 2.45 2.022 24.3 2.79 2.75 
5B 1 2.153 21.7 2.61 2.074 23.4 2.06 2.96 

D a s  a n d  B a l a s u b r a m a n i a n  (1991d)  c o m p u t e d  the  D e for  HfH2(1A1)  -+ Hf(1A) + U 2 as 

46 a n d  30 k c a l / m o l  r e l a t i ve  to  Hf(3F)  g r o u n d  s ta te .  H e n c e ,  H f H  2 is c o n s i d e r a b l y  m o r e  

s t a b l e  t h a n  H f  + H z. 

T a b l e  39 s h o w s  t he  effect of  s p i n - o r b i t  c o u p l i n g  o n  the  e l e c t r o n i c  s t a t e s  of  H f H  2, 

wh i l e  t a b l e  40  s h o w s  t h e  c o m p o s i t i o n  of  t he  R C I  w a v e f u n c t i o n s  o b t a i n e d  i n c l u d i n g  

s p i n - o r b i t  c o u p l i n g .  I t  is e v i d e n t  f r o m  t a b l e s  39 a n d  40  t h a t  wh i l e  t h e  sp in  o r b i t  effect 
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TABLE 37 
Geometries and energies of linear states of HfH 2. Reproduced from Das 
and Balasubramanian (1991a). Energies were calculated from the 1A 1 

ground-state energy. 

CASSCF 
SOCI 

E, eV E, eV 
State Ro,/~ E, eV Re,/~. without f with f 

1Zg 1.934 0.49 1.902 0.34 0.41 
3Ag 1.958 0.62 1.937 0.81 0.84 
31rig 1.947 2.14 1.936 1.64 1.67 
1H~ 1.953 2.28 1.942 1.76 1.81 
lAg 1.957 2.35 1.934 2.19 2.I0 
~Z~ 2.024 4.56 1.956 4.31 4,22 
5~ u 2.011 4.48 1.981 4.27 4.25 

91 

TABLE 38 
Saddle points in potential energy surfaces of HfI-I 2. Reproduced from Das and Balasubramanian (199 l d). 

Geometries of the saddle points were estimated at the CASSCF level of calculation. 

Barrier ht, a Barrier ht, a 
State R, J, 0, deg kcal/mol State R, A, 0, deg kcal/mol 

1B 1 1.85 38 27 3B 1 1.86 37 25 
1A 2 1.88 40 23 3A 2 1.86 40 17 
IB2 1.84 55 34 3B 2 1.89 40 62 
3A1 1.91 31 32 5A2 2.06 120 38 

"Barrier  heights were calculated with respect to the corresponding dissociation limits at the CASSCF level. 

TABLE 39 
Effect of spin-orbit  contamination on geometries and energies oflow-!ying states of HfH 2. Reproduced from 

Das and Balasubramanian (1991 d). 

State Re, A, 0e, deg E, eV State Re, ,~ 0o, deg E, eV 

1Al(A1) 1.842 126.3 0 aA 1 1.877 127.8 0.55 
XA 1 1.842 126.7 0.01 3BI(A1) 1.875 125.8 0.51 
3Al(A2) 1.875 127.3 0.40 3Bl(Bz) 1.878 126.6 0.59 
3Al(B2) 1.875 127.3 0.44 3Bl(A2) 1.877 126.5 0.64 
3AI(B 0 1.878 127.9 0.55 3B 1 1.875 125.7 0.52 

TABLE 40 
Weights of different low-lying states of HfH 2 in the relativistic CI wavefune- 

tions. Reproduced from Das and Balasubramanian (199 ld). 

State Contribution (%) State Contribution (%) 

1AI(A1) 1A 1 (97), 3A z (0.3) 3B1(A1) 3B I (98), 1A I (0.8), 3A 2 (0.1) 
3AI(A/) 3A 1 (65), 3B 1 (32) 3BI(BE) 3B 1 (64), 3A 1 (33) 
3At(B2) 3A 1 (64), 3B 1 (33) 3BI(A2) 3B I (66), 3A 1 (33) 
3Al(B 0 3A 1 (98), 3A 2 (0.1) 
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TABLE 41 
Dipole moments of low-lying states of HfH 2. Reproduced from Das and 
Balasubramanian (199 ld). Positive values of # indicate Hf ÷ H - polarity 

of the bonds. 

State p , D  State p , D  

1A a 0.31 1B 1 1.60 
3B 1 1.28 3B 2 3.67 
3A 1 1.02 5A 2 0.26 

3A 2 1.91 5A 1 0.48 
IA 2 0.90 5B 1 - 1.48 
IB 2 1.96 

is rather small for the 1A 1 s t a t e  of H f H 2 ,  this is not the case for the triplet states. The 3A 1 

and 3B 2 states are heavily mixed due to the near-degeneracy of the two states leading to 
substantial spin orbit mixing of the two states. Consequently, the sp in-orbi t  effects 
are important for nearly degenerate states. 

Table 41 shows the computed dipole moments of the electronic states of HfH 2 which 
means that although the 1A 1 ground state HfH 2 has only a small dipole moment  
(0.31 D) this is not the case for the excited states. The negative dipole moment  of the 5B 1 
state is consistent with electronic charge transfer from the hydrogens to Hf in the 5B x 
weak complex. 

Table 42 shows the Mulliken-population analyses of the electronic states of HfH 2. 
The bent 1A 1 ground state of HfH 2 has a Hf  population of 5d 1"47 6s 1"46 6p °'52 The 

TABLE 42 
Mulliken-population analyses of low-lying states of HfH 2. 

Reproduced from Das and Balasubramanian (1991 d). 

State Hf 

Gross populations Tot. 
overlap 

H Hf(s) Hf(p) (Hf(d) pop. 

IA 1 3.46 2.54 1.46 0.52 1.47 1.11 
3B 1 3.44 2.56 1.03 0.49 1.93 1.19 
3A 1 3.44 2.56 1.05 0.51 1.88 1.20 
3A 2 3.51 2.49 1.04 0.54 1.93 1.17 
1A 2 3.50 2.50 0.97 0.63 1.90 1.17 
1 BE 3.53 2.47 1.00 0.67 1.86 1.23 
1B 1 3.51 2.49 1.06 0.62 1.84 1.12 
3B 2 3.53 2.47 0.69 0.45 2.39 1.23 
5A 2 3.94 2.06 0.97 0.37 2.59 0.34 
5A 1 3.94 2.06 0.97 0.32 2.65 0.33 
5B 1 3.94 2.06 1.00 0.59 2.34 0.25 
1Zg+ 3.49 2.51 1.48 0.56 1.45 1.25 
3Ag 3.48 2.52 1.06 0.54 1.89 1.26 
3rig 3.56 2.44 1.08 0.58 1.90 1.28 
i rig 3.56 2.44 1.06 0.58 1.92 1.27 
lAg 3.50 2.50 1.08 0.58 1.84 1.22 
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Fig. 26. Potential-energy surfaces of triplet and singlet states of ZrH 2. Reproduced from Wang et al. (1990). 

participation of the 6p orbital is thus noticeable in this state. Note that the Hf atom has 
populations smaller than 4.0 in all low spin states suggesting transfer of electronic 
charge to the hydrogen atom. The substantial difference in the behavior of the 3B 2 state 
compared to other states is explained by the differences in the Mulliken population. 

4.8.2. Z r H  2 

Wang et al. (1990) have computed the potential energy surfaces of ZrH 2. They used 
the CASSCF/MRSDCI methods together with RECPs which retained the outer 
4d 2 5s / shells of Zr. They used an extended (4s4p4d I f) valence Gaussian basis set for the 
Zr atom. It should be noted that the state-averaging procedure was used by Wang et al. 
to ensure proper dissociation. The MRSDCI included all configurations in the 
CASSCF with coefficients _> 0.07. 

Figures 26 and 27 show the computed potential energy surfaces of low and high spin 
states of ZrH 2, respectively. The 1D excited state of the Zr atom inserts spontaneously 
into H 2 to form the bent 1A 1 state of the ZrH 2 molecule. The high spin 3F state, to the 
contrary, needs to surpass barriers for insertion into H 2. 

Figure 27 shows small-angle complexes of Zr(SF) with H 2. The formation of these 
complexes is facilitated by exchange of electronic density from hydrogens to the 
half-filled 5s orbital of Zr in the SF(4da 5s ~) state. 

Table 43 shows the computed geometries and energy separations of electronic states 
of ZrH 2 (bent). It is noted that several electronic states of ZrH 2 are nearly degenerate 
(1A1, 3Ba, 3A~). As a matter of fact, the CASSCF method predicts 3A a ground state 
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TABLE 43 
Geometries and energy separations of bent electronic states of ZrH 2. 

Reproduced from Wang et al. (1990). 

CASSCF MRSDCI 

State Re(/k ) 0e(°)  E(eV) State Re(/k) 0~(°) E(eV) De(eV ) 

3A 1 1.865 127 0 1A 1 1.806 123 0 1.11 
aB 1 1.866 125 0.061 3B 1 1.837 125 0 .086  1.02 
1A 1 1.839 121 0.072 3A 1 1.837 127 0 .145 0.965 
3A 2 1.864 121 0.747 3A 2 1.832 121 0 .725 0.39 
IA 2 1.865 120 0.981 1A 2 1.836 120 0 .794 0.32 
3B 2 1.924 120 1.144 1B 2 1.887 135 1.074 0.04 
1B 2 1.908 136 1.641 3B 2 1.885 119 1.104 
1B 1 1.828 116 1.648 1B 1 1.787 124 1.484 

whi le  M R S D C I  pred ic t s  1A 1 g r o u n d  state.  W a n g  et al. c o m p u t e d  the  D e o f Z r H  2 ( lAx) 

to yield Zr(3F) + H 2 as 1.11 eV o r  26 kca l /mo l .  

T a b l e  44 shows  the  d ipo l e  m o m e n t s  of  e l ec t ron ic  s tates  o f Z r H  2 whi le  tab le  45 shows  

the  M u l l i k e n  p o p u l a t i o n s .  T h e  g r o u n d  s ta te  a n d  1B 1 are  the  least  ion ic  whi le  all o t h e r  

s ta tes  of  Z r H  2 are  very  ionic  wi th  Z r + H  - po la r i t i e s  of  bond .  
T h e  1g  1 g r o u n d  s ta te  o f Z r H  2 was  f o u n d  to be 69~o l a  2 2a 2 l b  2, 13~o l a  2 l b  2 l b  2 a n d  

12% l a E 3 a  2 l b  2 nea r  its R e a n d  0 e. As seen f rom tab le  45, the  1A 1 s ta te  has  
4d 1-9°7 5s 1'1°8 5p °'422 M u l l i k e n  p o p u l a t i o n .  T h e  4d p o p u l a t i o n s  of  the  exc i ted  s tates  

are  larger .  T h e  Z r - H  ove r l aps  are  b e t w e e n  1.29 and  1.35. 
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TABLE 44 
The dipole moments of bent electronic states of ZrH z. Repro- 
duced from Wang et al. (1990). Positive polarity means Zr+H - 

polarity of bonds. 

State tte/Debye 

1A1 0.738 
3BI 1.499 
3A1 1.335 
3A2 1.271 
1Az 0.940 
3B2 4.635 
~B1 0.681 
1B2 2.419 

TABLE 45 
Mulliken-population analyses of bent states of ZrH 2. Repro- 

duced from Wang et al. (1990). 

Gross 
Overlaps 

State Zr H Zr(s) Zr(p)  Z r (d )  Zr-H 

1A 1 3.437 2.562 1.108 0.422 1.907 1.294 
3B 1 3.402 2.598 0.870 0.387 2.144 1.304 
3A 1 3.400 2.600 0.887 0.402 2.110 1.316 
3A 2 3.473 2.528 0.798 0.467 2.208 1.320 
1A 2 3.465 2.534 0.765 0.526 2.175 1.328 
3B 2 3.460 2.540 0.544 0.341 2.575 1.296 
1B 1 3.452 2.548 0.861 0.461 2.131 1.258 
1B 2 3.461 2.540 0.480 0.546 2.147 1.350 

4.8.3. The effect of lanthanide contraction on the difference in properties of 
HfH 2 and ZrH 2 

The most  noticeable difference between HfH z and  Z r H  z a t t r ibuted mostly to 
lan thanide  cont rac t ion  and  less to relativity is the enhanced stability of H f H  z. We note 
that the D e of Hf H 2 is 30 kcal /mol  while the D e of Z r H  2 is 24 kcal/mol. 

The 6s popula t ion  of Hf  in the 1A 1 state of HfH 2 is 0.35e larger than the 5s 
popu la t ion  of the corresponding state o f Z r H  z. The 5d popula t ion  of Hfis  correspond-  
ingly smaller than  Zr  (1.47 vs. 1.91). The 6p popula t ion  of Hf is also increased (0.1) 
compared  to Zr. This leads to a larger bond  angle for HfH 2. 

The larger 6s popula t ions  and  enhanced stability of HYH 2 is evidently due to the 
lan thanide  cont rac t ion  and  to a lesser extent to relativity. We note  that  the atomic 
5 d - 6 p  p romot ion  energy is smaller for Hf compared  to Zr. This leads to enhanced 6p 
character in all states of HfH z (compare tables 42 and  45). 
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TABLE 46 
Relativistic and non-relativistic bond lengths of LaH, AcH, 
TmH, Lull  and LrH. Reproduced with modification from 

Pyykk6 (1979). 

Re(,~) 

Molecule Non-relativistic Relativistic Exp. 

LaH 2.210 2.2222 2.10 la 
AcH 2.371 
TmH - 2.056 
Lull  2.019 2.013 1.422 b 
LrH - 2.041 

a Bernard and Bacis (1977). 
b Effantin and d'Incan (1974). 

4.9. UH, U H  + and U H -  

Krauss and Stevens (1983a, b) have used the RECP method and a single configur- 
ation SCF treatment to study the high spin high A states of UH and U H  +. They found 
that bonding in U H  is amazingly similar to SrH. This is not surprising since the radial 
maximum of the 7s orbital of U occurs at 3.66 bohr (Desclaux 1973) while the radial 
maxima of the 6p, 6d and 5f orbitals of the U atom occur at substantially shorter 
distances. This means that in the valence configuration of U (6s 2 6p 6 5f 3 6d 7s 2, 5L), the 
6p, 6d and 5f orbitals will behave atom-like and bonding will be primarily between 7s 
and H. However, it was noted by Krauss and Stevens (1983a, b) that the 6p, 6d and 5fdo 
extend to the bonding region and were distorted by overlap repulsion and electrostatic 
effects. Consequently, bonding in U H  was found to be similar to SrH. 

The U H  + ions were found to exhibit a more complicated structure due to the 
presence of 6s 2 6p 6 5f 3 6d 7s, 6L configuration only a few hundred cm-1 above the 
6S 2 6p  6 5f  3 782, 4I state. The role of 6p, 5f and 6d orbitals in all actinide compounds 
needs to be understood. As mentioned in the introduction for the majority of ionic 
compounds oflanthanides, the ligand-field model works so well because of the atomic 
nature of the 4f shells in these compounds. 

Krauss and Stevens considered the 6A state correlating into U(SL) + H(2S) at the 
SCF level with the configuration l~2(U6s)2~2(U6p)3~Z(H1s)4G(U7s)1Ttg(U6p) 
2~t(U5f) lg)(U5f) 2~(U6d) ld~ (U5f). At long distances, the SCF configuration used in- 
volved transfer of an electron from hydrogen to U(7s) so that it dissociates into 
U ( S L )  + H(2S).  The Morse curve fit for the energies in table 46 yielded R e = 2.16A, 
c% = 1357 c m -  1 and c%x e --- 18 c m -  1 for UH. The D e was computed as 1.93 eV. 

Figure 28 shows the amplitude contour plot of the 3~, 4~ and 2~ orbitals of UH. The 
2~ orbital is almost entirely U(6p, ) while the 4~ orbital is polarized 7s orbital on U. The 
3~ orbital has predominant change in s distribution centered on H. The H -  charge 
distribution appears to envelop non-bonding U valence orbitals. 

The similarity between U H  and SrH is rather striking. The SrH has an R e = 2.146 ~, 
compared to U H  which has an R e = 2.16 ,A. The toe values of U H  and SrH are 1357 and 
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6A state at 4.0bohr. Each scale division is 1 bohr and the nuclei are marked by a (+).  Reproduced from 
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1206 cm-1, respectively. These constants support the atomic-like behavior of 6p, 6d 
and 5f orbitals of U in UH. 

4.10. AcH, TmH, Lull  and LrH 

Pyykk6 (1979) has made Dirac Fock one-center (DFOC) calculations on AcH, 
TmH, Lull, LrH as well as ScH, YH and LaH. He considered only the 1Z+ states of 
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these species to gain insight into the nature of bonding in these species. For YH, LaH 
and Lull, the DFOC bond lengths are 5~o longer than experiment. Pyykk6 has 
provided very insightful comparisons of the orbital energies and hybridizations across 
the periodic table which are quite interesting. Since we have already considered ScH, 
YH and LaH, we will not discuss these results again. 

Table 46 shows the computed relativistic and non-relativistic bond lengths of AcH, 
TmH, Lull and LrH computed by Pyykk6. Pyykk6 (1979) defined lanthanide and 
actinide contraction as 

A~a . = R e ( L a H  ) - R e ( L u l l ) ,  

Aac ~ = R c ( A c H )  - R e ( L r H  ). 
o 

The values computed this way are 0.210 and 0.329 A, respectively. Non-relativisti- 
cally the lanthanide contraction is only 0.191 A. One could also compare the experi- 
mental A,a n as 0.189 A in good agreement with the value of Pyykkc;. Figure 29, obtained 
by Pyykk6, nicely demonstrates the lanthanide and actinide contraction. 

Pyykk6 (1979) noted that non-relativistic ns orbital energies increase monotonically 
from Sc(4s) to Ac(7s). To the contrary, the relativistic 7s orbital energy of Ac is lower 
than La(6s) for the free atoms as well as for AcH and LaH. 

Since LaH and Lull differ by the 4f 14 shells, a comparison of the two molecules is in 
order. Pyykk6 shows the plot of the spherically averaged radial electron densities 
(fig. 30). As seen from fig. 30, the Lull 6s electron distribution is shifted to the left with a 
maximum occurring to the left of the corresponding maximum of LaH. This means that 
the 6s orbital of Lu is contracted since the 4f 14 shells incompletely shield the nucleus 
but the nuclear charge is increased by 14 for Lu compared to La. This is the effect of the 
lanthanide contraction. However, the Lull 5d electron distribution is more extended 
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Fig. 30. Spherically averaged electron densities for the val- 
ence orbitals of LaH (broken curve) and Lull (full curve) at 
R = 3.988 a.u. Reproduced from Pyykk6 (1979). 

both inwards and outwards compared to LaH. The inward extension is attributed to 
the lanthanide contraction of the 4d core shell. Pyykk6 attributed the outward 
extension to the attraction of the proton. 

4.11. Ground-state properties of lanthanide hydrides 

Dolg and Stoll (1989) have generated non-relativistic and quasi-relativistic energy- 
adjusted pseudo-potentials for the rare-earth elements La-Lu .  They have tested their 
ECPs by studying energetically low-lying superconfigurations of all lanthanide hy- 
drides, fluorides and oxides. It certainly would be of interest to summarize their 
findings. 

Table 47 shows the spectroscopic constants [Ro(A), De(eV)] of the lanthanide 
hydrides computed by Dolg and Stoll at various levels of theory. The column which 
corresponds to Q = 11 represents the results of calculations with 11-e pseudo-potential 
with the superconfiguration (4f" + 1) ~ 1 while Q = 10 corresponds to the (4f") ~ 2 super- 
configuration. Thus, the Q values are the core charges in the two ECPs. There is very 
little experimental information on the lanthanide hydrides. The experimental Res for 
YbH and Lul l  listed in Huber and Herzberg (1979) are 2.053 and 1.912 A, respectively. 
We also note that Dolg and Stoll's R e for the LaH ground state at SDCI + Q level 
(2.075 A) is in excellent agreement with the value computed by Das and Balasub- 
ramanian (1990) (2.08 ~,) at the CASSCF/SOCI level of theory. The D e computed by 
Dolg and Stoll for LaH is 2.42 eV at the SDCI + Q level compared to a value of 2.60 eV 
obtained by Das and the author at the SOCI level. 

Dolg and Stoll (1989) also report the vibrational frequencies and the dipole moments 
of various lanthanide hydrides. The reader is referred to their original paper for these 
data. For LaH, their best ~oe of 1450cm 1 agrees well with the value of 1433cm -1 
obtained by Das and Balasubramanian (1990). The dipole moment they report for LaH 
are 2.86, 2.30 and 2.20 D at three levels of theory. The last two values are in agreement 
with a value of 2.42 D obtained by Das and Balasubramanian. 
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TABLE 47 
Spectroscopic constants [Re(,~), D e (eV)] of lanthanide hydrides at various levels of theory. Reproduced from 

Dolg and Stoll (1989). 

Re (~,) Oo (eX0 
Q = 11 Q = 10 Q= 11 Q = 10 

LnH CI + Q CI + Q CI + Q + AC CI + Q 

LaH a, d 2.066 2.075 2.35 2.42 2.42 
h,d 2.082 2.089 2.50 2.57 2.57 
c,d 2.077 2.084 2.51 2.58 2.58 
b,e 2.079 2.085 2.61 2.71 2.71 
c,e 2.057 2.062 3.02 3.18 3.18 

Cell a,d 2.047 2.056 2.35 2.43 2.43 
PrH a,d 2.032 2.042 2.36 2.43 1.88 
NdH a,d 2.020 2.028 2.253 2.257 2.37 2.45 1.61 
PmH a,d 2:011 2.020 2.242 2.247 2.39 2.46 - 
SmH a,d 2.001 2.010 2.236 2.241 2.40 2.48 0.24 
EuH a,d 1.990 1.999 2.230 2.235 2.42 2.50 - 0.83 

b,d 2.010 2.017 2.225 2.232 2.66 2.74 - 0.59 
b,e 1.997 2.002 2.199 2.203 2.72 2.82 -0.51 

GdH a,d 1.981 1.989 2.44 2.52 2.52 
TbH a,d 1.978 1.986 2.47 2.55 2.52 
DyH a,d 1.972 1.980 2.50 2.59 1.65 
HoH a,d 1.967 1.975 2.54 2.62 1.58 
ErH a,d 1.962 1.969 2.58 2.66 1.77 
TmH a,d 1.958 1.965 2.164 2.169 2.62 2.70 1.07 
YbH a,d 1.955 1.962 2.173 2.179 2.67 2.74 -0.13 

b,d 1.976 1.981 2.148 2.156 3.12 3.18 0.30 
b,e 1.958 1.963 2.126 2.132 3.09 3.19 0.31 

Lull a,d 1.951 1.958 2.71 2.79 2.79 
b,d 1.968 1.973 3.18 3.24 3.24 
b,e 1.949 1.954 3.14 3.24 3.24 

1.71 1.63 
1.67 1.59 
1.64 1.57 
1.62 1.55 
1.28 1.23 
1.60 1.59 

1.43 
1.42 
1.04 
1.35 

1.37 
1.35 
1.01 
1.35 

(a) MEFIT, HF pseudo-potential 
(b) MEFIT, WB pseudo-potential 
(c) As (b) but the f-pseudo-potential is adjusted to La a° + 4 f  1 and 5f  I 2F 
(d) Ln (7s6p5d)/[5s4p3d], H (5slp)/[-3slp] 
(e) Ln (7s6p5d2f)/[5s4p3d2f], H (10s5pld)/[5s3pld] 

An  in te res t ing  o u t c o m e  of  the  D o l g  Stol l  c o m p u t a t i o n  is the  m a n i f e s t a t i o n  of  

l a n t h a n i d e  c o n t r a c t i o n  in the c o m p u t e d  Res of  L a H - L u H .  As seen f r o m  tab le  47, the  

b o n d  leng ths  for a g iven  level  of  t h e o r y  and  Q g r a d u a l l y  dec rease  in go ing  f r o m  L a H  to 

L u l l .  F o r  example ,  at  the  best  level  of  t h e o r y  the Res o f  L a H  and  L u l l  are  2.079 and  

1.949A, respect ively .  Likewise ,  the DeS of  the two  species are  2.61 and  3.18eV, 

respect ively .  

D o l g  et al. (1991b) h a v e  recent ly  used  the  C A S S C F / C P F / M R C I / C I P S I  m e t h o d s  in 

c o n j u n c t i o n  wi th  quas i - re la t iv i s t i c  effect ive co re  po ten t i a l s  to  s tudy  Y b H .  T h e y  f o u n d  

tha t  the  g r o u n d  s ta te  of  Y b H  is a "Oo  ½ s ta te  a r i s ing  f r o m  the  4flg62t~(2y~+) con-  

f i gu ra t i on  wi th  t heo re t i ca l  R e = 2 .074A,  D o = 1.43 eV, toe = 1276 c m - 1 ,  in exce l len t  
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agreement with experimental values of R e = 2.053 A, D o _< 1.93 or < 1.55eV and 
~o e = 1249cm-1. They found an A 237+ excited state with an energy separation of 
1.0-2.0 eV, depending on the level of theory. 

5. Electronic states of  diatomic lanthanide and actinide halides 

In this section, we summarize the results of recent experimental and theoretical 
studies on diatomic lanthanide and actinide halides. It is pointed out that there exists a 
large set of spectroscopic data on these species. These are already summarized in 
Huber  and Herzberg (1979). The present section is focused primarily on those 
diatomic molecules for which extensive studies have been made recently. The reader is 
referred to the excellent book of Huber  and Herzberg for previous studies. A recent 
paper by Gotkis (1991) provides theoretical insight and systematic comparison of 
bonding in lanthanide halides. 

5.1. LaF 

The electronic states of LaF are qualitatively similar to LaH, although LaF is 
significantly more ionic compared to LaH. The ground state of LaF is also of ly+  
symmetry and is very ionic. Among others, Barrow et al. (1967) have studied the 
diatomic LaF molecule. They have analyzed the A ~ X, B*--X, C*--X, D ~ X, and 
E ~ X  systems with %o values of 11662, 16184, 20960, 22485 and 22574cm -1 
respectively. The A, B, C, D and E states of LaF are assigned to A 1Z+, B 1H, C 1H, 
D 1E+, and E lE+ states, of course, the X ground state is of 1E+ symmetry. 

Schall et al. (1983) have studied LaF using resolved fluorescence laser spectroscopy. 
Tunable dye lasers were used to excite known systems of LaF. However, the resolved 
fluorescence spectra subsequent to excitation of B 1H X 12+ and C 1H-X 1E+ bands 
also showed transitions to X 1E+ and a 3A states. They found yet another ,(2= 2 state 
which was tentatively assigned to 1A 2. These high-resolution spectral bands facilitated 
accurate determination of the spectroscopic constants of these states. Schall et al. 
(1983) also used the ligand-field theory to rationalize their assignments. 

Table 48 shows the spectroscopic constants of LaF. The values for the X, a 1, az, 1A2, 
0 +, B lI-I state are improved and from Schall et al.'s work (1983). Other constants are 
from Huber and Herzberg (1979). Figure 31 summarizes the electronic states of LaF 
observed up to now. 

There are several similarities between the electronic states of LaH studied by Das 
and Balasubramanian (1990) theoretically and LaF (compare tables 13 and 48). The 
ground state of LaH is also X 1E+ with R e = 2.08 A and co e = 1433 c m -  1. The shorter 
LaF bond length is primarily due to large ionicity of the La F bond. The 3A1, 3A 3 and 
3A 2 states of LaH are computed at 2580, 2588, 2789 cm 1, respectively, while the 3A a 
and 3A 2 states of LaF are at 1432 and 1808 cm-1,  respectively. The 1A 2 s t a t e s  of LaH 
has a Te of 6567 cm 1 while the corresponding state of LaF has a T v of 5478 c m -  1 

The A 1E + (II) state of LaH has a T e of 13 025 c m -  1 while the corresponding state of 
LaF has a T~ of 16638cm 1. The B 1II state of LaH is also close to the A state. The 
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TABLE 48 
Spectroscopic constants of LaF. Prepared from Schall et al. 

(1987) and Huber  and Herzberg (1979). 

State R~ (,~) o 4 (cm-  1) T 2 (cm- 1) 

X iZ+ 2.0265 
a 1 3A I 2.05994 
a 2 3A 2 2,0543 
IA2 
AO+(1E +) 2.0929 
B 11-1 2.0971 
C 11-1 [2.0671] 
D 1E + [2.04] 
E IE+ [2.10] 
c 1 aA 3 
c 2 3A 2 2.0548 

c 3 3A 1 
d 3~ 

ea~p 

570 0 
537.14 1432(3) 
537.65 1808 
528 5478 

[489] 16637.96 
475.91 16184 

[549] 20959 
22485 

[421] 22574 
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Fig. 31. Energy levels of LaF known up 
to now, The broken lines are uncertain 
in an absolute sense but are placed cor- 
rectly relative to other states. The solid 
vertical lines stand for laser-induced 
transitions studied by Schall etal .  
(1983) while the broken vertical lines 
are observed fluorescence transitions. 
Reproduced from Schall et al. (1983). 
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C l rI state of  LaH has a T e of  20 170 cm - 1 while the corresponding state of  LaF has a Te 
of 20 959 c m -  1. Consequently, there are many similarities between LaH and LaF. This 
similarity appears to reveal that these excited states arise primarily from the excitations 
of the La electrons to upper orbitals composed predominantly of La. 

5.2. YF and YCI 

The diatomic yttrium halides have been the topic of both ab initio and experimental 
studies. Fischell et al. (1980) have studied the excitation spectra of the YC1 diatomic 
molecule using the laser-induced fluorescence (LIF) method. More recently, Xin et al. 
(1991) have studied the B I I I - X  1E ÷ system of YC1 in high resolution. The rotational 
analysis of the observed bands has yielded very accurate molecular constants for the X 
and B states of YC1. Shirley et al. (1990) have studied the molecular-beam optical Stark 
spectrum of the B lII(v = 0)-X 1E+(v = 0) band system of YF. The permanent dipole 
moment p and the magnetic hyperfine parameter a for the B 117 state have been 
determined as 2.96(4)D and 146.8(3)MHz, respectively. The dipole moment of the 
X lie + state was determined as 1.82(8)D. More recently, Shirley et al. (1991) have 
employed the molecular-beam millimeter-wave optical pump-probe spectroscopy to 
study pure rotational transitions of the YF ~ ÷ ground state. This study has yielded 
improved ground-state rotational constants as B = 8683.65(1) MHz and D = 0.0079(2)- 
MHz, respectively. 

TABLE 49 
Spectroscopic constants for the excited states of YC1. Reproduced from Langhoff  et al. (1988). R e is reported 

in a o and T~ and co e are given in c m -  1 

MRCI  MRCI  + Q Exp." 

S t a t e  R e coo T~ R e coo To R e oJ e T~ 

X IE ÷ 4.592 365 0 4.590 364 0 
A IA 4.733 335 9594 4.729 335 9557 
B ~H 4.775 315 12 417 4.770 315 12 284 
C1Z + 4.744 314 15 260 4.741 316 15 161 
D IFI 4.723 391 23 147 4.704 337 22 765 
E 1A 4.723 326 23 916 4.715 327 23 792 
F1F  4.760 312 25841 4.743 308 25460 
G 12+ 4.729 325 25985 4.723 341 25425 
H 1~ 4.749 342 26 624 4.729 322 26 023 
I1A 4.801 313 28 599 4.775 314 27 722 
J1H 4.758 315 28 770 4.727 318 27 747 
a3A 4.712 339 6524 4.707 339 6673 
b 3 ~  4.722 331 8753 4.716 332 8788 
caZ ÷ 4.732 316 10154 4.724 323 10255 
d 3~ 4.771 309 19 165 4.765 310 19 305 
e 3 ~  4.718 325 20076 4.701 339 20001 
g 3 A b 4.786 306 20 332 4.779 307 20 459 
h 3H 4.756 347 21 027 4.763 340 21 018 

4.547 381 0 

4.667 330.6 12 128 
4.694 325 14908 
4.654 345 22 787 

4.668 335 27116 

a Huber  and Herzberg (1979), except the B 1FI state whose constants are from Xin et al. (1991). 
bThe le t terf is  reserved for the lowest 3Z-  state, which is expected to lie in this region - s e e  text. 
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Langhoff et at. (1988) have computed the spectroscopic constants of scandium and 
yttrium halides using ab initio method. In particular, the YC1 diatomic molecule has 
been studied using CASSCF followed by MRCI and MRCI + Q methods. These 
authors have computed the spectroscopic constants of 18 electronic states of YC1 and 
reassigned the observed spectra of Fischell et al. (1980). We discuss this in this section. 

Table 49 shows the MRCI and MRCI + Q results of Langhoff et al. (1988) for YC1 
together with the experimental data from Huber and Herzberg (1979). Fischell et al. 
have observed the excitation spectra of YC1 using LIF but the two observed bands were 
not assigned. Figures 32 and 33 show the energy-level diagrams for the singlet and 
triplet states of YC1, together with all dipole transitions. 

Langhoffet al. (1988) assigned to the excitation spectra of YC1 at 27 116 cm- 1 to the 
J l r I - x  1E + transition. They noted that their computed lifetime (13 ns) is lower than 
the experimental value of 21ns. They found that this system contained significant 
component of Y+ 5s --* 5p atomic excitation. 

The spectra observed by Fischell et al. with T e ~ 22787 cm-t were assigned by 
Langhoffet al. (1988) to the D arI-X tZ + system. The computed lifetime of 23 ns was 
found to be in excellent agreement with the experimental value of 28 ns supporting 
further the D aFI-X 1~'~+ agreement. 
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Fig. 32. Energy-level diagrams and the dipole-allowed transition for the singlet states of YCI. Reproduced 
from Langhoffet al. (1988). 
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As seen from table 49, A and B states were assigned to 1A and 1H, respectively, by 
Langhoff et al. The B-X  system was also recently analyzed by Xin et al. (1991). The 
lifetime of the B 1H state was computed as ~ 291 ns by Langhoffet al. (1988). Xin et al. 
(1991) confirmed Langhoff et al.'s computed properties of the B 1FI state. The experi- 
mental T~ for the B state obtained by Xin et al. (12 128 cm-  1) is in excellent agreement 
with the computed value of Langhoff et al. (12 284 cm-  1). 

As seen from table 49 and figs. 32 and 33, there are numerous allowed dipole 
transitions predicted for YC1 many of which are yet to be observed. Hence, there is 
further scope for experimental studies on YCI. 

5.3. UF and UF 

Krauss and Stevens (1983a) have studied the diatomic UF and its ions. The bonding 
in UF was found to be similar to alkaline-earth fluorides. These authors studied the 6A 
state of UF. The SCF configuration used near R e by these authors, is 

1~ 2(F 1 s) 2~ 2(U6s) 3~ 2(F2s) 4~ 2(U6p) 5~ 2(F2p) 6~ (U7s) l~4(U6p) 2~t4(F2p) 

3~(U5f) 16(U5f)26(U6d)l~(U5f).  

The UF molecule was found to be ionic with a U 7s electron transferring to the F 2p 
at long distance. The spectroscopic constants of the 6A ground state of UF were 
computed as R e = 4.12 bohr, ~e = 511 cm-  1, ~o~x e = 2.0 cm-  1 and D r = 4.92 eV relative 
to the neutral separated atoms. 

Figure 34 shows the amplitude contour plots of the 56 and 6~ orbitals of UF for the 
6A state at 4.5 bohr. Figure 35 shows the amplitude contour plots of the atomic valence 
orbitals (4~, 3~, 18, 14) of 6A state of UF at the same distance. The 5~ orbital is 
predominantly F2p~ although the lobe towards U is compressed by overlap with 
uranium orbitals. On the other hand, 6~ orbital is mainly composed of U 7s. 



106 K. BALASUBRAMANIAN 

• , . ,  - . : ' . - . ' , . N , ,  ~ , ,  \ ,  , , , 
, , . : - - . . ' . e , , , , ' , ' , ' , ; ,  , , ,  ', 

hhhh,,llll, I i I I 
, .r " . " - ; ' ; / ; ; ; ' : :  • : ; : : 

i " . " o t , ~ t t # t t , t o  e ~ . , 

• .'i ".".:',, , • , 

• , ' - "  z'-'-'.C,, o ' , ' l  , '  , '  ; " 

~ . y . . , ~  ".,-.-...-.'...'.. , ,  ,, • 

I I I I I I  

I I I I I I 

Fig. 34. The amplitude contour plots of the 5~ and 6~ orbitals of UF  6A state at R = 4 -5  bohr (see fig. 28 for 
definition). Reproduced from Krauss and Stevens (1983a). 

Krauss and Stevens (1983a) considered the 5A state of U F - .  The spectroscopic 
constants of this state at the SCF level were Re=4.30bohr ,  ~oe= 429cm -1, 
~oex e = 1.7cm -1 and D e = 3.1 eV. The larger D e and smaller R e for U F -  compared to 
U H -  was rationalized by Krauss and Stevens based on the smaller size of F -  
compared to H - .  

5.4. G r o u n d  s t a t e s  o f  L a F - L u F  

Dolg and Stoll (1989) have computed the ground-state properties of L a F - L u F  using 
different ECPs and SCF/SDCI + Q levels of theory. We focus mainly on their 
computed R& and Des. The reader is referred to their original paper for the vibrational 
frequencies and dipole moments. 

Tables 50 and 51 show the Res and Des computed by Dolg and Stoll for L a F - L u F .  
We omitted the SCF result from their original tables since the SCF results are inferior 
as they do not include electron-correlation effects at all. The computed Res of 
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4-5 bohr (see caption for fig. 28). Reproduced from Krauss and Stevens (1983a). 
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TABLE 50 
Bond lengths of the rare-earth monofluorides (A,) from SCF and CI (SD) 
calculations [including Davidson's correction (+  Q)] and experiment. The 
core charges Q = 11 and Q = 10 denote the pseudopotentials for a (4f") o 2 
and a (4f" + 1)ol superconfiguration, respectively. Reproduced from Dolg 

and Stoll (1989). 

Q=11  Q = 1 0  

LnF CI + Q CI + Q 

LaF a, d 2.178 2.181 
b, d 2.179 2.183 
c, d 2.169 2.172 
b,e 2.115 2.116 
c, e 2.070 2.072 
b,f  2.116 2.118 
c, f 2.068 2.070 

CeF a, d 2.156 2.159 
PrF a, d 2.142 2.145 
NdF a, d 2.127 2.130 
PmF a, d 2.112 2.115 
SmF a, d 2.099 2.103 
EuF a, d 2.087 2.090 

b, d 2.084 2.088 
b, e 2.020 2.022 
b, f 2.017 2.018 

GdF a, d 2.076 2.079 
TbF a, d 2.065 2.067 
DyF a, d 2.055 2.059 
HoF a, d 2.045 2.049 
ErF a, d 2.037 2.041 
TmF a, d 2.029 2.033 
YbF a, d 2.021 2.025 

b, d 2.013 2.017 
b, e 1.953 1.955 
b, f 1.944 1.946 

LuF a, d 2.014 2.018 
b, d 2.002 2.007 
b, e 1.944 1.946 
b, f 1.934 1.936 

2.249 2.252 
2.240 2.242 
2.226 2.229 
2.214 2.216 
2.203 2.206 
2.204 2.208 
2.144 2.145 
2.138 2.138 

2.146 2.148 
2.143 2.146 
2.136 2.140 
2.079 2.080 
2.066 2.067 

(a) MEFIT, HF pseudo-potential 
(b) MEFIT, WB pseudo-potential 
(c) As (b) but the f-pseudo-potential is adjusted to La 1°+ 4 f  1 and 5f  12F 
(d) Ln (7s6p5d)/[5s4p3d], F (9s6p)/[4s3p] 
(e) Ln (7s6p5dlf)/[5s4p3dlf], F (9s6pld)/[4s3pld] 
(f) Ln (7s6p5d2f)/[5s4p3d2f], F(9s6p2d)/[4s3p2d] 

L a F - L u F  a l so  s h o w  t h e  l a n t h a n i d e  c o n t r a c t i o n  t r e n d .  T h e  e x p e r i m e n t a l  Res for  L a F ,  

T b F ,  H o F ,  Y b F  a n d  L u F  a re  2.027, 1 .96 ,1 .94 ,2 .016  a n d  1 . 9 1 7 A  respec t ive ly .  T h e  

g r o u n d - s t a t e  r e su l t s  of  D o l g  a n d  Sto l l  a re  t h u s  in  g o o d  a g r e e m e n t  w i t h  e x p e r i m e n t .  A t  

p r e s e n t ,  t h e r e  is n o t  m u c h  k n o w n  o n  the  exc i t ed  e l e c t r o n i c  s t a t e s  of  l a n t h a n i d e  ha l ides .  

T h e  S D C I  + Q m e t h o d  b a s e d  o n  a s ing l e - r e f e r ence  c o n f i g u r a t i o n  u n d e r e s t i m a t e s  t h e  

d i s s o c i a t i o n  ene rg i e s  u n i f o r m l y  as  seen  f r o m  t a b l e  51. T h i s  is e x p e c t e d  in  v iew of  a 
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TABLE 51 
Dissociation energies of the rare-earth monofluorides (eV) [AC denotes the CI 
(SD) + Q results after the energy correction to the experimentally observed atomic 
ground state of the rare-earth atom was applied]. Reproduced from Dolg and Stoll 
(1989). See table 47 for a-f  footnotes. Most of the experimental constants from Huber 
and Herzberg (1979). Readers are referred to Dolg and Stoll (1989) for further details. 

Q = l l  Q=10  

LnF CI + Q + AC CI + Q Exp. 

LaF a,d 5.14 5.45 5.45 
b, d 5.46 5.77 5,77 
c,d 5.50 5.81 5.81 
b,e 5.55 5.98 5.98 
c,e 5.68 6.11 6,11 
b, f 5.56 6.02 6,02 
c,f 5.68 6.15 6.15 

CeF a, d 5.17 5.48 5.48 
PrF a,d 5.19 5.50 4.95 
NdF a, d 5.22 5.54 4.70 
PmF a, d 5.26 5.58 
SmF a,d 5.31 5.63 3.39 

4.84 4.99 
4.83 4.98 
4.79 4.94 
4.77 4.91 

EuF a,d 5.36 5.68 2.35 4.75 4.89 
b, d 5.77 6.09 2.76 4.38 4.51 
b,e 5.88 6.32 2.98 4.58 4.87 
b, f 5.90 6.37 3.04 4.68 5.02 

GdF a,d 5.41 5.73 5.73 
TbF a, d ~ 5.46 5.78 5.75 
DyF a,d 5.53 5.85 4.91 
HoF a, d 5.60 5.92 4.87 
ErF a, d 5.66 5.98 5.09 
TmF a, d 5.72 6.04 4.41 4,57 4.72 
YbF a,d 5.80 6.12 3.24 4.52 4.67 

b, d 6.38 6.69 3.81 4.03 4.20 
b,e 6.47 6.91 4.03 4.25 4.54 
b, f 6.50 6.97 4.09 4.36 4.70 

LuF a,d 5.87 6.18 6.18 
b, d 6.45 6.76 6.76 
b, e 6.56 6.99 6.99 
b, f 6.57 7.04 7.04 

6.20 

5.87 

5.46 
5.81 
5.42 
5.60 

6.08 

5.46 
5.57 
5.83 
5.25 
4.80 
5.00 

single-reference and SCF treatment for the MOs. Yet, one could obtain a meaningful 
relative trend as seen from table 51. 

Gotkis (1991) has recently developed a simple electron-structure model to investi- 
gate bonding in lanthanide halides. He has investigated the ionization energies for 
various lanthanides and has obtained systematic trends. Gotkis (1991) has shown that 
deviations from monotonic trend are due to a field-stimulated restructuring of the 
lanthanide cation core, which involves promotion of an electron from 4f to an 
out-of-core extended ~6~ orbital. He has grouped lanthanide fluorides into two groups; 
one which has f" core (PrF, NdF, SmF, EuF and YbF) and the other with an f"-  1 core 
(LaF, GaF,  TbF, HoF, ErF, LuF). The former group was found to be similar to 
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alkaline-earth monohalides while the latter group consisted of Ln +3 (4f"-1) and F -  
and a lone pair ((~6s) 2 localized on the lanthanide atom. Gotkis (1991) found that the 
energies of the two configurations are close for DyF and TmH. He has predicted the R~ 
and co e values for the ground state and excited states of these halides. He has discussed 
the Johnson rule for the variation of properties of lanthanide halides. For the actual 
tables of molecular constants that Gotkis predicts, the reader is referred to his paper. 

Dolg etal. (1991b) has recently used the CASSCF/MRCI/CPF method in con- 
junction with quasi-relativistic pseudo-potentials to study both YbF and YbH in- 
cluding spin-orbi t  coupling. For YbF, they computed the molecular constants as 
R~ = 2.045 ,~, D O = 4.87 eV and (o e = 492 cm-  1, in excellent agreement with the experi- 
mental values of R~ = 2.016 A, D o = 4.80 eV, or > 5.36 eV, ~o e = 502 cm - 1. The ground 
state of YbF was found to be a f2=½ state arising from the 4flg(32(sz'g.4(~ 2 (252+) 

configuration. An excited A 252 + state of YbF was also found by Dolg et al. (1991b) with 
T e = 0.44 1.51 eV depending on the level of treatment. The predicted ground state of 
YbF was in accord with the ESR studies of Van Zee et al. (1977). 

6. Electronic states of  lanthanide oxides 

Among diatomic lanthanide molecules, lanthanide oxides have been the most 
studied experimentally since there is a large wealth of experimental information on the 
lanthanide oxides. The reader is referred to the book of Huber and Herzberg (1979) for 
this information. We focus here mainly on more recent experimental studies. The 
electronic spectra of lanthanide oxides are very complex due to numerous possible 
electronic states of varied spin multiplicities. Analysis of the spectra and unambiguous 
assignment are difficult since many of these states have similar spectroscopic constants 
and since the 4f orbitals do not take part in bonding. The ligand-field theory and, more 
recently, ab initio and INDO/S-CI techniques have aided the assignment of the 
observed spectra. 

We start with the recent theoretical SDCI + Q computation of Dolg and Stoll (1989) 
on the ground states oflanthanide oxides. These authors have computed the Re, D e, #e 
and co e values for the ground states of L a O - L u O  using various levels of theories. At 
present, experimental bond lengths and dissociation energies of several lanthanide 
oxides are known. The reader is referred to the book by Huber and Herzberg (1979) for 
these details. The experimental Res of LaO, CeO, PrO, SmO, EuO, GdO, TbO, DyO, 
HoO, YbO and LuO are 1.826, 1.820, 1.801, 1.803, 1.812, 1.809, 1.814, 1.796, 1.799, 1.807 
and 1.790 ~,, respectively. The computed SDCI + Q bond lengths are too long for many 
of these oxides compared to the experimental values despite the fact that large basis sets 
have been employed. It should be noted that the SDCI method even after inclusion of 
quadruple correction for a single reference underestimates the dissociation energies of 
all these oxides uniformly. Although we do not discuss actinide oxides, we mention that 
Krauss and Stevens (1983b) have computed the properties of UO. More recently, 
Krauss (unpublished) has considered NdO. 

Carette and H ocquet (1988) have recently applied the ligand-field theory to study the 
lower-energy lines of the lanthanide monoxides. The spin-orbi t  parameters were also 
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included in the ligand-field model. We will discuss their results on CeO, PrO and SmO 
in the individual sections. 

In the ensuing sections, we discuss experimental spectra and theoretical studies on 
individual oxides. We restrict ourselves to those species which were studied extensively 
in the recent years either experimentally or theoretically. 

6.1. LaO 

Earlier experimental studies and known electronic states of LaO are summarized in 
Huber and Herzberg (1979). A recent spectroscopic study is due to Carette (1990). The 
ground state of LaO is well established as the X2"~+ state with R e = 1.825A, 
c~ e = 813 cm-  x. There are several excited states of A 2A, A 21-I, B 2• + C 21~, D 2~--~ and 
F 2~ symmetries. Recent experimental studies on LaO and other oxides include the 
pulsed Fourier-transform microwave spectroscopy of YO, LaO, ZrO and HfO by 
Suneram et al. (1991). The related YO has also been studied extensively. In particular 
Steimle and A1-Ramadin (1989) have studied the microwave-optical double-resonance 
(MODR) spectra of YO. Childs et al. (1988) have obtained the fine and magnetic 
hyperfine structure in the X zE + and A 21-I states of YO. 

There are several theoretical studies on LaO and related lanthanide oxides. We have 
already mentioned the ligand-field theory model calculations of Field (1982) as well as 
Carette and Hocquet (1988). More recently, Kotzian et al. (1991a, b) have applied the 
INDO technique (Pople et al. (1967) extended to include spin orbit coupling [see also 
Kotzian et al. (1989a, b)] to lanthanide oxides (LaO, CeO, GdO and LuO). The authors 
call it INDO/S-CI method. The INDO parameters were derived from atomic spectra, 
model Dirac Fock calculations on lanthanide atoms and ions to derive ionization 
potentials, Sla ter-Condon factors and basis sets. The spin-orbi t  parameter (~) is 
derived from atomic spectra in this method. 

The INDO/S-CI computations were made on LaO by Kotzian et al. (1991a, b) at an 
experimental bond distance of 1.826 A. For LaO, the ground-state configuration is 
( l~/O2s)  z ( l~ /O2p)  4 (2~/O2p) 2 (3~/La6s) 1 (l~)/La5d) ° (2~/La6p) ° (4~/La6p) ° (3T~/ 
LaUf)° ( 1 ~/La4f)° ( 5~/La4f )o (28/La4f)° (4~/La5 d) o (6~ / La 5 d) ° . 

Table 52, reproduced from Kotzian et al.'s work, compares the INDO/SCI energy 
separations with experiment for several electronic states of LaO. It is evident from 
table 52 that the INDO/S-CI method predicts the energy separations for these 
compounds reasonably well. Kotzian et al. also computed the transition moments for 
the observed A*--~C, B~-~X, C~--~X, D~--,X and F~--~X systems. 

6.2. CeO 

There are several recent experimental studies on the CeO diatomic molecule. Schall 
et al. (1986) have studied CeO using the sub-doppler Zeeman spectroscopy. Again, the 
ligand-field model is so successful in explaining the observed spectra due to the ionic 
nature of the diatomic lanthanide oxide. Linton et al. (1979, 1981, 1983a, b) as well as 
Linton and Dulick (1981) have studied the electronic spectrum of CeO using absorp- 
tion, emission as well as laser spectroscopic method. There are many 0 -0  bands for 
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TABLE 52 
Calculated and experimental states of LaO. State energies To are given 
incm -1. The molecular spin-orbit constant A is defined by the relation 
(JI2ASEIHso[JI2ASE) = AAS.  Reproduced from Kotzian et al. (1991a). 

INDO/S-CI Experiment 

State Config. T e A State T e A 

12Z~/2 30 100% 0 X 222+ 0 

1 zm3/2 15 100~ 8488 353 A' 2A r 7468.9 
1 2A5/2 15 100~ 9195 8168.4 
1 2FI1/2 2~ 99~ 13856 12635.7 
1 z1-I3/2 2V. 100% 14 724 869 A217r 13 497.6 
22Z~/2 40 93% 19715 BzE + 17837.8 
2217111/2 3~ 94% 22986 22618.9 
2 2I~3/2 3'~ 79~ 23 241 255 C 2Flr 22 839.6 

2,3 20% 
1 2 .  lqb 93~ 23310 

2 5/2 560 
12(I)7/2 lqb 100~ 24990 
2 m3/2 25 79~ 24788 

3~ 21% 451 
2 2A5/2 25 93~ 25 691 
3 2E~/2 50 90~ 26007 D2]~ 26959.0 
3 21-I 47z 99% 30 180 F 2E 28 049.0 

2 1/2 408 
3 173/2 4"~ 99% 30588 
42]~+/2 6~ 100~ 41616 

350.5 

862.7 

221.4 

Ce 2+  CeO 

4 0 0 0  

E 5000 
o 

w 2 0 0 0  
z 

I000 
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Fig. 36. Energy-level diagram of Ce + 2 arising from the 4f6s configuration and the corresponding states of 
the diatomic CeO. All states of CeO are arranged by their f2 values. Reproduced from Schall et al. (1986). 
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CeO arising from electronic transitions between various f~ components of excited 
states and the ~ states arising from ... (4f)(6s) electronic configurations. The CeO 
molecule is also the simplest lanthanide oxide containing a single 4f electron. 

The electronic states of CeO are best rationalized in terms of the electronic states of 
Ce + 2 ion since the bonding in CeO is best described as Ce + 2 0 -  2 ionic bond. Figure 36 
shows the energy level diagram of Ce + 2 4f6s configuration and the corresponding state 
of CeO [reproduced from Schall et al. (1986)]. It is evident from fig. 36 that there are 
16 f~ states arising from the Ce + 2 4f6s configuration itself. 

Table 53 shows the spectroscopic constants of CeO derived by Linton et al. 
(1983a, b) from their spectra. As seen from table 53, the X 1 ground state with .(2= 2 and 
X 2 state with .(2 = 3 are very close to each other. Note that X 3 and X 4 states arise from 
the same principal 2-s state but the splitting between (X 1, X2) duo with (X3-X4) duo is 
roughly the atomic Ce +2 splitting between J = 2, 3 and J = 3,4 pairs (see fig. 36). The 
energy levels in table 53 approximately correspond to the levels in fig. 36. 

TABLE 53 
Cons t an t s  for the low-lying states  of CeO (cm-1).  Reproduced  from L in ton  et al. (1983a, b). 

State Ja Jc To B 0 107 D o AG1/e No te  

U 3 0 + 3 ~ *4457.7 (30) 0.367 - - 

U z 1 4 27 "4133 (5) - - c 

T 1 0 4 iv 3821.5 (30) 0.375 

V 4 1 3 ~ *3642 (5) - c 

V 3 2 4 27 3462.6 (25) 0.355 - 820.7 

W,, 2 3 27 2771.7 (15) 0.35999 (1) 2.21 (1) 823.4 d 

W 3 3 4 27 2617.3 (21) ~ 0.356 - 824.7 e 

X 4 3 3 ~ 2140.6 (15) 0.35658 (2) 2.72 (2) 824.1 f 

X 3 4 4 7 2039.8 (21) 0.35327 (1) 2.24 (1) 822.1 g 

U 1 0 + 3 ~ '1931.8 (30) 0.377 

V 2 1 3 2 s "1869.7(30) 0.343 - - 

V1 0 -  2 ~ 1679.4 (25) 0.35788 (1) 2.52 - 

W 2 2 3 5 912.2 (15) 0.36139 (6) 7.3 (4) 823.0 h 

W 1 ! 2 25 811.6(25) ~ 0.361 - i 

X 2 3 3 ~ 80.3 (15) 0.35692 (1) 2.71 (1) 822.8 j 

X 1 2 2 ~ 0 0.35454 (1) 2.46 (1) 824.3 

* Levels of the correct  f~, closest  to the predic ted posit ions.  

N u m b e r s  in parentheses  represent  es t imates  of the s t andard  devia t ion  in the last  two digits. 

b Wi th  the except ions  of the X 1 and X 2 states, uncer ta int ies  in AGI/2 are ~ 2 c m  1. 
c These s ta tes  have each been observed only once, in fluorescence, a t  J ~ 25: their  B values are not  known.  

Or ig ina l ly  label led v (2). 
c Or ig ina l ly  label led w (3). 
f 103 ~. = 1.4 

g 103(~ = 1.27 

h Or ig ina l ly  label led u (2). 
i Or ig ina l ly  label led y (1). 
J 103~t - 1.9 
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A combination of laser-induced fluorescence with classical absorption and emission 
spectroscopy has yielded a wealth of data on the excited electronic states of CeO. 
However, as noted by Linton et al., the spectroscopic data of upper states is less 
complete and are shown in table 54. Linton et al. (1983a, b) used empirical notation 
taken from atomic spectroscopy to designate these states. 

The vibrational frequencies (Gx/2, e~e) are of the order of 800 cm- 1 for the low-lying 
states of CeO. Linton et al. (1983a, b) observed several laser-induced fluorescence 
transitions of CeO. They are shown in fig. 1 of their paper. They have provided a rather 
detailed and extensive analysis of their fluorescence excitation spectra. The reader is 
referred to their original paper for further discussion of their spectra. 

Linton et al. (1983a, b) noted that the 4f6s configuration of Ce +2 exhibits a j - j  
rather than l-s coupling. This is expected in view of the fact that the 4f orbital 
spin-orbit coupling is larger than the 1F3-3F 3 energy separation. Hence, they con- 
clude that lanthanide oxide confgurations including 4f electrons would tend towards 
Case (c) coupling. 

It should be noted that although Ce +2 ion has a 4f 2 configuration, the ligand-field 
calculations of Linton et al. (1983a, b) predict reordering of free ion configurations for 
the oxides: 

4f6s << 46 2 < 4f5d < 4f6p. 

Hence, Linton et al. conclude that for all lanthanide oxides, except EuO and YbO, 
the lowest states should arise from (4f)"6s configuration rather than (40" ÷ 1. 

Schall et al. (1986) have deduced the electronic G value for four lower states of CeO 
and compared them with the values derived from the ligand-field theory. The agree- 
ment was found to be very good. 

Kotzian et al. (1991a, b) as well as Kotzian and R6sch (1991a, b) have applied the 
INDO/S-CI method extended to include spin-orbit coupling on the diatomic CeO. 
They have studied 16 electronic states of CeO arising from the 4f6s configuration of 
Ce ÷ 2 at the experimental R e of 1.820 A. The results of their computations are shown in 
table 55. Note that Kotzian et al. have also compared the INDO/S-CI results with 
ligand-field theories LFT1 and LFT2. As seen from table 55, the agreement between the 
experimental values and the INDO/S-CI as well as ligand-field models is quite good. 

Kotzian et al. (1991a, b) also find that low-lying states of CeO arise from the 4f6s 
configuration. The charge-transfer excitations O--* Ce were omitted in the Kotzian 
et al.'s INDO/S-CI since the energy for this excitation is > 55 000 cm- 1. Overall, the 
experimental trend is reproduced by the INDO/S-CI except that two pairs of states 
(U10 +, and V21; U/1 and U30 +) have reverse order in the INDO/S-CI calcula- 
tion compared to the experiment. Mulliken-population analyses of Kotzian et al. 
(1991a, b) revealed that the oxygen atom has O(2S 1"923 2pa 1"731 2p~ 3'046) population 
in the ground state. The corresponding Ce population is Ce 4f, T M  4f~ °'329 4f~ °'284 
4fq~ o.286 6S 0.920 5d 0.308 5d~ 0-882- 

6.3. PrO 

PrO was first studied at complete low resolution by Shenyavskaya et al. (1973). 
These authors reported vibrational analyses of 22 electronic transitions of PrO in the 



TABLE 54 
Constants  for the excited states of CeO (cm-  1). Reproduced from Linton et al. (1983a, b). 

S t a t e  a T o B0 107 D O AG1/2 Transit ions b 

[28.6] 1 28 596.1 (e) 0.36122 3.04 - [28.6] 1 - V  1 0 -  
(f) 0.36079 

[26.7] 4 E a 26715.2 0.35294 4.9 795.5 [26.7] 4 X 3 4 
[26.2] 3 H 2 26200.0 0.3514 2.2 732.54 [26.2] 3 - X  z 3 
[26.1] 2 F 1 26067.5 0.3522 3.75 - [26.1] 2 X 1 2 
[25.3] 3 G e 25 292.3 0.3502 3.03 733.90 [25.3] 3 ~ X 2 3 
[25.0] 2 E 1 25011.5 0.34863 2.81 744.3 [25.0] 2 - X  1 2 
[23.7] 0 23 674.3 0.35348 0.48 - [23.7] 0 - - V  1 0 -  
[22.7] 0 -  22 722.8 0.35407 2.63 [22.7] 0 - - V  1 0 -  
[22.6] 5 D 3 22 556.0 0.35069 2.61 786.0 [22.6] 5 - X  3 4 
[22.5] 1 22 505.8 (f) 0.3576 6.2 - [22.5] 1 ~ V 10- 
[22.5] 3 h 2 22498.4 0.3568 5.0 792.3 [22.5] 3--*W z 2 

F.-Xa 3, -X 4 3, -W 2 2, -W~ 2 
[22.0] 4 A 4 22012.3 0.35443 2.81 768.0 [22.0] 4 - X  4 3 
[21.7] 4 21 713.2 0.35353 2.14 [2L7] 4 - X  z 3 
[21.4] 1 D~ 21 379.2 0.35241 2.75 - [21.4] 1 - X  1 2 

0.35203 2.59 
[21.1] 2 g2 21 061.9 0.35662 3.98 - [21.1] 2 - X  2 3; [21.112-W 2 2 

F.-X 2 3, -X 4 3, -W z 2, -W 4 2 
[20.9] 4 F 2 20914.5 0.35294 2.97 - [20.9] 4 - X  2 3 
[20.3] 3 C 1 20273.8 0.34988 2.99 783.6 [20.3] 3 - X  1 2 
[19.9] 1 19926 - - - [19.9] l - X  1 2 

[19.313 19 287.5 0.3485 0.4 
[18.4] 4 C 3 18 386.2 0.34176 2.3 

[17.2] 3 e 2 17 169.5 0.35037 2.44 

[16.7] 1 16 714.8 (e) 0.35616 4.28 

(f) 0.35643 3.45 

[16.5] 2 B 1 16 524.2 0.3436 

[16.5] 4 E 2 16495.4 0.35363 5.1 

[16.0] 3 D 2 16039.2 0.35953 5.3 
[15.8] 4 C z 15813.8 0.35216 3.03 
[15.5] 5 B 3 15489.4 0.34534 2.45 
[14.7] 3 14701.6 0.35255 2.51 

F.-X 1 2, -W 4 2, -V 1 0 - ,  
-V 2 1,-V 3 2 , - U  10 +, 
-U 3 0 +, -T 1 0 -a  

- [ 1 9 . 3 ]  3 ~ X 4  3 

750.7 [18.4] 4 ~ X  3 4 
F.-X 3 4, -X 2 3, -X 4 3, -W 3 3 

765.0 [17.2] 3 ~ X / 3  

F. -X l 2, -X 2 3, -X 3 4, -X 4 3, 
-W 2 2, -W 4 2 

- [ 1 6 . 7 ]  I ~ V  1 0 

F. -X 1 2, -W 1 1, -W 2 2, 
-W4 2, V 1 0 - ,  -V 2 1, -V 3 2, 
-U 1 0 +, -U 3 0 +, -T 1 0 -  

720.7 [16.5] 2 , - X ~  2 

F. -X 1 2, -X 2 3, -X 4 3, 
-W 1 l, -W 2 2, -W 3 3, -W 4 2 

753.9 [16.5] 4 ' - X  2 3 
F. -X2 3, -X 3 4, -X 4 3, -W2 2 ,  
-W 3 3 

[16.0] 3 ~--- X 2 3 

[14.2] 3 A a 14 201.8 0.36024 4.48 - 
[14.2] 0 -  14 197.0 0.35216 7.8 - 
[13.9] 4 B 2 13 884.3 0.34711 2.86 747.39 

[15.8] 4~--X 2 3 
[15.5] 5 ~ X  a 4 
[14.7] 3 * - W  2 2, 
[14.7] 3 *-- W 2 2 
[14.2] 3 ~ X  a 4 
[14.2] 0 -  *--V 1 0 
[13.9] 4,--- X 2 3, 
[13.9] 4 ~ X  4 3 

0.35974 4.97 
[13.2] 1 a 1 13201.6 0.35921 5.51 - [13.2] l~--~X 1 2 
[12.8] 2 A 2 12768.0 0.3535 4.5 [12.8] 2,--~X 2 3 
[12.6] 3 A 1 12595.8 0.34672 2.90 1-12.6] 3,--,X1 2 

a Designat ions of states prior to Linton et al. (1983a, b) are given in the second column. 
b F. indicates a transit ion observed in fluorescence. 
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TABLE 55 
Calculated and experimental states of CeO of the configuration 4f6s [reproduced from Kotzian et al. 
(199 la)]. Energies are given in cm- 1. In the first column the experimental labeling is given. A is the projection 
of the total orbital angular momentum, .O the projection of the total angular momentum in the molecular 
system, and J~ the value of the atomic total angular momentum from which the molecular state originates. 
The values of A and Ja, are taken from the leading determinant. Ligand-field (LFT1, LFT2) and experimental 
values are taken from Dulick et al. (1986), Carette and Hocquet (1988), and Linton et al. (1983a, b), 

respectively. Reproduced from Kotzian et al. (199 la). 

INDO/S-CI 

State A .Q J~ Exp. LFT1 LFT2 E n e r g y  Configuration 

X 1 3 2 2 0.0 0.0 0 0 lqb40 91Vo 
X 2 3 3 3 80.3 121.6 197 71 lqb40 90~o 
W I 2 1 2 811.6 805.6 1026 857 184o 84~ 
W 2 2 2 3 912.2 910.8 1160 918 1840 82~o 2~40 17~ 
V 1 1 0- 2 1679.4 1777.7 1756 1812 2~40 73~o 3040 25~o 
V 2 1 1 3 1869.7 1878.4 1919 1937 2"~40 70~o 3040 27~o 
U 1 1 0 + 3 1931.8 1866.3 1978 1850 2~t40 75~ 304o 22~o 
X 3 3 4 4 2039.8 2021.8 2495 2084 lqb 40 99Vo 
X 4 3 3 3 2 1 4 0 . 6  2185.4 2146 2154 lqb40 98~ 
W 3 2 3 4 2617.3 2632.2 3268 2726 lg)40 84~ 
W 4 2 2 3 2771.7 2762.7 2994 2791 1~40 84~ 
V 3 1 2 4 3462.6 3501.5 3944 3453 2~40 80~ 1~40 17~o 
V 4 1 1 3 3642. 3600.9 3724 3562 2~40 81~ 1840 14~o 
T 1 0 0- 4 3821.5 4035.2 4109 4176 3o4o 72~o 2~40 25~o 
U 2 0 1 4 4133. 4101.9 4391 4234 304o 68~ 2~40 29~o 
U 3 0 0 + 3 4457.7 4262.8 4476 4217 3o40 70~o 2"~40 23~/o 

500 l l 2 0 n m  region. Shenyavskaya et al. (1973) designated the observed systems I 
through XXII. Delaval et al. (1977) studied the systems VII and X, but  no definitive 
assignment  of the observed electronic t ransi t ions came forth. Beaufils et al. (1979) 
observed the first lines in A,Q = + 1 XVII and XX transitions.  This led to the assign- 
ment  for X V I I / 2 "  = 3.5 and  -Q' = 4.5, and .Q" = 4.5 and .Q' = 5.5 for system XX. As 

pointed out by Dulick and Field (1985), some of the earlier assignments of the observed 
spectra of P rO were either incorrect or speculative. 

Dulick and  Field (1985) provided extensive analyses of the observed systems. They 
s~tudied the (0, 0) bands  of nine p rominen t  systems in the 500-800  nm region. For  the 
first time definitive ~ assignments for the upper  and lower electronic states participa- 
ting in these t ransi t ions were provided by Dulick and Field. 

Dulick et al. (1986), as well as Carette and Hocquet  (1988), have used the ligand- 
field theory to compute  the energy levels of PrO. More recently, Kotz ian  and Rosch 
(1991a, b) used the I N D O / S - C I  method  to investigate the electronic states of PrO and 
TmO.  They computed the properties of 33 electronic states of PrO and compared their 
computed  energies with experiment and  ligand-field theory. All of these studies have 
provided significant insight into the low-lying electronic states of PrO. 

Table  56 shows the Dulick Field assignment  of the observed systems of P rO 
designated by their .Q q u a n t u m  numbers.  Note that Dulick and  Field suggest that the 
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TABLE 56 
Twelve observed electronic transitions of PrO and their sug- 
gested assignments by Dulick and Field (1985). Reproduced from 

Dulick and Field (1985). 

System .(2' T '  ° (cm-  1) .O" T O (cm- 1) 

VI 5.5 11 102 4.5 2157 
IX 4.5 16597 3.5 3887 
X 5.5 13 259 4.5 220 
XI 5.5 13 865 4.5 220 
XIV 5.5 16595 4.5 2157 
XVI 5.5 19 169 4.5 3720 
XVII 4.5 16597 3.5 0 
XVIII 7.5 21 321 6.5 3965 
XIX 6.5 19687 5.5 2111 
XX 5.5 18 069 4.5 220 
XXI 4.5 18 885 4.5 220 
XXII 5.5 19 169 4.5 220 

lowest state has a .Q quantum number of 3.5. A diagrammatic interpretation of the 
observed systems and the energy levels of P rO was provided by these authors. We 
reproduce this in fig. 37. Figure 37 nicely summarizes the electronic states of PrO and 
the observed transitions. Table 57 shows the comprehensive assignment of systems 
I -XXII  for PrO observed by Shenyavskaya et al. (1973). Tables 56 and 57 together 
yield the experimentally known states of PrO. We now proceed to theoretical calcula- 
tions and insight into the nature of electronic states of PrO. 

As mentioned before, there are INDO/S-CI as well as ligand-field theoretical studies 
on PrO. The recent work of Kotzian and R6sch (1991 b) provides a beautiful summary 
of all known information on PrO up to now. We will use this work and the paper of 
Dulick and Field as basis for discussion of the electronic states of PrO. Table 58 shows 
the ~values  of several electronic states of PrO, their energy separations obtained using 
the INDO/S-CI method by Kotzian and R6sch (1991b) as well as the ligand-field 
theoretical values of Dulick et al. (1986) and Carette and Hocquet (1988). Figure 38 
shows schematically the computed energy levels of PrO using various methods 
together with known experimental data up to now. 

The electronic states of PrO are best rationalized using the energy levels of the Pr + 2 
ion which has the configuration 4f 2 6s. Figure 39 shows the energy levels arising from 
4fZ(3H)6s and 4f2(3H)6pl/z configurations of the Pr +. As seen from fig. 39, the 
coupling i s iS .  The spin-orbi t  coupling of the 4f 2 shell (3H) is roughly 2000 cm - 1. The 
PrO diatomic states are rationalized as arising from Pr+20  -2. The INDO/SCI 
yields a ground state electronic configuration of (10"/02s) 2 ( l T r / O 2 p )  4(2c~/O2p) 2- 
(1 qb/Pr4f) 4/7 (18/Pr4f) 4/7 (27r/Pr4f) 4/7 (3o/Pr4f) 2Iv (4cy/Pr6s) 1. This configuration is, of 
course, consistent with Pr+20  -2 picture. The INDO calculations revealed that the 
4f 2 4cy configuration is the lowest while 4f 2 28 and 4f 3 configurations are 8200 and 
18 300cm 1 above the 4f 2 4o configuration. Other configurations are much higher 
(energy > 41 850 cm-  1). Hence, the INDO-SCI studies were focused on the electronic 
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Fig. 37. Energy-level diagram and the electronic transitions of PrO. The full line designates electronic 
transition examined under high resolution. Reproduced from Dulick and Field (1985). 

states arising from 4f 2 40. As seen from table 58, the INDO-SCI model as well as 
ligand-field models reproduce the energies of the experimentally known states 
(O>_ 3.5). 

6.4. SmO 

The spectra of samarium monoxide (SmO) have been studied by Dekock and 
Weltner (1971), Hannigan (1983), Dickson and Zare (1975), Linton et al. (1987), Bujin 
and Linton (1989) and recently by Bujin and Linton (1991). The recent work of 
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TABLE 57 
Electronic assignments of Pro for systems I -XXII  of Shenyavskaya 

et al. (1973) suggested by Dulick and Field (1985). 

Bandhead a 
System v (cm- 1) g2,/b .(2" 

I 9233 ? ? 
II 9996 ? ? 
IlI 10 205 ? ? 
IV 10438 5.5 4.5 (XX) c 
V 10976 ? ? 
VI 11 109 5.5 (X) 4.5 d 
VII 11 777 4.5 3.5 (XVII) c'e 
VIII 11 922 2.5 3.5 (XVII) c 
IX 12 711 4.5 (XVII) 3.5 d 
X 13 047 5.5 4.5 (XX) c'e 
XI 13 657 5.5 4.5 (XX) 
XI1 14006 ? ? 
XIII 14 090 ? ? 
XIV 14 384 5.5 (XX) 4.5 d 
XV 14439 3.5 4.5 (XX) ~ 
XVI 15 442 5.5 (XXII) 4.5 
XVII 16 610 4.5 3.5 
XVIII 17 346 7.5 6.5 
XIX 17 567 6.5 5.5 
XX 17 863 5.5 4.5 
XXI 18 680 5.5 4.5 (XX) 
XXII 18 961 5.5 4.5 (XX) 

Shenyavskaya et al. (1973). 
b System designations enclosed in parentheses share the indicated 
upper or lower electronic state. 

AJ2 assignments taken from Shenyavskaya and Kaledin (1982). 
a Assignments suggested by Dulick and Field (1985). 

Assignments taken from Beaufils et al. (1979). 
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Bujin and Linton (1991) summarizes the known electronic states of SmO up to now. 
Carette and Hocquet (1988) have used the ligand-field theory to calculate the lower 
electronic energy levels of SmO. These authors found 11 electronic states of SmO 
below 2280 cm-1. The ground state of SmO was calculated as the X O -  electronic 
state. 

Table 59 shows the most recent spectroscopic data on the energy separations of the 
electronic states of SmO. Both experiment and theory seem to agree on the X O -  
ground state of SmO. The two ligand-field calculations are in reasonable agreement 
with the experimental energy separations. Figure 40 shows the energy-level diagram of 
the electronic states of SmO. The calculation of Dulick et al. (1986) yields more energy 
levels than known experimentally. As seen from fig. 40, the Carette-Hocquet ligand- 
field calculation is slightly in better agreement with experiment. Linton et al. (1987) 
attributes this to differences in the choice of Sm 2 + atomic-orbital basis sets; the 
Carette-Hocquet eigenfunctions are considered probably more realistic. 



TABLE 58 
Energies of molecular states of PrO (in cm- 1) arising mainly from the atomic states of Pr. III. Reproduced 

from Kotzian and R3sch (199ta, b). 

INDO/S-CI LFTb LST c 

-(2 Energy Composition" Energy Energy 

3.5 0 IH 4 3.5)53~ [H 5 4.5)25~ 0 0 
IH 4 4.5)11~o 

4.5 235 LH 4 4.5) 57~o IH 5 5.5)35~o 233 225 
2.5 1678 IH 4 3.5) 71~o IH 4 4.5) 14~o 1867 
3.5 1985 IH 4 4.5) 66~o IH 4 3.5) 18~ 2074 1696 
5.5 2136 IH 5 5.5)59~ [H 6 6.5)39~o 2094 1995 
0.5 2155 IN 6 6.5)30~ IP 2 2.5)23~ 2866 
4.5 2197 [H 5 4.5)60~o IH 6 5.5) 30~o 2144 2059 
1.5 2395 IH 4 3.5)21~ IH 5 5.5)18~ 2924 

IP 2 2.5) 14~ IF 4 4.5) 11~ 
0.5 2519 IP2 1.5) 17~ IH5 4.5)15~ 3107 

I H 6 5.5) 14~ 
1.5 2774 IH 4 3.5)40~o IU 4 4.5)27~ 3125 
2.5 2835 I U 4 4.5 )62~o I G 4 4.5 )1570 3099 

Ig 4 3.5) 14~ 
4.5 3618 [H 5 5.5)47~o IH 4 4.5)41~o 3767 3285 
3.5 3753 IH 5 4.5)4870 IH 4 3.5)26~ 3824 3357 

[H 5 5.5)11~o 
6.5 4033 [H 6 6.5)10O70 396O 3998 
0.5 4326 [F 3 2.5) 1970 [H 5 5.5) 17~ 4941 

IF3 3.5)17~ IP00.5 )17~ 
}P 1 0.5)1270 

5.5 4329 IH 6 5.5)97~ 4246 4313 
1.5 4439 IH 4 4.5)28~ IH6 6.5)21~ 4946 

IP 1 1.5)10% 
0.5 4456 IH 6 5.5)21~ /H 4 3.5)19~ 5022 

IN 4 4.5)15~ bH 6 6.5)14~ 
[P 2 1.5) 10~ 

2.5 4508 IH 5 5.5) 59~o [P 2 2.5) 14~ 4853 
3.5 4568 IH 5 5.5)72Vo IH 5 4.5)21~ 4786 4195 
1.5 4652 IH 5 4.5)32~ IF4 3.5)13~ 5070 

IN 5 5.5)11~ 
2.5 4811 IH 5 4.5)81~ 4992 
5.5 5363 [H 6 6.5)57~o IH 5 5.5)41~ 5548 5210 
4.5 5779 IH 6 5.5)46~o IH 5 4.5) 28~o 5812 5490 

IH 6 6.5) 18~ 
0.5 6050 ]P 0 0.5)31~ IH4 4.5) 15~ 6560 

IF 2 1.5) 13~o 
1.5 6213 IH 5 5.5)29~ IP 1 1.5)23~o 6679 

IH 6 6.5 ) 12~ 
2.5 6422 I H 6 6.5) 54~o IF 2 2.5 ) 12~ 6849 
0.5 6427 IP 1 0.5)24~ IH 5 4.5)17~o 6866 

IF 2 2.5) 12~o IH 5 5.5) 10~o 
4.5 6540 [H 6 6.5)68~ IH 6 5.5)23~ 6702 6170 
3.5 6576 IH 6 6.5)88~ 6848 6377 
1.5 6737 IH 6 5.5)29~ IH 5 4.5)12~0 7069 

IP 2 1.5) 10~ 
3.5 7044 I H 6 5.5 ) 90~o 7085 6781 
2.5 7069 IH 6 5.5)73~ 7233 

a The atomic states are labeled according to [Lf Jf J~). Only states contributing 
b Duliek et al. (1986). 
c Carette and Hocquet (1988). 

more than 10~o are listed. 
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Fig.  38. E n e r g y l e v e l s o f P r O a s c o m p u t e d b y l N D O / S a n d L F T m e t h o d s t o g e t h e r w i t h k n o w n e x p e r i m e n t a l  

energ ies .  R e p r o d u c e d  f r o m  K o t z i a n  a n d  R 6 s c h  (1991a,  b). 

The spectra of SmO exhibited significant .(2 doubling for the lowest states. This was 
anticipated by calculations although calculations were not found to be in accord with 
the observed values. Bujin and Linton (1991) attribute this to incorrect ordering of the e 
and f levels in calculations. 

The electronic states of SmO can be rationalized from the Sm +2 4f 2 6s(6H) super- 
multiplet. The overall ordering of the electronic states of SmO closely resembles the 
low-lying states of Sm + 2 derived from the (4f z 6s)6H electronic supermultiplet. This is 
further supported by the remarkable agreement of the observed energy levels with the 
values obtained from ligand-field models. 

6.5. EuO 

Experimental data on EuO are rather limited at the present time. Dulick et al. (1986) 
have derived the dissociation energy of EuO as 4.92 ___ 0.1 eV from a thermodyamic 
study. They have also discussed the electronic structure of EuO using the ligand-field 
model. The 4f7-4f  6 cr (excited) superconfiguration energy separation was found to be 
0.60 +0.1 eV from thermodynamical studies and 0.41 eV from ligand-field theory, 
although Carette and Hocquet (1988) found a different value of 0.98 eV for this energy 
separation. 

Gabelnick et al. (1984) have obtained the vibrational frequency (c%) of Ar-isolated 
EuO as 672 cm-1. McDonald (1985) obtained a o) e of 688 cm-lo confirming that the 
ground sta~e arises from a 4f 7 superconfiguration. An R e of 1.891 A was estimated from 
the rotational constant of 151EuO. 
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Fig. 39. Energy levels of Pr +2 from 
4fZ(3H)6s and 4f2(3H)6p. Reproduced 
from Dulick and Field (1985). 

TABLE 59 
The energies (in cm-  1) of the observed low-lying states of SmO. Repro- 

duced from Bujin and Linton (1991). 

State Experimental Calculated (1)a  Calculated (2) b 

X0- 0.0 0.0 0.0 
(1) 1 146.98 115.0 130.1 
(1) 2 566.77 498.0 549.0 
(2) 0 + 582.25 640.0 982.0 
(2) 1 879.30 873.0 1167.3 
(1)3 1280.49 1189.0 1299.7 
(3) 0 -  1546.36 1359.0 2018.4 
(2) 2 1604.25 1517.0 1741.6 
(4) 0 ÷ 1661.0 1603.0 2030.0 
(3) 1 1661.39 1472.0 2182.9 
(3) 2 2239.91 1998.0 2839.5 
(4) 1 2013.5 1963.0 2317.4 
(1) 4 2286.57 2226.0 2417.1 
(5) 0 + 2520.0 2603.0 2990.0 
(5) 1 2867.3 2718.0 3272.9 

a From Carette and Hocquet (1988). 
b From Dulick et al. (1986). 
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Fig. 40. Energy-level diagram for the 
electronic states of SmO. The experimen- 
tal energies are compared with Cal (1) by 
Carette and Hocquet (1988) as well as Cal 
(2) by Dulick et al. (1986). Both calcula- 
tions are ligand-field calculations. Repro- 
duced from Bujin and Linton (1991). 

Dolg et al. (1990a, b) have studied the s2-  ground state and the first excited 8Z- 
state of EuO using ab initio SCF and SDCI methods in conjunction with non- 
relativistic and quasi-relativistic effective core potentials. They obtained the spectro- 
scopic constants of these two states and their potential energy curves. They employed 
the Wood-Boring (WB) quasi-relativistic ECPs as well as ECPs derived from non- 
relativistic Hartree Fock (HF) calculations. They used an energy optimized GTO 
basis sets of (7s6p5d2f)/[Ss4p3d2f] and (12sl lp9df)/[9sSp6d5f] types for Eu. For the 
oxygen atom, (9s5p)/(4s2p) basis set of Dunning was used together with one set of 
d-functions. They also include the effect of unlinked quadruple clusters using the 
Davidson method. The spin-orbit effects were estimated using ECPs which included 
spin-orbit operators. The spin-orbit effects were obtained using the double group CI 
method of Pitzer and Winter (1988). 

Table 60 shows the spectroscopic constants of two electronic states of EuO (X s2-  
and A s2-). The theoretical constants were obtained by Dolg et al. (1990a, b) using 
CISD, CISD + Q levels of theories. The experimental values are from Dulick et al. 
(1986), McDonald (1985) and Gabelnick et al. (1984). As seen from table 60, experi- 
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TABLE 60 
Spectroscopic constants of two electronic states of EuO. CISD and CISD + Q values from Dolg et al. 

(1990a, b). We show only the quasi-relativistic values computed by Dolg et al. (1990a, b) 

R o (A)  D o l T  e (eV) ~oo (cm- ') 
~e (D) 

State CISD + Q Exp. CISD + Q Exp. CISD + Q Exp. CISD 

X 8Z- a 1.912 1.919 ~ 1.89 3.573 3.916 4.88 716 702 672 9.175 
X BE- b 1.940 1.953 3.56 4.13 - 699 676 - 9.67 
A BE- a 1.807 1.814 - 0.002 0.041 0.60 806 834 - 3.987 

a 4f orbitals in the valence space. 
b 4f orbitals in the core. 

mental data on EuO are restricted to the X ground state which arises from the 4f 7 
superconfiguration. The A BE- state arises from the 4f6cr 1 superconfigurations and it 
appears that no experimental spectroscopic data exist on this state with the exception 
of an estimate of T c. Evidently, this estimate differs significantly from the CISD + Q 
value of only 0.04 eV and hence further studies are warranted on the A BE- state. 

The spin orbit contribution estimated from quasi-relativistic CI is - 0.77 eV for the 
ground state of EuO. Dolg et al. found that the A BE- excited state of EuO, which is 
split into £2 = 0.5, 1.5, 2.5 and 3.5 states, is significantly contaminated by the 8II state. 
All £2 components of the BE- state were found to be within 1400 cm-  1. 

The Mulliken-population analysis of the SCI wavefunction yields that Eu has a 
positive charge of 1.04 with a population of 4f 7"°4 5d °84 6s °'°4 6p °°4 while the oxygen 
atom has a O 2s 1"9 2p 5'14 population. Dolg et al. rationalize that the X 82-  ground 
state arises from a 4f 7 supermultiplet while the A 8Z- state arises from the 4f6~ 
supermultiplet. Dolg et al. found that 99.3~o of the unpaired electronic population is in 
the 4f orbital in the X BE- ground state. The doubly occupied cr orbital of EuO is 
composed of 21~o Eu and 79~o O orbitals. However, in the A 8E- state 99.7~o of the six 
unpaired electrons are on Eu 4f orbitals while the seventh unpaired electron is 98~o on 
Eu (6s 80.6~o, 6p 16.6~o, 5d 3.0~o). 

6.6. GdO 

Carette et al. (1987) have studied the spectra of GdO. From their spectra, energy 
separations of six electronic states of GdO could be derived. These authors have also 
used the ligand-field model to derive the energy levels of eight electronic states of 
GdO. Dolg et al. (1990a, b) have studied the 9N- and rE-  states of GdO using ab initio 
SCF/CISD methods in conjuction with quasi-relativistic ECPs. More recently, 
Kotzian et al. (1991a, b) have used the INDO/S-CI method to compute the energy 
separations of 45 .O electronic states of GdO. We use the Kotzian et al. (1991 a, b) and 
the Dolg et al. (1990a, b) works as the basis for discussion on the electronic states of 
GdO. 

Table 61 shows the Dolg et al. (1990a, b) CISD and CISD + Q results on GdO for 
two electronic states. As seen from table 61, the agreement between the computed 
SDCI, SDCI + Q properties with experiment is quite good with the exception of the D e. 
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TABLE 61 
Spectroscopic constants of two electronic states of GdO. Quasi-relativistic CISD, + Q results are by Dolg 

et al. (1990b). 

R~ (J,) DjT~ (eV) co~ (cm - ~) 
~t¢ (D) 

State CISD + Q Exp. CISD + Q Exp. CISD + Q E x p . .  CISD 

9Z-  1.814 1.822 1.812 863 845 824 6.07 6.37 7.39 4.585 
vZ - 1.812 1.820 - 866 849 0.23 0.23 0.22 4.364 

It is, however, well-known that the dissociation energies cannot be computed very 
accurately using the SDCI + Q level of theory as this method ignores electron- 
correlation effects from other reference configurations. This method is also not a 
size-consistent method. Dolg et al. found that relativistic effects lead to a bond 
expansion of 0.016 ,~ and lowering ofD e by 0.44 eV. Relativistic effects also increase the 
dipole moment significantly as a consequence of bond expansion. The Mulliken- 
population analysis of the SCF orbitals by Dolg et al. revealed that seven of the eight 
unpaired electrons in GdO occupy the 4f orbitals of Gd (99~o). Van Zee et al. (1981) 
have studied the ESR spectra of GdO which revealed that the singly occupied cy orbital 
is mainly the Gd 5d, in conflict with the ligand-field calculations of Carette et al. which 
revealed that the singly occupied c~ orbital is 77~o 6s, 21~o 6p and only 2~o 5d. Dolg 
et al. (1990a, b) from the Mulliken population analysis found that 81~o of the singly 
occupied c~ orbital is composed of Gd 6s. The charge distribution derived from 
Mulliken population generally supported the Gd+O form rather than Gd+20 -2 
used in the ligand-field model. 

Table 62 shows the results of INDO/S-CI computation of Kotzian et al. (1991a, b) 
together with known experimental data from Carette et al. (1987). All INDO/S-CI 
energy separations were computed at single experimental bond length of 1.812A. 
Table 62 also shows the overall composition of the O states of GdO. As seen from 
table 62, the agreement of the energy levels predicted by the INDO/S-CI method with 
known experimental Tes for the first three excited electronic states is good and for the 
B 9y~- and B 1 v2; states somewhat less accurate. The ligand-field model predicts 
reverse ordering for the B 92 and B 1 vZ states compared to the INDO/S-CI model 
and experiment. 

The composition of the .(2 states of GdO in table 62 evidently suggests that for the 
excited states, especially low/2  states arising from 9II, 711 and 9Z-, the spin orbit 
contaminations are quite significant. For example, the excited g2 = 1 state is 69~ 91"I 
and 26~o 7H. Likewise, the excited .(2 = 3 state is 45~o 91-[ and 48~o 711, suggesting that 
these two states undergo an avoided crossing due to spin orbit coupling. 

According to Kotzian et al. (1991a, b), the ground-state electronic configuration of 
GdO is (1 cy/O2s) 2 (ln/O2p) 4 (2cy/O2p) z (1 qb/Gd4f) 2 (18/Gd4f) 2 (2n/Gd4f) 2 (3~/Gd4f) 1 
(4~/Gd6s) 1. Hence, Kotzian et al.'s calculation also support that most of the singly 
occupied 4cy orbital is made of Gd 6s. The low-energy state of GdO arises from 4f 7 4cy 
(1 9Z-, 1 72 --), 4f 7 28 (1 9A, 1 7A), 4f 7 3n (1 911, 1 7II) and 4 f  7 5~ (2 9~" -, 2 7Z-) configur- 
ations. 



TABLE 62 
INDO-SCI energy separation of Kotzian et al. (1991 a) and experimental separations of Carette et al. (1987) 
for GdO. State energies T e are given in cm-1. The composition of states is given in reference to the 
non-relativistic states that most resemble the pure configurations, The ligand-field energies are multiptet- 

averaged values for Carette et al. (1987). This table is reproduced from Kotzian et al. (19919. 

INDO/S-CI Experiment LFT 

.O T e Composition State T e T~ 

0 1 9Z- 100~ 

1166 1 rE- 100~ 
2 8505 1 9A 100~ 
1 8612 1 9A 99.7~ 
0 8723 1 9A 99.5~ 
1 8839 19A 99.3~ 
2 8959 1 9A 99.2~ 
3 9084 1 9A 99.2~/o 
4 9216 1 9A 99.3~ 
5 9355 1 9A 99.5~ 
6 9503 1 9z~ 100~ 

5 14 177 1 7A 99.4~ 
4 14317 17A 99.2~ 
3 14449 1 7A 99.1~ 
2 14 575 1 7A 99.1~ 
1 14 695 1 7A 99.3~ 
0 14810 17A 99.5~ 
1 14922 1 7A 99.7~ 

3 17 194 I 917 96.1~ 
2 17283 1917 89.5~o 
1 17372 191] 81.8~ 
0-  17430 1 91-I 74.5~ 
0 + 17 562 1 9II 77.9~ 
1 17630 1917 69.4~ 
2 17750 1 91] 58.2~o o 
3 17892 191-I 45.0~o 
4 18060 1 9171 27.5~o 
5 19846 1917I 99.9~ 

4 20092 1 7171 27.1~o 
3 20 294 1 71q 44.5~ 
2 20471 1 717 57.7~ 
1 20630 1 717 68.5~ 
0 20 767 1 717 76.5~o 
0 + 20784 1717 79.3~ 
1 20910 1 717 86.2~ 
2 21035 1 717 93.5~ 

0 23507 2 952 92.1 ~o 
1 23510 2 9y~- 92.0~o 
2 23510 2 9'~ 91.8~ 
3 23533 29E - 91.3~o 
4 23554 29Z - 90.8~o 

3 26039 27E - 96.8~o 
2 26 047 2 752 96.6~o 
1 26051 27E 96.4~ 
0 + 26053 27E - 96.4~ 

1 vii 6.1~ 
1717 12.8~ 
1717 18.8~ 
1717 18.9~ 
1717 25.9~ 
17H 35.8~ 
17H 47.9~ 
17H 64.2~ 

1917 71.9~ 
1917 54.2~ 
19][] 41.0~ 
1917 30.4~ 
1917 22.3~o 
1 91-[ 20.3~ 
1 917 13.3~ 
1 917 6.3~o 

1717 5.7~ 
17H 6.9~ 
17H 8.7~ 

X 9E 0 0 

Y 7Z- 1840 1999 

9171 18 181 

A 91-[4 18472 

11 594 

18 188 

17647 

19 956 

B 1 rE-  22261 25 394 

B 9Z 21 647 26 317 
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Kotz ian  et al. (1991a, b) found evidence from strong transitions with AI2=  0 between 
the states of the same multiplicities of 1E-  and 2 E -  symmetry since the computed  
oscillator strengths were about  0.35 (nonent) and 0.39 (septet). The strongest transi- 
tions (AI2 = _ 1) were calculated between 1 9E - and 1 ~9.7q- I as well as 1 7E-  --, 1 O' 7)1-I. 
The band system between 16004 and 17669cm -1 observed by Yadav etal. (1981) 
could not  be assigned by Kotz ian  et al. (1991a, b), since at the present time there exists 
no experimental information on the electronic quan tum numbers. 

6.7. DyO 

Linton et al. (1986) have studied D y O  using the laser spectroscopic method. They 
used high-resolution wavelength selected excitation and resolved fluorescence spec- 
t roscopy to study the electronic, vibrational and rotat ional  structures. These studies 
have provided information on five low-lying electronic states and three high-lying 
states of DyO.  The .O quan tum numbers  of these states were assigned. The ligand-field 
model  was used to gain insight into the electronic structure of D y O  which shows that 
the observed states can be described as arising from D y + 2 0  -2 in which Dy  +2 has 
4f9(6H) 6s electronic configuration. The ground state of D y O  was found to be a .O= 8 
electronic state arising from this configuration. 

Table 63 shows the spectroscopic constants of states observed by Linton et al. (1986). 
Linton et al. (1986) have also compared  their B o constants with those of Kaledin and 
Shenyavskaya (1981). Table 63 also includes ligand-field theoretical values (numbers 
under column theory). As evidenced from table 63, the ground state of D y O  is a X8.62 
state. The A7 state is only 770 c m - 1  above the X state. The B6, C7 and D6 states are 
also very close in energies. The ligand-field model seems to fit the observed spectra 

TABLE 63 
Energies and constants (cm- 1) of observed states of DyO. Some 
of the upper states without alphabet designates that these states 
were not observed by Linton et al. (1986). Reproduced from 

Linton et al. (1986). 

To Bo 

State Exp. Theory Note a Note b AG 1/2 

[19.019 18 994 
1-18.519 18 502 
[18.318 18300 
1,18.216 18203 
1-18.019 18017 
1,17.117 17070 

D6 2420 
C7 1683 
B6 1630 
A7 770 
X8 0 

0.3570 
0.3562 

0.3505 780 

2382 
1428 
1641 0.35967 830 
845 0.35862 828.5 

0 0.35867 0.3588 842 

a From Linton et al. (1986). 
b Kaledin and Shenyavskaya (1981). 
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quite well (table 63). Figure 41 shows the energy-level diagram of DyO. The observed 
states are compared with the states predicted by the ligand-field model. As evidenced 
from fig. 41, the agreement is quite good. The .O assignments in fig. 41 and table 63 were 
deduced by Linton et al. (1986) from the first lines in each branch and thus these 
authors consider this assignment reliable. 

The assignment of the observed states is also consistent with the ligand-field model 
which predicts .(2 = 8 ground state and two ,(2 = 7, ,(2 = 6 states close to the ground state 
all arising from the 4f9(6HT/5) 6s configuration of Dy + 2. There are, of course, several 
other electronic states arising from the 4f 9 6s configuration which are yet to be 
observed. It appears that such experiments are in progress. 

6.8. HoO 

There are three experimental studies on H o O  by Kaledin and Shenyavskaya (1981), 
Liu et al. (1984) and Linton and Liu (1988). The paper by Liu et al. (1984) provides a 
comprehensive table of known electronic states of HoO.  The paper of Linton and Liu 
(1988) deals primarily with the rotational and hyperfine structure in holmium oxide. 
They have compared the observed and computed hyperfine constants of X 1 8.5, X 2 7.5 
and W 2 6.5 I2 states of HoO. 

20 

E 

0 

C(X=I 

0 X(XJ 

O(W=l 

A(wo 

(6) 

~ ( 6 )  
B(VO 

Fig. 41. Energy-level diagrams for DyO. 
The broken lines are the levels predicted 
by the ligand-field model while the full 
lines are the states observed by Linton 
etal. (1986). Reproduced from Linton 
et al. (1986). 
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Liu et al. (1984) employed laser spectroscopic techniques to study the electronic 
vibrational, rotational and hyperfine structure of HoO. The high-resolution excitation 
spectra of HoO were obtained which revealed the existence of four low-lying states and 
four higher electronic states of HoO. These authors have also assigned the £2 values of 
these electronic states. The ground state of HoO was found to be a X 1 8.5 state. The 
ligand-field model suggests an ionic Ho + 2 0 - 2  description of these states arising from 
Ho + 2 confgurat ion of 4f1°(sI)6s. The ligand-field model fits very well the observed 
spectra and the assignment of the observed electronic states. Liu et al. (1984) also 
estimated the relative contribution of the 4f and 6s electrons to the hyperfine structure. 

Table 64 shows the spectroscopic constants of HoO deduced by Liu et al. (1984) 
together with the constants obtained by Kaledin and Shenyavskaya (1981). Figure 42 
shows the energy-level diagram and the electronic transitions for HoO. As seen from 
table 64, the ground state of HoO is assigned to the X 1 8.5 state. The X 2 state is only 
609 cm-  1 above the ground state. The Wa and W 2 states are relatively low lying while 
all other upper states have T O > 17 500cm -~. The observed electronic states fit an 
ionic Ho+aO 2 description of HoO wherein the Ho +2 ion arises from the 4fl°(sI)6s 
electronic configuration. The ground-state configuration of HoO can therefore be best 
described as 4f ~° cy, where the cy orbital is composed of Ho 6s and O 2p orbitals. The 

TABLE 64 
Spectroscopic constants (cm 1) for the observed states of HoO. Reproduced from Liu et al. 

(t984). 

Hyperfine 
B o width 

State T O Note a Note b AG1/2 (low J) d c 

[22.4] 8.5 d 22 371.56 0.3448 
[20.2] 8.5 a 20 168.63 0.3508 
[19.4] 9.5 d 19 386.01 0.3565 
[19.0] 7.5 19 010 1.0 0.15 
[18.4] 6.5 18 361.53 0.3485 0.3485 1.1 0.19 
[18.3] 8.5 18 300 
[17.6] 7.5 17 552.72 0.3559 787 1.2 0.18 

W 2 6.5 1 861.1 0.3502 0.8 0.14 
W 1 7.5 1 130 841 2.0 0.28 
X 2 7.5 608.78 0.3560 0.3561 1.4 0.19 
X 1 8.5 0 0.3575 0.3573 841.4 2.4 0.35 

Band origins: [17.6] 7.5 X 1 8.5 (0,0): 17 552.72 
(0, 1): 16711.34 

[17.6] 7.5-X 2 7.5 (0,0): 16943.94 
[18.4] 6.5 W z 6.5 (0,0): 16 500.51 

Values of Liu et al. (1984). 
b Values of Kaledin and Shenyavskaya (1981). 
c For [17.6] 7.5 and X 1 8.5, d was calculated from combination differences. For all other states, 
d was estimated from hyperfine width. Both hyperfine width and d are very rough approxi- 
mation. 
d Not observed in the experiments of Liu et al. (1984). 



130 K. BALASUBRAMANIAN 

,+ {7 5) 

1 7 - -  

E 

LLI 

o 

2 - -  

I - -  

O - -  

Fig. 42. Energy-level diagram 
and electronic transitions for 
HoO. The full lines represent 
transitions excited by the laser 
while the broken lines are transi- 
tions observed in the resolved 
fluorescence spectra by Liu et al. 
(1984). Reproduced from Liu 
et al. (1984). 

analysis of the hyperfine pattern indicated that the 4f electrons contribute to a greater 
extent to the hyperfine pat tern compared  to the 6s by a factor of between two 0nd four. 
This is in contrast  with P rO  for which the l a n d  s contributions were found to be similar. 
Consequently,  Liu et al. (1984) concluded that the 4f-electron contr ibut ion to hyperfine 
structure increases as the number  of  4f electrons (or holes if 4f is less than half full) 
increases. 

6.9. TmO 

Kotzian  and R6sch (1991a, b) have studied the low-lying electronic states of T m O  
with energy separations less than 13 528 c m -  1 relative to the ground state. They have 
also compared  the results of their I N D O / S - C I  technique with the ligand-field theore- 
tical study of Dulick et al. (1986) as well as Carette and Hocquet  (1988). Since the 
Kotz ian  and R6sch (1991a, b) work is the most  recent on the topic, we use their table 
and figure as a basis for the discussion on the electronic states of TmO.  At present, it 
appears that there exists no experimental data on TmO.  
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Table 65 shows the energies of the molecular states of TmO obtained by Kotzian and 
R6sch together with two ligand-field model energy separations. We note that the 
INDO/S-CI method yields a different ground state of -0 = 3.5 while the LFT models 
predict a .0=0.5 ground state. Kotzian and R6sch (1991a, b) argued that their 
INDO/S-CI treatment is consistent with the non-relativistic 4A ground state for TmO 
which would yield a .0 state of 3.5 when projected. Overall, as seen from table 65, the 
ligand-field and INDO/S-CI methods agree reasonably well, when one considers the 
fact that the .0=  1.5 state is only ~ 100cm- 1 above the 0.5 state in the LFT methods. 

Figure 43 shows a diagramatic comparison of the energy levels obtained from the 
INDO/SCI method with the LFT methods. As seen from fig. 43, overall both the 
methods yield quantitatively similar ordering of states although there are quantitative 
differences. The state manifold arising from the low-lying multiplet components 
exhibits a montonic energy dependence in k (k = . 0 - J a )  as noted by Kotzian and 
R6sch (1991a, b). 

Kotzian and R6sch (1991a, b) did other model calculations by changing the INDO 
bonding parameter ~e and elongating the bond distance. Both changes were found to 
yield a linear dependence of k of the corresponding energies. Kotzian and R6sch 
(1991a, b) concluded that the rather small discrepancy in energies and different ground 
states in the two methods should probably be due to the crude point-charge approxi- 
mation used in the LFT model on the Tm 6s orbital. However, since at present there 
exists no experimental data on TmO it is hard to conclude which model predicts the 
correct ground state and energies for TmO. It would certainly be interesting to obtain 
the spectra of TmO. 

6.10. YbO 

McDonald et al. (1990) have recently studied YbO using a laser spectroscopic 
method. Linton et al. (1983a, b) have studied YbO before and analyzed the O +-  1E+ 
transitions of YbO. The study of McDonald et al. (1990) seems to provide evidence of 
linkage of the Yb+Zf 13 s and f14 configurations. McDonald et al. (1990) find that the 
X 1E + ground state of YbO arises for the Yb + 2 4f14 configuration while five excited 
states with -0= 0, 1,2; 1 and 3 arise from the 4f 13 6s configuration of Yb +1. This is not 
quite consistent with the ground-state calculations by Dolg et al. (1988) and Dolg and 
Stoll (1989). 

Dolg et al. (1992) have recently studied YbO together with YbH and YbF using 
SCF, CASSCF, large-scale CPF, MRCI as well as CIPSI calculations employing 
quasi-relativistic effective core potentials (ECP). Dolg et al. (1991b) use both non- 
relativistic and quasi-relativistic energy-adjusted ab initio pseudo-potentials for Yb 
with extended Gaussian basis sets. They computed the spectroscopic constants of 13 
low-lying electronic states of YbO. Spin-orbit effects were incorporated using energy- 
adjusted ab initio spin-orbit operators. They find 25 ,(2 states for YbO. In particular 
their computed spectroscopic constants (R e = 1.895 ~,, D o = 2.47 eV, ~o~ = 653 cm-1) 
are not in entire agreement with the constants deduced by McDonald et al. 
(1990) for the 4fl4crz(~2~ 4 lye+(0+) state (R~=1.807~,, D0=4.29eV, toe= 
499 cm- 1). 
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TABLE 65 
of molecular states of TmO (in cm- 1) arising mainly from the atomic states of H and F ofTm III. 

.(2 

INDO/S-CI LFT LST 

Energy" Composition Energy b Energy ° 

3.5 0 IH6 6.5)90% 
2.5 24 I H 6 6.5 ) 95~ 
1.5 187 IH 6 6.5) 73~ 
2.5 320 IH 6 5.5)95% 
4.5 416 IH6 5.5)87% 
0.5 512 IH6 6.5)85% 
1.5 629 I H 6 5.5) 72% 
3.5 668 I H 6 5.5 ) 89~o 
0.5 859 IH6 5.5)85% 
5.5 1671 [H6 6.5)95~ 
4.5 1914 IH 6 5.5) 88~o 
6.5 2461 I H 6 6.5 ) 100% 
5.5 2655 IH 6 5.5 )95% 
3.5 5201 IF4 4.5) 83~ 
2.5 5261 IF4 3.5)68% 
2.5 6289 IF 4 4.5)68~ 
1.5 6355 IF4 3.5)47% 
0.5 6387 IF 4 4.5) 44% 

4.5 6457 IF 4 4.5 ) 97% 
3.5 6630 IF 4 3.5 ) 89% 
0.5 6637 IF 4 3.5) 54% 
1.5 6644 IF4 3.5)38% 
1.5 7911 IH 5 4.5)46% 
2.5 7928 IH 5 5.5)74~ 
1.5 8039 IH 5 5.5)49% 
0.5 8040 [H 5 5.5 )90% 
0.5 8065 [H 5 4.5)90% 
3.5 8318 I n5  5.5) 78~ 
2.5 8382 I H 5 4.5 ) 74~o 
4.5 8892 [H 5 5.5 ) 86% 
3.5 8930 In  5 4.5 ) 83% 
5.5 10038 IH5 5.5)100% 
4.5 10070 IH 5 4.5)89% 
1.5 11 636 [H4 3.5)67% 
2.5 11 728 IN4 4.5)72% 
0.5 12076 IN4 3.5)48% 
1.5 12 100 [H4 4.5)59% 
0.5 12 688 I H 4 4.5) 47% 
3.5 12 849 IN 4 4.5 ) 84% 
2.5 12 859 IN 4 3.5) 78% 
3.5 13469 IH4 3.5)83~o 
4.5 13 528 IH 4 4.5 ) 97% 

H 6 5.5)9% 905 731 
413 323 

H 6 5.5 ) 25% 128 97 
1375 951 

H 6 6.5) 11% 1649 1381 
H66.5)11% 0 0 

IH6 6.5)24% 881 536 
[H 6 6.5)9% 2150 1625 
I H 6 6.5) 10~o 643 336 

2653 2331 
[H6 6.5) 11% 3194 2602 

3899 3583 
4485 3881 
6982 

1F44.5)23% 7115 
IF4 3.5)22% 7396 
IF 4 4.5 )45% 7246 
IF4 3.5) 12% 7313 
1P22.5)9% 

6870 
7325 

[F 4 4.5) 19% 7588 
IF4 4.5)36% 7514 
IF 5 5.5)44% 8682 7771 
IH 5 4.5) 16% 9147 8093 
IH 5 4.5)46% 9161 8119 

8502 7669 
8682 7790 

[H 5 4.5 ) 12% 9858 8691 
IH 5 5.5) 16~o 9894 8722 
[H 5 4.5 ) 10% 9648 
]H5 5.5)13% 9678 

11010 
[H5 5.5)11% 11034 
1H44.5)23% 14048 
1H43.5)18% 14649 
IH 4 4.5)29% 13 798 
IH4 3.5) 17~ 14546 
[H4 3.5) 28~ 14094 
[H4 3.5)12% 15752 
1H44.5)19% 15553 
IH4 4.5) 13% 17 122 

17385 

From Kotzian and R~Jsch (1991a, b). The atomic states 
contributing more than 9% are listed. 
b Dulick et al. (1988). 
° Carette and Hocquet (1988). 

are labeled according to [LfJfJ a). Only states 
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k~J 

16  

14 

1 2  

I0  

8 

6 

4 

2 

INDO/S LFT 
u 
u 

4.5 
3.5 3 5  

m 
2.5 2.5 

U 1.5 
4.5 [ .5 I1~ 11.5 

2.5 0.5 
3.5 ~ I . 5 [ I .,,,~ 

3.5 2.5 
0.5 4.5 

1.5 . m  
4.5 5.5 

3.5 
5.5 3.5 

2 . 5  4 5  2.5 
,1.5 ~ 2.5 0.5 ~ 1.5 

3.5 ~ ~ ~ 3.5 
1.5 I 5 0 5  2.5 

1.5 

4.5 2.5 2.5 1.5 0.5 
I)5 

3 5  
5 5  
m 
m 

5.5 6.5 4.5 
~ 4 . 5  
' , ~  5 5  3 5  

3 5  2.5 1.5 I1.5 5.5 
~ ~ 4.5 

~ ~ ~ 3.5 
,15 ~ ~ I .4 

3.5 2.5 15 

11.5 

1.5 11.5 

0,5 

k = (I -1 -2  -3  -4 -5 -f~ 1} -1 -2  -3  -4  -5  - 6  

F ig .  43. E n e r g y - l e v e l  d i a g r a m  fo r  T m O  as  o b t a i n e d  f r o m  I N D O / S - C I  a n d  L F T  m e t h o d s .  All  s t a t e s  a r e  

d e r i v e d  f r o m  the  l o w - l y i n g  T m  +2 H a n d  F a t o m i c  t e r m s .  F o r m a l l y  a s s i g n e d  s t a t e s  a r e  i n d i c a t e d  by  e m p t y  

b o x e s  w h i l e  t h e  F d e r i v e d  s t a t e s  a r e  i n d i c a t e d  by  h a t c h e d  boxes .  R e p r o d u c e d  f r o m  K o t z i a n  a n d  R g s c h  

(1991a,  b). 

It should also be mentioned that at the best level of theory, Dolg et al. (1991 b) obtain 
the ~ = 0-  state arising from the 4f 13 cy 2 ~2 re4 ~ configuration 0.93 eV lower than the 
experimentally assigned .(2= 0 ÷ ground state arising from the 4f 14 ~2 cy2 ~4 configur- 
ation. Dolg et al. (1991b) noted that differential correlation effects and relativistic 
effects are quite significant for YbO. When this chapter was being prepared, Dolg 
communicated to the author that work on YbO was still in progress. 

Dolg etal. (1991b) note that their computed R e = 1.895A for the 11;÷is too long 
compared to a value of 1.807 A derived by Linton et al. (1983a, b), while the computed 
R e for the 352 ÷ state (1.768 A) is closer to the experimentally deduced value. The major 
disagreement between the work of Dolg et al. (1991b) and McDonald et al. (1990) is 
probably in the energy separation of 4f 14 and 4f13g configurations. Whereas 
McDonald et al. (1990) deduce this energy separation as 910 cm-1 (4f14 being lower), 
Dolg etal. (1991a, b, 1992) computed an energy separation of 6200 cm 1, 4f13 cy being 
lower in the absence of spin-orbi t  coupling. 

Dolg communicated to the author that the spin-orbi t  coupling between the 0 ÷ 
states causes further complication. When spin-orbi t  coupling is included, the ground 
state appears to change from 4f 13 ~ to 4f 14 in the bonding region. This demonstrates 
strong coupling of the 0 ÷ states arising from these two electronic configurations. This 
could, in turn, lead to different spectroscopic constants in the presence of the spin orbit 
operator. YbO is certainly thus an interesting candidate from the standpoint of 
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relativistic effects and electronic correlation effects. The reader is referred to the Dolg 
et al. (1991b) paper for further details. 

Table 66 shows the spectroscopic constants of YbO as derived from experimental 
spectra as well as three ligand-field models. Figure 44 depicts the energy-level diagram 
for YbO showing all observed and computed states of YbO. The X 1Z+ state arising 
from Yb +2 (4f 14) is assigned as the ground state of YbO in table 66. The 4f 13 6s 
configuration of Yb + 2 yields several 12 states among which the .O  = 0 -  and .(2 = 1 states 
are very close to each other. The .(2 = 0 + state from the 4f 13 6s configuration of Yb + 2 
has not yet been observed. The .(2 = 2, 1, and 3 states are higher than the .(2 = 0 + state of 
YbO. The state at 4637cm -1 is tentatively assigned to the 4f135d (0 +) state by 
McDonald et al. (1990). 

The assignment of McDonald et al. (1990) of the observed states is based on the fact 
that the vibrational frequencies associated with states arising from 4f ~4 and 4f 13 6s 
configurations are expected to be very different near the y b + 2 0  -2 atomic-ion-in- 
molecule limit. They argued that the 4f I4 1E + will have a ~o e close to that of BaO whose 
ground state co e is 605.7 cm-1. Since the ground state toe of YbO was deduced as 
683 cm - 1 by McDonald et al. (1991), they suggest the assignment of the ground state as 

TABLE 66 
Spectroscopic constants  of the low-lying YbO states (in cm-1).  

State Exp." LFT fit b LFTcalc .  ° LFT calc. d 

(J,, f~) 
f14(0,0 +) 0 - 11 
fl 3 s(4, 0 - )  910 910 e 
f13 s(4, 1) 1015 1125 
f13s(3,0+) - 1628 
f 13 s(4, 2) 2408 2330 
f13 s(3, 1) 2702 2688 
f 13 s(4, 3) 4287 4319 
f~3 d?(?,0 + ) 4637 
fl 3 s(3, 2) - 4818 
f 13 s(4,4) - 6868 
fl 3 s(3, 3) - 7559 
f13 s(2,0-)  - 11 341 
f13 s(3,1) - 11 675 
f13 S(3,0 +) _ 11 981 
f13 S(2, 1) - 13 807 
fI3 S(3, 2) - 13 973 
f 13 s(2, 2) - 16 882 
f 1 a s(3, 3) - 17 305 

276 
910 e 

997 
1262 
1697 
1895 
2950 

3197 
4597 
4894 

- 11 
910 ° 

1013 
1289 
1646 
1807 
2840 

3021 
4676 
4467 

11 208 
11415 
11 562 
12 559 
12 665 
14 508 
14 697 

" McDonald  et al. (1990). 
b 13 Fit of five experimental f s energies, varying only G 3 and B~] in 
the ligand-field effective Hamil tonian by McDonald  et al. (1990). 
c Ligand-field calculation with no adjustable parameters.  Dulick 
et al. (1986). 
a F r o m  Carette and Hocquet  (1988). 
e Calculated energies shifted to coincide with lowest energy 
observed f13s state by McDona ld  et al. (1990). 
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YbO Calculated and Observed Energy Levels 
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Fig. 44. Energy-level diagram for YbO showing all observed and calculated states arising from 4f 14 and 
4f136s configurations. Reproduced from McDonald et al. (1990). 

X l]~+('~fl4). The 4f136s states have larger toes. It should be noted [as done by 
McDonald et al. (1990)] that the vibrational frequencies were deduced by Yb isotope 
shift and thus may not be reliable for multiply perturbed upper states arising from 
Yb +O-  states. McDonald et al. (1990) noted that the electronic states arising from fN s 
configurations of other species such as CeO, PrO, SnO, DyO, HoO have larger rues 
compared to fN+ 1 configuration. The LFT calculations also yield results in reasonable 
agreement with the experimentally deduced energies. The reader is referred to the paper 
by Dolg et al. (1992) for the most recent information concerning the ground state of 
YbO and the effect of spin orbit coupling. The spin orbit coupling of 4f 14, 4f 13 6s 
states can certainly lead to different spectroscopic constants in the bonding region. 

7. Electronic structure of  selected lanthanide and actinide polyatomics  

There are numerous polyatomics containing lanthanides and actinides that have 
been studied in the literature. Comprehensive review of such species is evidently beyond 
the scope of this chapter. Nevertheless, a review of recent theoretical and related 
experimental studies on polyatomics containing lanthanides and actinides can shed 
significant light on the nature of chemical bonds in such systems. In this connection, we 
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point out two reviews on the topic which provide a comprehensive summary of the 
literature on the topic. A review by Pyykk6 (1987) on developments in the theory of 
f-element molecules, especially polyatomics, should be consulted. This review of 
Pyykk6 contains references and a table of relativistic calculations on molecules 
containing f elements. To summarize in addition to the molecules already reviewed, 
Pyykk6 lists polyatomic hydrides such as Cell 4, ThH4, UH6, MH +, MH 2 (M = Yb, 

UO 2, AnX, (An = U-Pu ,  X = F - I  for several n), AnO-, m (for several n, m, No), +2 
An = actinide), An (Cn), (Cn = C,H,), An(BH4) 4 and other inorganic multicenter 
complexes. The level of theory included extended H/ickel theory, Dirac-Slater discrete 
variational method, Dirac-Slater multiple-scattering method, quasi-relativistic 
multiple-scattering, pseudo-potential, perturbative Hartree-Fock method, relativistic 
extended Hfickel theory, CNDO, INDO, etc. Hay et al. (1979) have studied UF 6 and 
UF~ theoretically. The reader is referred to the literature cited by Pyykk6 (1987) for the 
actual details on these computations. Pyykk6 et al. (1989) have used the REX method 
[Pyykk6 and Lohr (1981), Larsson and Pyykk6 (1986)] to study ThO 2 and UO~ -2. 

The second review is due to Pepper and Bursten (1991). This review focussed on the 
electronic structure of actinide-containing molecules. Note that the present chapter 
complements this in that our chapter is mostly on lanthanide-containing species. 
Consequently, the reader is referred to the excellent review by Pepper and Bursten 
(1991) for a comprehensive summary of the electronic structure of actinide-containing 
species. The review by Pepper and Bursten (1991) contains the details of calculations 
on actinide hydrides, actinide halides, actinide oxides, cyclopentadienyl-actinide com- 
plexes, actinocenes, metal-metal bonding in actinide systems and miscellaneous other 
actinide systems. This review also consists of descriptions of theoretical techniques 
employed to study the actinide-containing molecules. The reader is directed to this 
review for further details on such calculations on actinide-containing molecules. 

In the present section we identify a few lanthanide- and actinide-containing poly- 
atomics, which provide a basis to gain insight into bonding in some of these systems. 
We select only those lanthanide- or actinide-containing polyatomics which are topical 
and interesting or which provide a basis to gain significant insight into the nature of 
bonding in such systems. Therefore, the choice of such molecules is certainly biased and 
by no means this choice is meant to constitute a comprehensive review on the recent 
developments in the electronic structure of polyatomics. 

7.1. Polyatomic oxides and complexes 

Pyykk6 and Zhao (1991) have investigated the uranium-oxygen clusters such as 
U O ~  +, U O  2 2, U O  6 2, U O  6 6 and (UOU +)2 using quasi-relativistic pseudo-potential 
studies at Hartree-Fock or M P2 level of theories. They found that the U - O  distances 
for OUO + 2, UO~-2 and cubic UO 6 6 are comparable to the crystal data. They found 
that the theoretical calculations of the large variation in U-O,x distance as a function 
of U Oeq distance for UO 6 6 (Dgh) followed the experimental curve. These variations 
were interpreted by Pyykk6 and Zhao as a frozen soft eg mode. Apparently, the large 
uranyl bond length is a classical problem as illustrated in the handbook of Dennig 
(1983). 
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TABLE 67 
Calculated relativistic U-O bond lengths, R (in pro), and breath- 
ing frequencies vl(al) (in cm-i). Reproduced from Pyykk6 and 

Zhao (1991). 

Species Method R v 1 Note 

UO 2+ HF 162.5 1216 
MP z 173.2 922 
HF 163 a 
HFS 170.0 b 
Exp. ca.830 c 

UO~- HF 171.2 1031 
MP2 177.0 1074 
Exp. 808 d 

UO 2 HF 181.8 d 
MP2 179.7 
HFS 187.3 e 
HFS 183.4 f 
Exp. 765 g 

UO]- HF 187.3 872 
Exp. 199 h 

UO 6- HF 214.8 592 
Exp. 208-209 
Exp. 797 i 

UN 2 HF 181.8 783 
MP2 191.1 816 

a Wadt (1981). 
b Van Wezenbeek et al. (1991). 
c A typical value for U--Oax around 170pm (Glebov 1983). 
a Green et al. (1976) (av.). 
e Purposely omitted for this single-configuration open-shell d~ 1 81 
triplet state. 
fallen et al. (1988). 
g Gabelnick et al. (1973). 
h In Na4UO 5 and Li4UOs, Hoekstra and Siegel (1964). 
i Jorgensen and Reisfeld (1982). 

P y y k k 6  and Z h a o  (1991) used the quasi- re la t ivis t ic  effective core poten t ia l  of H a y  
and W a d t  (1985a, b) and  the Gauss i an  90 codes to s tudy these u ran ium-oxygen  clusters. 
Tab le  67 shows the results of the P y y k k 6 - Z h a o  calcula t ions  for var ious  U O ~  + and 
U N  2 clusters. As seen from table  67, the agreement  between the P y y k k 6  and  Z h a o  
ca lcula t ion  and the exper iment  is qui te  reasonable  for the v ibra t iona l  frequencies. 

Coussan  e ta l .  (1984) found (ONpO+)2  to have the s t ructure  shown in fig. 45a. 
P y y k k 6  and Z h a o  (1991) also find a s imilar  s t ructure  for (OUO+)2  d imer  shown in 

fig. 45b, which is a s table geometry .  
P y y k k 6  and  Joy6 (1991) have made  relat ivist ic  ex tended Hiickel  ca lcula t ions  to 

in terpre t  23VNp nuclear  q u a d r u p o l e  coupl ing  and isomer  shifts in nep tunyl  com- 
pounds .  They also reviewed act inide  c o m p o u n d s  conta in ing  mul t ip le  bonds.  P y y k k 6  
and Jov6 (1991) noted  tha t  the diffuse weakly  b o u n d  7s and 7p orbi ta ls  are  relat ively 
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Fig. 45 (a) The structures of (ONPO + )2 from Cousson et al. 
(1984). (b) The structure of (OUO + )2 computed by Pyykk6 
and Zhao (1991). 

unimportant in the actinide bonding. The 6d and 5f orbitals appear to be more 
important for the covalent bonding of the early actinides (Th-Am) and the 6p 
semi-core orbital. The possibility of the unusual O ~ A n z O  "+ and An = Pa-Am 
bonding over a large domain by varying the equilateral ligands was discussed by 
Pyykk6 and Jov6. 

Multiple bonding in actinides is indeed quite interesting. Katz et al. (1986) as well as 
Gmelin (Handbook) (1983) list examples of such compounds. For example, the 
O = U = O  +2 molecule with a U-O bond length of 1.50 2.08A is known. Likewise, 
Wadt (1981) has found O = T h = O  multiple bonding in thorium dioxide, while 
Marian et al. (1988) and Heaven etal. (1985) have found multiple bonding in 
T h ~  O and U ~  O, respectively. 

The other interesting species, although not polyatomic, is the uranium dimer, U2, 
which exhibits interesting metal-metal bonding. Pepper and Bursten (1990) have 
studied the U 2 molecule. Although actinide-actinide bonding has been a topic of 
several synthetic and computational studies, as noted by Pepper and Bursten (1991 ) no 
discrete molecules containing a direct bond between two actinide atoms has been 
isolated, although U 2 appears to have been observed in the gas phase by Gingerich 
(1980). Pepper and Bursten (1990) in their most recent U 2 relativistic ECP-CASSCF 
computation have reviewed the previous literature. They have identified two distinct 
sets of states with potential energy minima. The first set of states (13Ag) have approxi- 
mately 3.0,~ Res; these states essentially comprise atomic 5f and bonding 6d and 7s 
orbitals. The second set of states (SAg) has relatively shorter R e (2.2 ~,); the bonds in 
these states are composed of 5£ 6d and 7s orbitals of the two atoms. There are other 
studies on An-An bonding. Ortiz (1986) and Makhyon et al. (1987) have investigated 
Th(qS-Cp)2-(p,-PHz)2Ni(Co)2 complex using EHT and QR-MS levels of theories, 
respectively. Ortiz (1986) reported the Th-Ni overlap populations as a function of 
bond distance. The overlaps were negative in all cases, however, the short bond 
distance structure exhibited the least negative overlap. Hay et al. (1986) have reported 
ECP calculations on similar heterobimetallic systems. 

Hay (1991) has studied the high-coordinate metal complexes containing lanthanide 
(III) ions using molecular mechanics calculations. He has applied the molecular 
mechanics technique to 58 known structures of eight- to twelve-coordinate aqua- and 
nitratolanthanide (III) complexes. He has also presented various required parameters 
for the computation of these species. He has studied complexes such as M(OHz)gX 3, 
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M(OH2) 9 (BrO3)3, etc. (where X = OTf, EtSO2) for M = La, Nd, Gd, Ho, Lu in the 
former case and M = Pr, Nd, Sm and Yb in the latter case. 

Meyer and Hoffmann (1991) have studied the layered halides Pr2X 5 (X = Br, I). 
These authors achieved the unusual composition of MeX 5 for lanthanide halides 
(M = La, Ce, Pr; X = Br, I). The Pr2X 5 layered halide was found to be weakly 
semi-conducting (Pr2Brs: 3800t2cm; Pr2Is: 1600f~cm). Magnetic studies revealed 
transitions to antiferromagnetic ordering for the paramagnetic phases of Pr2Br 5 and 
Pr2I 5 below T N (TN = 50 and 37 K). Meyer and Hoffmann made extended H/.ickel 
calculations of the bond structure of these compounds which revealed two narrow 
low-lying half-occupied d bonds with two electrons per Pr4Xlo unit cell. Pr2Br 5 
crystallizes monoclinic forming a layered structure. The metal atoms form zig-zag 
layers derived from a hexagonal layer. 

Kotzian et al. (1991b) have applied the INDO/S-CI method including spin-orbit 
coupling based on Rumer spin functions to the hydrated cerium ion. They have 
described an efficient technique to obtain excitation energies, transition moments and 
Mulliken populations based on the Rumer-adapted functions method. They have 
obtained the energies of the ground and excited states of [Ce(CH20)9 ] + 3. The 4 f~  5d 
transitions were found to be split by 10000cm -1 due to spin-orbit coupling and 
ligand-field interaction. Kotzian and R6sch are also considering application of this 
method to other lanthanide hydride ions [Ln(HzO)n] 3+ (n = 8, 9). 

Kotzian et al. (1991b) have considered several structures of D3h, D3, C3h and C 3 
symmetries. They noted that the agreement with the experimental spectrum could be 
obtained for a geometry with low symmetry, (i.e., with the three-fold axis removed) 
although for simplicity, Kotzian et al. (1991a, b) considered [Ce(H20)9 ] + 3 complex as 
if it had D3h point-group symmetry. The INDO/S-CI method confirmed the previous 
Okada et al. (1984) assignment of the bands in the 37000-51000cm -1 region to 
4 f~  5d transition. The spin-orbit splitting was computed as 2200 cm- 1 for the 4f state. 
The Mulliken-population analysis revealed a 4f occupation of 1.01 electron. It was 
noted by Kotzian et al. (1991a, b) that due to the compactness of the 4f shell, the 4f 
valence electron of Ce ÷3 does not contribute to metal-ligand bonding. This is 
reminiscent of the M+20-2 bonding discussed before for the diatomic lanthanide 
oxide. The bonding of [Ce(H20)9 ] + 3 is facilitated by donation of lone-pair electrons 
from H20 to Ce ÷ 3. The o-type loan pair has the largest overlap with Ce (6s, 6p and 
5dz2 ) and the a-type bonding is composed of H20 lb 2 overlap with Ce(5dyz) orbital. 

7.2. Uranocene and actinocenes 

Streitwieser and Mfiller-Westerhoff (1968) prepared the uranocene, U(CsH8)2, 
sandwich complex. They speculated that the U(5f) orbitals might play an important 
role in the metal-ligand bonds in uranocene. The reactivity properties of uranocene 
have been studied quite extensively by Streitwieser et al. (1973) and Streitwieser and 
Kinsley (1985). Other actinocenes and substituted uranocenes have been experimen- 
tally synthesized as well (Karraker et al. (1970), Karraker 1972). 

Many actinocenes exhibit beautiful color with strong absorption in the visible region 
of the spectrum. Uranocene is green, Np(CsHs) 2 is yellow to blood red depending on 
concentration, and Pu(CsHs) 2 is cherry red (Karraker et al. 1970). 
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Uranocene, like other actinocenes, is readily prepared by the following reactions: 

T H F  

2K + GsH 8 ~ 2K + + GsH~ 2, 

M+ 6 + 2C8H82 T H F  ~ M(CsHs)2, 

where M is the actinide. For example, Np(C8Hs) 2 is made by reacting NpC14 with 
C8H8 2 generated by potassium in tetrahydro furan (THF) solution. The resulting 
sandwich complex is crystallized. Uranocene is green and sublimes at 180°C and is very 
stable in oxygen-free surroundings (Streitwieser and Mfiller-Westerhoff 1968). Several 
spectroscopic studies (Raman, 13C NMR, H NMR, visible spectra, and photoelectron 
spectra) of these compounds have been made. 

Chang and Pitzer (1989) have computed the electronic states of uranocene using ab 
initio relativistic effective core potential (RECP) including spin-orbit coupling. Chang 
and Pitzer employed Gaussian functions which resulted in a basis set of 208 generally 
contracted functions. Ninety-four valence electrons of uranocene were explicitly 
treated. The molecular orbitals were obtained using the SCF method while virtual 
orbitals were improved by the improved virtual orbital computation for a better 
description of excited electronic states. The spin-orbit coupling was included using the 
double-group CI method. 

The overall ground state of uranocene is a E3g state in the DZh double group arising 
from the 5f z electronic configuration of U. For example, the f2 3H4 states in the Ds2h 
double group correlate into Alg , Elg , Ezg , E3g, Big and B2g (IMg] = 4) representations. 
Overall, the 6d orbitals play an important role in bonding in U(CsHs)  2 but the 
open-shell 5f 2 configuration determines the possible electronic states as concluded by 
Chang and Pitzer (1989). 

The Mulliken-population analysis of the SCF orbitals obtained by Chang and Pitzer 
(1989) reveals that the charge on U is + 0.98 (rather than the formal + 4 charge). This 
means U has donated a significant portion of its positive charge to the ligands. The U 
population in the ground state is U(7s °'.3 7p °11 6d 1"98 5f2"5). This is consistent with 
the primary role of the 6d orbitals in the bonding of U(CBHs) 2. 

Figure 46 shows the energy level diagrams for the experimental and the theoreti- 
cally computed states by Chang and Pitzer of U(C8H8) 2. As seen from fig. 46, the 
Chang-Pitzer calculation predicts the E3g state as the ground state with a low-lying 
E2g state only ~ 0.1 eV above the E3g state. The Big and B2g states corresponding to 
[MjI = 4 are virtually degenerate. Next, there exists an Elg state and degenerate E3g and 
Alg states. Figure 47 shows the lowest possible electronic states arising from exciting a 
5f electron into 6d. 

Table 68 shows the computed energy separations of the first 38 electronic states of 
uranocene obtained by Chang and Pitzer (1989). Table 69 shows the excitation energies 
for the electronic states arising from the promotion of a 5f electron into 6d, together 
with whether an electronic transition into that state is dipole allowed or not. 

Figure 48 shows three possible electronic transitions that correspond to the visible 
spectrum as proposed by Chang and Pitzer (1989). As evidenced from fig. 48, the 
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Fig. 46. The lowest 5f 2 electronic states 
of uranocene. Reproduced from Chang 
and Pitzer (1989). 

first-allowed transition from the ground state is an f ~ d  (E3g--*E2u) transition at 
2.84eV while the second-allowed transition is an f ~ d  E3u transition at 2.905eV 
(z-polarized). This corresponds to band I (fig. 48) whose experimental transition energy 
is 2.017eV and is z-polarized. Band II (Eag--*E2,) has an experimental transition 
energy of 1.939 eV compared to the calculated value of 2.837 eV and is (x, y)-polarized. 
Chang and Pitzer suggest that the (x, y) polarized Ezg--*E3u transition (theory 
2.796 eV) with an expected experimental energy of 1.959 eV may be buried under band 
II. Overall, theoretically computed energies of Chang and Pitzer (1989) are 0.9 eV too 
high compared to experimental values. Nevertheless, they reproduced the relative 
trend of experimental energies. Consequently, Chang and Pitzer (1989) reassigned the 
observed bands as follows. 

The visible bands previously assigned to the ligand to metal Tt ~ f charge-transfer 
transitions were reassigned to the 5f --* 6d transition. Table 70 gives a summary of a few 
dipole-allowed electronic transitions of U ( C s H 8 )  2. The characteristic green color of 
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Fig. 47. The lowest 5f~ 6d states 
of uranocene. Reproduced from 
Chang and Pitzer (1989). 

uranocene was thus attributed by Chang and Pitzer (1989) to the 5f ~ 6d transition 
(E3g ~ Ezu, Eau), but this transition also has some admixture o fa  ~ 6d charge-transfer 
character as inferred from the CI coefficients. 

Chang and Pitzer (1991) have more recently investigated Np(CsHs) 2 as well as 
Pu(C8H8) 2. There are other crystal-field and ligand-field calculations as well on these 
species. The paper of Chang and Pitzer (1989) contains a comprehensive review of the 
literature. Neptunocene can be best described analogous to uranocene as arising from 
the (419/2, 5f 3) configuration. The (419/2, 5f 3) yields E7/2u ([M/[ ---- 2-,7 ~),9 E5/2 u ([M j[ = 52, 12/1] 

E3/2" (iMs I =3) and E1/2u (IMjI =½) electronic states. Table 71 shows the first 11 
electronic states of Np(CsH8) 2 arising from the 5f 3 electronic configuration. The 
electronic states shown in table 71 were computed by Chang and Pitzer (1991) using the 
SCF/IVNO/double-group CI procedures analogous to the uranocene. As seen from 
table 71, the ground state of neptunocene is an Es/2u state, although the E3/2u and Ev/2u 
states are only 0.138 and 0.181 eV, respectively, above the ground state. Hayes and 



RELATIVISTIC EFFECTS AND ELECTRONIC STRUCTURE 

TABLE 68 
First 38 f2 electronic states of uranocene. Reproduced from 

Chang and Pitzer (1989). 

Energy, Energy, 
State eV State eV 

38 Elg 2.189 19 Elg 1.234 
37 A~ 2.187 18 AI~ 1.153 
36 E3g 2.122 17 BI~ 1.121 
35 E2g 1.999 16 Bzg 1.118 
34 Alg 1.873 15 E2g 1.111 
33 E2g 1.869 14 Azg 1.090 
32 E2~ 1.856 13 E3g 0.999 
31 E18 1.811 12 E3g 0.844 
30 E3g 1.741 11 B2g 0.816 
29 B2g 1.688 10 Big 0.811 
28 Az~ 1.680 9 E2g 0.773 
27 Big 1.679 8 Elg 0.754 
26 E2g 1.538 7 Alg 0.565 
25 Eag 1.533 6 E3g 0.564 
24 Elg 1.504 5 Elg 0.514 
23 Elg 1.474 4 Big 0.364 
22 E3g 1.425 3 B2g 0.360 
21 E2g 1.388 2 E2g 0.109 
20 Alg 1.351 1 Eag 0.000 
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TABLE 69 
The f ~ d  excitation energies for the electronic states of uranocene. Reproduced from Chang and Pitzer 

(1989). Six f2 states also exist in this energy range. 

Excitation Electric dipole Excitation Electric dipole 
State energy, eV transition State energy, eV transition 

Alu 3.211 forbidden A2u 2.893 forbidden 
Elu 3.091 forbidden E2u 2.837 allowed (x, y) 
E2u 2.961 allowed (x, y) E1u 2.385 forbidderr 
Eau 2.905 allowed (z) A1u 2.280 forbidden 

Edels te in  (1972) have also c o m p u t e d  the same g round  state and  first excited state but  
c o m p a r e  IMsl = 9 for the second exci ted state using l igand-field theory.  There  is a large 
energy gap  between the fifth and  sixth states (table 71) and  thus Chang  and  Pi tzer  
suggested tha t  the first five states f rom J = 9 complex  while the next  six states 
compr i sed  the J = ~ complex.  

Table  72 shows the c o m p u t e d  energies of 13 electronic states of Pu(CsH8) 2 ar is ing 
from the 5f 14 conf igurat ion.  The  g round  state of Pu(C8Hs)  2 is thus an Axg ( M  s = O) 

state while JMsl = 1 (Elg), and  IMsl = 4 (Big, B2g ) are the first and  second excited states 
of  Pu (CsHs)  2. The  Axg g round  state c o m p u t e d  by Chang  and  Pi tzer  (1991) was fully 
consis tent  with the d i amagne t i c  charac te r  of Pu(C8Hs)  2 observed  by Starks  and  
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Fig. 48. Transitions of inv is ib lespec t rumofuranoceneas  
assigned by Chang and Pitzer (1989). 

TABLE 70 
U (C8H8) 2 dipole-allowed states. Reproduced from Chang and Pitzer (1989). 

AE, AE, 
State eV Character Polarization State eV Character Polarization 

Bzu 3.814 ~ d  x , y  E2u 3.484 a ~ d  x , y  
Blu 3.802 ~ ~ d  x, y E3u 3.477 f ~ d  z 
E3~ 3.796 " ~ d  z E3u 3.395 ~ d  z 
E3u 3.769 "~ ~ d  z Blu 3.377 f ~ d  x, y 
Bzu 3.737 ~ ~ d  x, y B2~ 3.377 f ~ d  x, y 
Blo 3.735 "~ ~ d  x, y E3u 3.349 ~t ~ d z 
Ezu 3.693 ~ d  x , y  Bzo 3.327 " ~ d  x , y  
E2, 3.565 "~ --* d z Blo 3.322 ~- '*d  x , y  
E3~ 3.557 ~ --*d z E2, 2.961 f ~ d  x, y 
E2u 3.554 ~ ~ d  x, y E3u 2.905 f--*d z 
E2o 3.522 ~ ~ d  x, y E2, 2.837 f--*d x, y 
B2u 3.491 ~ ~ d x, y E3g 0.00 f2 
Blu 3.490 ~ ~ d x, y 

The first 11 f3 states of 
TABLE 71 

Np (CsHs) 2. Reproduced from Chang 
et al. (1991). 

No. State Energy (eV) 

11 E5/2u 1.161 
10 El/2 u 1.002 
9 E3/2 u 0.946 
8 Ev/2 u 0.943 

7 E7/2, ' 0.895 
6 E5/2 u 0.848 
5 Ev/2 u 0.418 
4 E1/2,  0.351 
3 E7/2u 0.181 
2 E312 u 0.138 
1 Es/2 ~ 0,000 
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TABLE 72 
The first 13 f3 states of Pu (CsHs) 2. Reproduced from Chang 

et al. (1991). 

No. State Energy (eV) 

13 B2g 1.122 
12 Big 1.121 
11 Es~ 1.050 
10 Eag 0.946 
9 E2g 0.898 
8 Aa~ 0.829 
7 Elg 0.766 
6 E~g 0.544 
5 Ezg 0.445 
4 B2~ 0.291 
3 Big 0.291 
2 Elg 0.138 
1 Alg 0.000 

Streitwieser (1973). The results of the Chang-Pi tzer  computation differed from the 
Hayes and Edelstein (1972) ligand-field computation only on the second excited state. 
Chang and Pitzer (1991) assigned the first six states to a J = 4 complex and the next 
seven states to a J = 5 complex. 

Table 73 shows the possible excited u states of Pu(CsHs) 2 and their computed energy 
separations (Chang and Pitzer 1991). The first allowed (x - y) polarized charge transfer 

TABLE 73 
The u symmetry excited states of Pu (CsHs) 2. Reproduced from Chang et al. 

(1991). 

State Excitation energy (eV) Character Electric dipole transition 

E2u 3.28 r~ ~ d forbidden 
E3u 3.21 ~ ~ d forbidden 
Azu 3.17 ~ ~ d  allowed (z) 
E3u 3.16 ~ d  forbidden 
Alo 3.15 " ~ d  forbidden 
E2u 3.14 Tt ~ d  forbidden 
EI~ 3.12 ~ ~ d  allowed (x, y) 
Blu 3.11 "~ --* d forbidden 
B2u 3.11 ~ d  forbidden 
E1 u 3.09 n ~ d allowed (x, y) 
A2u 3.08 ~ ~ d allowed (z) 
B2u 2.99 ~ --+d forbidden 
Eau 2.99 a --+ d forbidden 
BI~ 2.98 n ~ d forbidden 
Elu 2.97 f - ,  d allowed (x, y) 
Alu 2.93 f ~ d  forbidden 
EI~ 2.92 "~ ~ d  allowed (x, y) 
E2~ 2.91 ~ ~ d  forbidden 
E3~ 2.84 f--+d forbidden 
E2~ 2.77 f--* d forbidden 
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z - d  transition of Pu(CsHs) 2 from the Alg ground state was computed by Chang and 
Pitzer to occur at 2.92 eV while the second transition ( f~ d) is only 0.05 eV higher. 

Bursten and Strittmatter (1991) have recently reviewed the cyclopentadienyl- 
acetinide complexes. They have presented the development of bonding models for 
CP-actinide complexes. They have considered the photoelectron spectra and bond- 
ing of several complexes such as U(CsHs)3C1, An(CsHs)4, U(CsHs)2, An(CsHs) 3, 
An(CsHs)3L, An(CsHs)3X , An(CsHs)zCI 2 and numerous other complexes of this kind. 
Since this is a recent review on the topic, we conclude this section by referring the reader 
to the excellent review by Bursten and Strittmatter on this topic for additional details. 
Bursten and Strittmatter (1987) have studied (CsHs) 3 UCO and related species. 

Dolg et al. (1991a, b) have studied the ground states of di-n-cyclooctaheraene cerium 
(cerenocene). These calculations have revealed that the Ce ion is almost entirely in a 4f 1 
electronic configuration corresponding to [Ce+3(C8H8-1"s)z]. Dolg et al. also ac- 
counted for correlation energy using correlation-energy density functionals and by 
limited-coupled electron-pair approximations. 

7.3. Lanthanides and actinides inside carbon cages (M® C,, M® C +) 

Kroto et al. (1985) showed the existence of unusually stable C60 cluster obtained by 
the laser vaporization of graphite. The unusually stable C6o was called "buckminster- 
fullerene" or informally the buckyball. Since the appearance of the Kroto et al. (1985) 
paper, numerous theoretical and experimental studies have dealt with the buckyball 
and other carbon cages in the general class of compounds called the fullerene (see also 
Cox et al. (1988)). The biography of C6o has grown into sfich an astronomical size that 
one could write reviews on this topic itself. We refer the reader to contact Professor 
Rich Smalley at Rice University to receive up-to-date biography of never-ending 
buckyball literature. 

Within a week after the discovery of C6o, Heath et al. (1985) and subsequently, Cox 
et al. (1986), Kaldor et al. (1986), Weiss et al. (1988) and O'Brien et al. (1986) have 
shown that metal complexes of the buckyball, especially the complex in which a 
lanthium atom at the ceriter of the carbon cage (La®C6o), can be produced by laser 
vaporization of a graphite rod impregnated with LaC13 and subsequent irradiation 
with an ArF laser. Several metal complexes of the buckyball and other carbon cages 
such as M®C,  (M = La, K, Cs, Ca, Ba and Sy) have been produced. Figure 49 shows 
the proposed structure of La + inside the C6o fullerene cage. 

Chai et al. (1991) very recently (only a week before this chapter was prepared) have 
generated fullerenes with a single and a cluster of La atoms trapped inside of the carbon 
cages in macroscopic quantities. This was accomplished by Chai et al. (1991) by laser 
vaporization of a lanthanum oxide/graphite composite rod in a flow of Ar gas at 
1200°C. Subsequently, when sublimed with C6o and C7o, they formed an air-stable film 
containing primarily LaC6o, LaCTo, LaC74 and LaC8/. A solution containing LaCsz 
was prepared by dissolving in toluene. The resulting solution was found to be uniquely 
stable. Chai et al. (1991) also obtained complexes containing up to three La atoms in 
large carbon cages such as La3C88. Chai et al. (1991) suggested the use of the ® symbol 
to represent an atom inside a cage which we follow in this section. For example, La 
inside C6o will be denoted by La® C6o. 
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Fig~49. The structure of La ÷ inside C6o. Reproduced from Heath et al. (1985). 

Chang et al. (1991) have studied the ground states of M(~C6o and M+@C6o for 
M = O, F, K, Ca, Mn, Cs, Ba, La, Eu and U. They employed relativistic ECPs for the 
metal atom and restricted Har t ree -Fock  (RHF) level of theory to study these com- 
plexes. There are other theoretical calculations based on the density functional method 
by Rosen and Wiistberg (1988) as well as Ballster et al. (1990). The recent study of 
Chang et al. (1991) on La®C60 showed that the lanthanum atom donates two electrons 
from the 6s orbital to the carbon cage. This, in fact, provided the basis to explain the 
unusual stability of La®Cs2 observed by Chai et al. (1991). In this section we review 
recent theoretical and experimental developments so as to gain insight into these 
unusual carbon cages containing a lanthanide or actinide atom inside. 

Chang et al. (1991) performed ab initio restricted Har t ree -Fock  (RHF) calculations 
on C6o cages with several metal atoms inside. They used a Gaussian basis set 
containing up to 556 basis functions and 257 valence electrons. All calculations of 
Chang et al. (1991) took full advantage of the icosahedrai symmetry (Ih). In the I h point 
group, the central atoms, s, p, d and f orbitals correlate into a,, tXu, hg and t2u -t- gu 
representations, respectively. 

Table 74 shows the electronic states of La®C6o and the energy separations com- 
puted by Chang et al. (1991). The ground state of La®C6o is obtained by donating two 
6s electrons to the tlu orbital of the C6o cage. This results in a t2u hlg configuration. Note 
that the single 5d electron of the La atom resides in a hg orbital. The calculations by 
Chang et al. (1991) indicated a strong destabilizing interaction between the 6s orbital of 
La and the C orbitals. This results in a formal charge of + 2 on La although the 
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T A B L E  7 4  

Electronic states of La@C6o. Reproduced from Chang et al. 
(1991). 

Configurations AE (eV) 

t 2 h 1 (S = 1.5) 0.0000 
l u  g 

t I h 2 (S = 1.5) 0.0018 
l u  g 

h 3 (S = 1.5) 0.28 
g 

t 1 h 1 t I (S = 1.5) 1.39 
l g  g l u  

t 1 h 2 (S  = 1.5) 1.71 
l g  g 

t 3 4 A  u 2 . 2 2  
lu  

2H u 2.56 
(av. of config.) 2.56 

a 1 h I t 1 (S = 1.5) 2.67 
g g iu  

t 3 2Tlu 2.79 
l u  

a 1 h 2 (S = 1.5) 3.09 
g g 

h z t 1 (S = 1.5) 3.30 
g 2u 

h 2 g~ (S = 1.5) 4.95 
g 

Mull iken-popula t ion  analysis of the R H F  orbitals obta ined by Chang  et al. (1991) 
indicated a 0.8 charge as a result of mixing of cage orbitals. The energies computed  
in table 74 are for the average of ~Tlg, 4T2g , 4Gg and 4Hg states, There is a nearly 
degenerate  electronic state obta ined f rom moving  a 6s electron to tlu and one to 5d 
(tlu h2). This corresponds  to an average of 4Au, 4Txu, 4Tzu, 24Gu and 34Hu states. 

The ground state of La + ® C6o was found to be h 2 yielding an IP  of 4.4 eV compared  
to an upper  limit of 6.42 eV obta ined by Hea th  et al. (1985) and Cox et al. (1986). Other  
electronic states arising from t l ,  hg and t~u configurat ions are 0.3 and 3 eV, respectively, 
higher in energy. 

The density functional theory predicts different ground states for La®C6o  and 
La+®C6o  . The  calculations by Rosen and W/istberg (1988, 1989) yielded tlau and t~Zu as 
the ground states of L a G  C6o and La + ® C6o, respectively. The L D F  method  gave an IP  
of 6.9 eV. However ,  this is contras ted by Chang  et al.'s calculations which place these 
states at 2.56 and 2.88eV, respectively, above  the ground state. Chang  et al. (1991) 
at t r ibuted this to the difficulty in the L D F  method  of distinguishing the total  energies of 
states for which closely spaced orbitals have different occupations.  

Table  75 shows the electronic configurations,  electronic states and energy separ- 
at ions for Eu(~C6o computed  by Chang  et al. (1991). Again, the ground state of 
Eu®C6o is obta ined by moving  two 6s electrons f rom Eu to the C6o cage, leaving the 
4f 7 shell essentially an intact non-bonding  shell. Since the 4f orbital  correlates into 

2 3 ~4 -  t2u + g , ,  this leads to a tlut2u~u configurat ion yielding a ~°Tlu ground state for 
Eu®C6o.  Like La®C6o  , a l though the formal  charge on Eu is ÷ 2, the Mull iken- 
popula t ion  analysis yields a charge of + 0.5 on Eu. 

Table  76 shows the electronic states of U®C6o  obta ined by Chang  et al. (1991). In 
this case, the ground state is obta ined by donat ing  a 7s electron to the t~u orbital  of C6o 
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TABLE 75 
Electronic states of Eu® C6o. Reproduced from Chang et al. 

(1991). 

Configurations AE (eV) 

t~.(tza g~) a°Tl~ 0.00 
a~ tile (t~u g~) a°Tig 0.62 
tl, tl~ (t2a u g~) (S = 4.5) 1.39 
h~ t~u (t~. g~) (S = 4.5) 1.76 
a~ h~ (t~.g*) l°H. 2.47 
a~(t~.g~) 8A. 2.93 
h~ tile (t~. g~) (S = 4.5) 3.28 
t~. (t~. g~) (S = 4.5) 5.91 
t~u(t4 g~) (S = 3.5) 14.42 
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Electronic states of U®C6o. Reproduced from Chang et al. 
(1991). 

Configurations AE (eV) 

h~ t]u t~u (S = 3) 0.00 
alg his tlut~u (S = 3) 0.07 
h~ t~u t23u (S = 3) 0.19 
a~ hg 2 tEau (S = 3) 1.00 
alg hlg tllu t2 glo (S = 3) 1.14 
alg h~ tlh tzZ. (S = 3) 1.95 
a~hlgt2au SH~ 2.06 

3 3 tin t2u TAg 2.40 
a~ hlg g3 (S = 2) 2.60 
ag2 hlg t2o 81 (S = 2) 3.13 

2 4 tlo t2o (S = 2) 3.30 
a2hlg t21ug 2 (S = 2) 3.31 
alg hlg t2u t22u (S = 3) 3.88 
alg tllut4 u (S = 2) 4.12 

1 1 4. hg tmo t2u (S = 2) 4.36 
a~ hlg t24. (S = 2) 6.24 
a~ t4o 3T2g 6.38 
h~g t25~ (S = 1) 12.57 

and  one  to the 6d shell yielding a t~u h 3 t3u con f igu ra t ion  with rAg, 7Tlg , 7T2g , 27Gg and  
37Hg states. As seen f rom table  76, the h E t ] ,  t32u, agi hg t lu tau  and  hg~lu~2u t2 t3 conf igur-  
a t ions  are  very  close to  each  other .  C h a n g  et al. (1991) p red ic ted  tha t  the  s p i n - o r b i t  
effects are  likely to be larger  for  U ® C 6 o  especial ly in states which  have  increased  6d 
occupancy .  
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Table 77 shows the electronic states of La+®C6o . The ground state of La+®C6o 
arises from a h~ configuration which suggests that the ionization from the tlu orbital of 
t~. h, z is more favorable leading to a h~ configuration. The t l .  hg (triplet) state of 
La +® C6o is only 0.29 eV higher in energy. However, the 3T~, state arising from t2. is 
significantly higher. 

Tables 78 and 79 show the electronic states of Eu + ® C6o and U + ® C6o, respectively. 
Compared to the 2 2 4. 2 4 t~.(t2.g.) ground state of E u ® C 6 o  , E u + ® C 6 o  has a tlu(tz.g.) 

TABLE 77 
Electronic states of La+®C6o. Reproduced from Chang et al. 

(1991). 

Configurations IP (eV)* 

1 1 tlahg 
t2u 

(S = 1) 4.43 
(S = 1) 4.72 

3Tig 7.20 
(av. of config.) 7.31 

1Hg 7.43 

lAg 7.77 

* Relative to La@C6o ground state. 

TABLE 78 

Electronic states of Eu + ®C6o. Reproduced from Chang et al. 
(1991). 

Configurations IP (eV)* 

tlu(t3ug3 9Tlg 4.74 

hl,(t~u g~) 9H u 4.90 
a~ (t~, g~) 9A u 5.06 
t~g(t3 g~) 9 T1" 6.46 

(t~. g~) 7 T2 s 18.86 

*Relative to Eu ® C6o ground state. 

TABLE 79 
Electronic states of U + @ C 6 o  . Reproduced from Chang et al. (1991). 

Configurations IP (eV)* 

h~ t23u (S = 2.5) 4.42 

a~h~t~. 6 H  u 4.44 

hlg t l ,  t2~, (S = 2.5) 4.94 

al, tl, ut3, 6Tlg 5.75 

t~ut~u 6Tau 7.37 

* Relative to U@C6o ground state. 



RELATIVISTIC EFFECTS AND E L ECTRONIC S T R U C T U R E  151 

electronic configuration. The ionization thus takes place on a tlu cage shell for Eu®C6o 
similar to La®C6o. The ground state of U+®C6o arises for the h 2 t3u configuration 
compared to the h2tlut3 u configuration of U®C6o. Hence, all lanthanide and 
actinide containing C6o cages lose an electron from the tlu cage orbital upon ionization. 

In the most recent experimental work, Chai et al. (1991) have extracted in solution 
the La®C82 complex. Figure 50 shows the FT-ICR mass spectrum of hot-toluene 
extract of fullerene material produced by laser evaporization of La203/graphite 
composite rod. As seen from fig. 50, the only La-containing fullerene which survived 
the exposure to moisture and air is the La®C82 cluster. This unusual stability of 
La®C82 and its extractability in toluene solution are rather intriguing. However, the 
calculation of Chang et al. (1991) on LaG C6o sheds some light on the unusual stability 
of La®Cs2. As noted before, the ground state of La®C6o is formed by promotion of 
two 6s electrons from La to the carbon cage. The magic numbers for large carbon cages 
are 60, 70, 84 and to some extent 76, in decreasing order of stability (Diederich et al. 
1991). The closest magic number to 82, is 84 for C,. Since La donates two 6s electrons, 
the carbon cage accepting this must have two electrons less for the unusual stability. 
This means C82 can accept two electrons from La leading to a closed-shell ground state 
with an unusual stability. This explains why La®C82 is unusually stable and is inert to 
air and moisture and can be extracted in toluene. It is also predicted that the La@Cs2 
cluster would have a substantial HOMO-LUMO gap. This also explains La®C74 as 
being the next most stable fullerene containing La. 

Coalescence oftwo carbon cages produces small clusters of up to three atoms present 
in larger carbon clusters. Strong signals for clusters of composition La2C,, and even 
La3C . were found by Chaiet al. (1991). Figure 51 shows a portion of FT-ICR spectrum 
obtained after laser-aging of the composite target disc. As seen from fig. 51, signals 
corresponding to La3®Cs8, La3®C94, L a 2 ® C l o 6 ,  La ® C l l  8 a re  quite prominent. 
The exact mechanism of the formation of these species is although not clearly 
established at present, Chai et al. (1991) speculated that they are generated by 
(La®C,) (La®C,) coalescence reactions. Indeed, the recent transmission electron 

. . . .  i . . . .  i . . . .  i . . . .  i . . . .  i . . . .  J . . . .  i . . . .  I . . . .  
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Fig. 50. FT-ICR mass spectra of 
hot-toluene extract of fullerene 
material produced by laser evap- 
orization of a 10% La2Oa/graph- 
ite composite rod. This was ex- 
posed to air and moisture. Re- 
produced from C hai et al. (1991). 
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microscopy of C6o films by Wang and Buseck (1991) show such evidence of C6o-C6o 
coalescence to form cylindrical bucky tubes in the solid film. The presence of small 
clusters up to three atoms of La in large fullerenes is certainly very interesting. 

Several recent experimental studies have focused on the generation and properties of 
clusters containing lanthanides. For  example, Guiodin et al. (1991) have generated 
La,,C, metal carbon clusters. Dayane et al. (1991) have produced clusters of lanthan- 
ide atoms through the inert-gas condensation technique. The mass spectral analysis of 
Yb + clusters revealed an overall Gaussian distribution, although Yb + clusters for 
n = 13, 19, 23, 26, 29, 32, 34, 37, 39 and 45 clearly emerge. Likewise, these authors have 
also generated Sm+ clusters. The distribution of Sm + clusters exhibited magic numbers 
for n = 13, 19, 26, 32, and 45. Brechignac et al. (1991) have generated the clusters of Eu 
and Yb. They have also proposed possible structures for Yb~- 4 and Yb~- 0. It is evident 
that experimental studies of clusters containing lanthanide atoms are on the increase in 
recent years. There is a clear need for theoretical studies even on dimers of open-shell 
lanthanide atoms. However, such studies will be complicated by the fact that two 4f 
open shell atoms will yield numerous possible electronic states with different spin 
multiplicities. The rote of 4f orbitals in the Ln Ln bonding and the possibility of any 
multiple bonding between lanthanide atoms need to be explored. 

8. Conclusion 

In summary there has been considerable progress in our understanding of the 
spectroscopy of diatomic lanthanide oxides, fluorides and hydrides. Due to the ionic 
nature of these compounds, ligand-field models and more recently ab initio effective 
core potentials have made significant impact in the interpretation of the observed 

1 425  1 450  1475  1 5 0 0  1525  1550  1 575 1 600 

( G m u )  

Fig. 51. FT-ICR mass spectrum 
showed the presence of fullerenes 
containing up to 3 La atoms. Re- 
produced from Chai et al. (1991). 
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spectra and in assisting the assignment of the observed spectra. Relativistic effects were 
shown to play a key role both in lanthanide and actinide compounds. The anomalous 
behavior exhibited by post-lanthanide transition-metal compounds was considered 
and explained. We also considered RECP CASSCF/SOCI computations on several 
La- and Hf-containing species. It was shown that lanthanide contraction is more 
important for Hf-containing molecules while relativistic contraction is more important 
for Pt- and Au-containing molecules. The bonding in LnO was primarily ionic 
(Ln + 20-2), whereas the Ln 4f orbital was essentially localized on the lanthanide. 

Recent experimental and theoretical developments in the area of polyatomics 
containing lanthanides and actinides, especially sandwich and cage molecules consist- 
ing of these elements, were considered. The nature of bonding in simple diatomics and 
polyatomic oxide clusters containing U atoms was also discussed. The recent synthesis 
of macroscopic quantities of La® C 8 z and other carbon cages containing small clusters 
of La containing up to three atoms by Chai et al. (1991) should certainly stimulate 
further theoretical calculations on carbon cages containing one or more lanthanides 
inside. The computations by Chang et al. (1991) on La®C6o , U®C6o , Eu®C6o , etc., 
have provided significant insight which, in fact, served as the basis for qualitative 
interpretation of the unusual stability of La®C82. Chang et al.'s RECP/RHF calcula- 
tion on La®C6o showed that the La atom donates two 6s electrons to the carbon cage. 

In spite of significant development in both spectroscopic studies and the ligand-field 
model interpretations of lanthanide oxides, there is less understanding of actinide 
chemistry. At present, relativistic ab initio studies on molecules containing actinides are 
restricted to very few species. While a ligand-field model has been applied to almost all 
diatomic oxides containing Ln'atoms, this is not the case as far as ab initio methods are 
concerned. Even in cases to which such calculations have been applied (EuO, GdO, 
YbO, etc.), very few low-lying electronic states have been studied using such techniques. 
The INDO/S-CI method of R6sch, Zerner and co-workers, on the other hand, has 
enjoyed more success, although typically in this method all calculations are made at 
single experimental geometry and the integrals are parametrized. Consequently, there 
is a real need for further developments and application ofab initio-based techniques for 
molecules containing lanthanides and actinides. Of course, the recent computations of 
Chang and Pitzer (1989) and Chang et al. (1991) on both uranocene and carbon cages 
containing lanthanides have evidently demonstrated that indeed such calculations 
are doable and play a significant role in our comprehension of the nature of bonding 
in polyatomics containing lanthanides and actinides. Likewise, the CASSCF com- 
putation on U 2 by Pepper and Bursten (1990) has shown that relativistic ab initio 
computations are possible on species containing actinide-actinide bonds. Spectro- 
scopic data and their interpretation of actinide compounds need to be addressed more 
rigorously in the future. It is evident from this chapter that relativistic effects cannot 
be ignored for such compounds even to gain a qualitative insight. Furthermore, the 
primarily non-bonding nature of the open 5f shells, at least in very ionic compounds 
containing actinides, is likely to result in a large array of electronic states due to the 
spin-orbit coupling. It is hoped that this chapter will stimulate more of such experi- 
mental studies, which in turn, will provide impetus for theoretical studies. 



154 K. BALASUBRAMANIAN 

Acknowledgments 

I thank the U.S. Department of Energy for supporting our work on Sc-, Y-, La-, Hf-, 
Pt- and Au-containing molecules, considered in this chapter, through the grant 
No. DEFG02-86ER13558. I thank my co-workers, Drs. Kalyan Das, Ch. Ravimohan 
and D. Dingguo, for their contributions to this topic. I am deeply indebted to 
Professors R.M. Pitzer, K.S. Pitzer, M. Zerner, N. R6sch, D. Bursten, H. Preuss, R.W. 
Field, P. Pyykk6, M. Krauss, B. Simard and R.E. Smalley who not only provided 
preprints of their works but also permission to reproduce some of their tables and 
figures. Finally, ! express my indebtedness to Ms. Debra Wolf in typing this chapter. 

References 

Aglada, J., EJ. Bruna, S.D. Peyerimhoff and 
R.J. Buenker, 1981, J. Mol. Spectrosc. 93, 
299. 

Allen, C.L., E.-J. Baerends, E Vernooijs, 
J.M. Dyke, A.M. Ellis, M. Feher and A. Moris, 
1988, J. Chem. Phys. 89, 5363. 

Alvarado-Swaisgood, A.E., and J.E Harrison, 1985, 
J. Phys. Chem. 89, 5198. 

Arhlichs, R., 1985, J. Chem. Phys. 82, 890. 
Armentrout, EB., and J.L. Beauchamp, 1989, Acc. 

Chem. Res. 22, 315. 
Atkins, RW., 1991, Eur. J. Solid State & Inorg. 

Chem. 28, 9. 
Bagus, ES., Y.S. Lee and K.S. Pitzer, 1975, Chem. 

Phys. Lett. 33, 408. 
Balasubramanian, K., 1987, Chem. Phys. Lett. 

135, 288. 
Balasubramanian, K., 1988, Int. J. Quantum Chem., 

Symp. 22, 465. 
Balasubramanian, K., 1989a, J. Phys. Chem. 93, 

6585. 
Balasubramanian, K., 1989b, Chem. Rev. 89, 1801. 
Balasubramanian, K., 1990a, Chem. Rev. 90, 93. 
Balasubramanian, K., 1990b, J. Chem. Phys. 93, 

8061. 
Balasubramanian, K., and D.G. Dai, 1990, J. 

Chem. Phys. 93, 7243. 
Balasubramanian, K., and K.K. Das, 1991, J. Mol. 

Spectrosc. 145, 142. 
Balasubramanian, K., and K.S. Pitzer, 1983, L 

Chem. Phys. 78, 321. 
Balasubramanian, K., and K.S. Pitzer, 1987, Adv. 

Chem. Phys. 67, 287. 
Balasubramanian, K., and Ch. Ravimohan, 1988, 

Chem. Phys. Lett. 145, 39. 
Balasubramanian, K., and J.Z. Wang, 1989a, J. 

Mol. Spectrosc. 133, 82. 

Balasubmmanian, K., and J.Z. Wang, 1989b, Chem. 
Phys. Lett. 154, 525. 

Balasubramanian, K., RA. Christiansen and 
K.S. Pitzer, 1991, Phys. Rev. A 43, 2581. 

Ballster, J.L, ER. Antoniewicz and R. Smolu- 
chowski, 1990, Astrophys. J. 356, 507. 

Barrow, R.E, B.W. Bastin, D.L.G. Moore and 
C.J. Pott, 1967, Nature 215, 1072. 

Barrow, R.E, R.M. Clements, S.M. Harris and 
RE Jenson, 1979, Astrophys. J. 229, 439. 

Bartlett, R.J., 1989, J. Phys. Chem. 93, 1697. 
Bauschlicher Jr, C.W., and S.R. Langhoff, 1989, 

Chem. Phys. Lett. 161, 383. 
Bauschlicher Jr, C.W., and S.R. Langhoff, 1991, 

J. Phys. Chem. 95, 2278. 
Bauschlicher Jr, C.W., and S.E Walch, 1982, J. 

Chem. Phys. 76, 4560. 
Bauschlicher Jr, C.W., and S.R Walch, 1983, J. 

Chem. Phys. 78, 4597. 
Beanfils, J.C.L., R Carette and J.M. Blondeau, 

1979, J. Mol. Spectrosc. 77, 1. 
Becke, A., 1986, Phys. Rev. A 33, 2786. 
Bernard, A., and R. Baeis, 1976, Can. J. Phys. 

54, 1509. 
Bernard, A., and R. Bacis, 1977, Can. J. Phys. 

55, 1322. 
Brechignac, C., Ph. Cahuzac, E Carlier, M. de 

Fratos, A. Masson and J.Ph. Roux, 1991, Z. 
Phys. D 19, 195. 

Brooks, B.R., and H.E Schaefer, 1979, J. Chem. 
Phys. 70, 5092. 

Bujin, G., and C. Linton, 1989, J. Mol. Spectrosc. 
137, 114. 

Bujin, G., and C. Linton, 1991, J. Mol. Spectrosc. 
147, 120. 

Bursten, B.E., and R.J. Strittmatter, 1987, J. Am. 
Chem. Soc. 109, 6606. 



RELATIVISTIC EFFECTS AND ELECTRONIC STRUCTURE 155 

Bursten, B.E., and R.J. Strittmatter, 1991, Angew. 
Chem. 30, 1069. 

Carette, R, 1990, J. Mol. Spectrosc. 140, 269. 
Carette, E, and A. Hocquet, 1988, J. Mol. 

Spectrosc. 16, 301. 
Carette, E, A. Hocquet, M. Douay and 

B. Pinchemel, 1987, J. Mol. Spectrosc. 124, 
243. 

Case, D.A., 1982, Annu. Rev. Phys. Chem. 33, 
51. 

Chai, Y., T. Guo, C. Jin, R.E. Haufler, 
L.EE Chibante, J. Fure, L. Wang, J.M. Alforld 
and R.E. Smalley, 1991, J. Phys. Chem. 95, 
7564. 

Chang, A.H.H., and R.M. Pitzer, 1989, J. Am. 
Chem. Soc. 111, 2500. 

Chang, A.H.H., and R.M. Pitzer, 1991, unpublished 
results. 

Chang, A.H.H., WC. Ermler and R.M. Pitzer, 
1991, J. Chem. Phys. 94, 5004. 

Chen, Y.M., D.E. Clemmer and EB. Armentrout, 
1991, J. Chem. Phys. 95, 1228. 

Childs, WJ., O. Poulsen and T.C. Steimle, 1988, 
J. Chem. Phys. 88, 598. 

Chong, D.E, S.R. Langhoff, C.W Bauschlicher Jr, 
S.R Walch and H. Partridge, 1986, J. Chem. 
Phys. 85, 285. 

Chfistiansen, P.A., Y.S. Lee and K.S. Pitzer, 1979, 
J. Chem. Phys. 71, 4445. 

Christiansen, P.A., K. Balasubramanian and 
K.S. Pitzer, 1982, J. Chem. Phys. 76, 5087. 

Christiansen, P.A., WC. Ermler and K.S. Pitzer, 
1985, Armu. Rev. Phys. Chem. 36, 407. 

Cotton, EA., and G.W. Wilkinson, 1976, Basic 
Inorganic Chemistry (Wiley, New York). 

Cousson, A., S. Dabos, H. Abazli, E Nectoux, 
M. Pages and G.R. Choppin, 1984, J. Less- 
Common Met. 99, 233. 

Cox, D.W., D.J. Trevor, K.C. Reichmarm and 
A. Kaldor, 1986, J. Am. Chem. Soc. 108, 
2457. 

Cox, D.W., K.C. Reichmann and A. Kaldor, 1988, 
J. Chem. Phys. 88, 1588. 

Das, K.K., and K. Balasubramanian, 1989, J. 
Chem. Phys. 91, 2433. 

Das, K.K., and K. Balasubramanian, 1990, Chem. 
Phys. Lett. 172, 372. 

Das, K.K., and K. Balasubramanian, 1991a, J. 
Phys. Chem. 95, 42. 

Das, K.K., and K. Balasubramanian, 1991c, J. 
Chem. Phys. 94, 3722. 

Das, K.K., and K. Balasubramanian, 1991d, J. 
Phys. Chem. 95, 3979. 

Dayane, D., A. Benamar, P. Melinon, B. Tribollet 
and M. Broyer, 1991, Z. Phys. D 19, 191. 

Dekock, R.L., and W. Weltner Jr, 1971, J. Phys. 
Chem. 75, 514. 

Delaval, J.M., J. Van Heems and J.C.L. Beaufils, 
1977, Can. J. Spectrosc. 22, 117. 

Denning, R.G., 1983, Gmelin Handbook, 
Supplement A6 (Springer, Berlin) pp. 31-79. 

Desclanx, J.E, 1973, Atomic and Nuclear Data 
12, 312. 

Desclanx, J.R, 1975, Comput. Phys. Commun. 9, 
31. 

Desclaux, J.R, and R PyykkS, 1974, Chem. Phys. 
Lett. 29, 534. 

Desclaux, J.E, and R Pyykk6, 1976, Chem. Phys. 
Lett. 39, 300. 

Dickson, C.R., and R.N. Zare, 1975, Chem. Phys. 
7, 361. 

Diederich, E, R. Ette, Y. Rubin, R.L. Whetten, 
R. Bell, M. Alvarez, S. Anz, D. Mesharma, 
E Wudl, K.C. Khomani and A. Koch, 1991, 
Science 252, 1548. 

Dolg, M., and H. Stoll, 1989, Theor. Chim. Acta 
75, 369. 

Dolg, M., H. Stoll, A. Savin and H. Preuss, 1988, 
Stud. Phys. & Theor. Chem. 62, 265. 

Dolg, M., H. Stoll, A. Savin and H. Preuss, 
1989a, Theor. Chim. Acta. 75, 173. 

Dolg, M., H. Stoll and H. Preuss, 1989b, J. Chem. 
Phys. 90, 1730. 

Dolg, M., H. Stoll and H. Preuss, 1990a, Chem. 
Phys. Lett. 174, 208. 

Dolg, M., H. Stoll and H. Preuss, 1990b, Chem. 
Phys. 148, 219. 

Dolg, M., E Fulde, W Kuchle, C.-S. Neumann 
and H. Stoll, 1991a, J. Chem. Phys. 94, 3011. 

Dolg, M., H. Stoll, H.-J. Flad and H. Preuss, 
1992, J. Chem. Phys. 97, 1162. 

Dulick, M., and R.W Field, 1985, J. Mol. 
Spectrosc. 113, 105. 

Dulick, M.E., and R.E Barrow, 1986, J. Chem. 
Phys. 85, 385. 

Effantin, C., and J. d'Incan, 1974, Can. J. Phys. 
52, 523. 

Elkind, J.L., and P.B. Armentrout, 1986a, Inorg. 
Chem. 25, 1078. 

Elkind, J.L., and P.B. Armentrout, 1986b, J. Phys. 
Chem. 90, 5736. 

Elkind, J.L., L.S. Sunderlin and P.B. Armentrout, 
1989, J. Phys. Chem. 93, 3159. 

Ermler, WC., Y.S. Lee, P.A. Christiansen and 
K.S. Pitzer, 1981, Chem. Phys. Lett. 81, 70. 

Ermler, W.C., R.B. Ross and P.A. Christiansen, 
1988, Adv. Quantum Chem. 19, 139. 



156 K. BALASUBRAMANIAN 

Field, R.W, 1982, Ber. Bunsenges. Phys. Chem. 
86, 771. 

Field, R.W, D.E Baldwin, E.J. Hill, M. Li and 
M.C. McCarthy, 1989, in: Future Trends in 
Spectroscopy, Spectrochim. Acta A, Special 
Supplement, pp. 75-90. 

Fischell, D.R., H.C. Brayman and T.A. Cool, 1980, 
J. Chem. Phys. 73, 4260. 

Gabelnick, S.D., G.T. Reedy and M.G. Chasanov, 
1973, J. Chem. Phys. 58, 4468. 

Gabelnick, S.D., G.T. Reedy and M.G. Chasanov, 
1984, J. Chem. Phys. 60, 1167. 

Gingerich, K.A., 1980, Symp. Faraday Soc. 14, 
109. 

Glebov, V.A.,  1983,  Electronic Structure 
and Properties of Uranyl Compounds 
(Energoatmoizdat, Moscow). In Russian. 

Gmelin Handbook of Inorganic Chemistry, 1983, 
V. Supplement (Springer, Berlin) A6. 

Gotkis, I., 1991, J. Phys. Chem. 95, 6086. 
Green, D.W., S.D. Gabelnick and G.T. Reedy, 

1976, J. Chem. Phys. 64, 1697. 
Guiodin, A.G., A. Mele, G. Pizzella and R. Teghie, 

1991, Z. Phys. D 20, 89. 
Hafner, P., and W.H.E. Schwarz, 1978, J. Phys. 

B 11, 217. 
Hafner, E, and WH.E. Schwarz, 1979, Chem. 

Phys. Lett. 65, 537. 
Hannigan, M.C., 1983, J. Mol. Spectrosc. 99, 235. 
Hay, B.E, 1991, Inorg. Chem. 30, 2876. 
Hay, PJ., and WR. Wadt, 1985a, J. Chem. Phys. 

82, 270. 
Hay, EJ., and W.R. Wadt, 1985b, J. Chem. Phys. 

82, 299. 
Hay, PJ., WR. Wadt, L.R. Kahn, R.C. Rafenetti 

and D.H. Phillips, 1979, J. Chem. Phys. 71, 
1767. 

Hay, RJ., R.R. Ryan, K.V. Salazar, D.A. Wrobloski 
and A.R Sattelberger, 1986, J. Am. Chem. Soc. 
108, 313. 

Hayes, R.G., and N.M. Edelstein, 1972, J. Am. 
Chem. Soc. 94, 8688. 

Heath, J.R., S.C. O'Brien, Q. Zhang, Y. Liu, 
R.E Curl, H.W Kroto, EK. Tittel and 
R.E. Smalley, 1985, J. Am. Chem. Soc. 107, 
7779. 

Heaven, M.C., J.-E Nicolai, S.L Riley and 
E.K. Parks, 1985, Chem. Phys. Lett. 119, 229. 

Hoekstra, H.R., and S. Siegel, 1964, J. Inorg. & 
Nucl. Chem. 26, 693. 

Hoffman, D.C., 1990, in: Fifty Years with 
Transuranium Elements, Robert A. Welch 
Foundation Conf. on Chemical Research XXXIV, 
Houston, TX, October 1990. 

Hohenberg, R, and W. Kohn, 1964, Phys. Rev. B 
136, 864. 

Huber, K.R, and G. Herzberg, 1979, Spectroscopic 
Constants of Diatomie Molecules (Van Nostrand 
Reinhold, Princeton, N J). 

Hurley, M.M., L.I. Pacios, RA. Christiansen, 
R.B. Rossand and W.C. Ermler, 1986, J. Chem. 
Phys. 84, 6840. 

Igelmann, G., H. Stoll and H. Preuss, 1988, Mol. 
Phys. 65, 1321. 

Jorgensen, C.K., and R. Reisfeld, 1982, Struct. & 
Bonding 50, 121. 

Kaldor, A., D.M. Cox, D.J. Trevor and M.R. Zakin, 
1986, Z. Phys. D 3, 95. 

Kaledin, L.A., and E.A. Shenyavskaya, 1981, J. 
Mol. Spectrosc. 90, 590. 

Karraker, D.G., 1972, Inorg. Chem. 12, 1t05. 
Karraker, D.G., A.J. Stone, E.R. Jones and 

N.M. Edelstein, 1970, J. Am. Chem. Soc. 92, 
4841. 

Katz, J.J., G.T. Seaborg and L.R. Morss, eds, 
1986, The Chemistry of Actinide Elements, 2nd 
Ed. (Chapman and Hall, London) 2 volumes, 
1677pp. 

Kell6, V, and A.J. Sadlej, 1991a, J. Chem. Phys. 
95, 8248. 

Kell6, V., and A.J. Sadlej, 1991b, Chem. Phys. 
Lett. 174, 641. 

Kohn, W., and L.J. Sham, 1965, Phys. Rev. A 
140, 1133. 

Kotzian, M., and N. R6sch, 1991a, Eur. J. Solid 
State & Inorg. Chem. 28, 127. 

Kotzian, M., and N. R6sch, 1991b, J. Mol. 
Spectrosc. 147, 346. 

Kotzian, M., N. ROsch, N. SchrOder and 
M.C. Zerner, 1989a, J. Am. Chem. Soc. 111, 
7687. 

Kotzian, M., N. R6sch, R.M. Pitzer and 
M.C. Zerner, 1989b, Chem. Phys. Lett. 160, 
168. 

Kotzian, M., N. R6sch and M.C. Zerner, 1991a, 
Theor. Chim. Acta 81, 201. 

Kotzian, M., N. R6sch and M.C. Zerner, 1991b, 
Int. J. Quantum Chem. 25, 545. 

Krauss, M., and WJ. Stevens, 1983a, J. Comput. 
Chem. 4, 127. 

Krauss, M., and WJ. Stevens, 1983b, Chem. Phys. 
Lett. 99, 417. 

Krauss, M., and WJ. Stevens, 1984, Annu. Rev. 
Phys. Chem. 35, 357. 

Kroto, H.W., J.R. Heath, S.C. O'Bden, R.E Curl 
and R.E. Smalley, 1985, Nature (London) 318, 
162. 

La John, L.A., P.A. Christiansen, R.B. Ross, 



RELATIVISTIC EFFECTS AND ELECTRONIC STRUCTURE 157 

T. Atashroo and W.C. Ermler, 1987, J. Chem. 
Phys. 87, 2812. 

Langhoff, S.R., and E.R. Davidson, 1974, Int. J. 
Quantum Chem. 8, 61. 

Langhoff, S.R., L.G.M. Pettersson, C.W. Bausch- 
licher Jr and H. Partridge, 1987, J. Chem. Phys. 
87, 268. 

Langhoff, S.R., C.W. Bauschlicher Jr and 
H. Partridge, 1988, J. Chem. Phys. 89, 396. 

Larsson, S., and P. Pyykk6, 1986, Chem. Phys. 
101, 355. 

Lee, Y.S., and A.D. McLean, 1982a, J. Chem. 
Phys. 76, 735. 

Lee, Y.S., and A.D. McLean, 1982b, Stud. Phys. 
& Theor. Chem. 21, 219. 

Lee, Y.S., WC. Ermler and K.S. Pitzer, 1977, J. 
Chem. Phys. 75, 1861. 

Linton, C., and M. Dulick, 1981, J. Mol. Spectrosc. 
89, 569. 

Linton, C., and Y.C. Liu, 1988, J. Mol. Spectrosc. 
131, 367. 

Linton, C., M. Dulick and R.W. Field, 1979, J. 
Mol. Spectrosc. 78, 428. 

Linton, C., M. Dulick, R.W. Field, P. Carette and 
R.E Barrow, 1981, J. Chem. Phys. 74, 189. 

Linton, C., M. Dulick, R.W. Field, P. Carette, 
P.C. Leyland and R.E Barrow, 1983a, J. Mol. 
Spectrosc. 102, 441. 

Linton, C., S.A. McDonald, S. Rice, M. Dulick, 
Y.C. Liu and R.W. Field, 1983b, J. Mol. 
Spectrosc. 101, 322. 

Linton, C., D.M. Gaudet and H. Schall, 1986, J. 
Mol. Spectrosc. 115, 58. 

Linton, C., G. Bujin, R.S. Rana and J.A. Gray, 
1987, J. Mol. Spectrosc. 126, 370. 

Liu, B., and M. Yoshimine, 1981, J. Chem. Phys. 
74, 612. 

Liu, Y.C., C. Linton, H. Schall and R.W. Field, 
1984, J. Mol. Spectrosc. 104, 72. 

Makhyoun, M.A., B.D. El-Issa and A.B. Salsa, 
1987, J. Mol. Structure (Theochem.) 153, 241. 

Malli, G.L., ed., 1982a, Relativistic Effects in 
Atoms, Molecules and Solids (Plenum, New 
York). 

Malli, G.L., 1982b, Stud. Phys. & Theor. Chem. 
21, 199. 

Malmquist, P.A., A. Rennel and B.O. Roos, 1990, 
J. Phys. Chem. 94, 5477. 

Marian, C.M., U. Wahlgren, O. Gropen and 
P. Pyykk6, 1988, J. Mol. Struct. (Theochem.) 
169, 339. 

Martinho, J.A., and J.L. Beauchamp, 1990, Chem. 
Rev. 90, 629. 

McDonald, S.A., 1985, Ph.D. Thesis (MIT, Boston, 
MA). 

McDonald, S.A., S.F. Rice, R.W Field and 
C. Linton, 1990, J. Chem. Phys. 93, 7676. 

McLean, A.D., M. Yoshimine, B.H. Lengsfield, 
P.S. Bagus and B. Liu, 1990, in: Modern 
Techiques in Computational Chemistry, ed. E. 
Clementi (Escom, Leiden) pp. 593-637. 

Merch~n, M., P.A. Malmquist and B.O. Roos, 
1991, Theor. Chim. Acta 79, 81. 

Meyer, H.L, and R. Hoffmann, 1991, Inorg. Chem. 
30, 963. 

Moore, C.E., 1971, Table of Atomic Energy Levels 
(National Institute of Standards and Technology, 
Washington, DC). 

M~ller, W., J. Flesch and W. Meyer, 1984, J. 
Chem. Phys. 80, 3297. 

Nessler, R., and K.S. Pitzer, 1987, J. Phys. Chem. 
91, 1084. 

O'Brien, S.C., J.R. Heath, H.W Kroto, R.E Curl 
and R.E. Smalley, 1986, Chem. Phys. Lett. 132, 
99. 

Okada, K., Y. Kaizu, H. Kobayashi, K. Tanara 
and E Marumo, 1984, Mol. Phys. 54, 1293. 

Olsen, J., P Jorgensen and J. Simons, 1990, Chem. 
Phys. Lett. 169, 463. 

Ortiz, J.V, 1986, J. Am. Chem. Soc. 108, 550. 
Pacios, L.E, and P.A. Christiansen, 1985, J. Chem. 

Phys. 82, 2664. 
Paldus, J., 1976, in: Theoretical Chemistry: 

Advances and Perspectives, eds H. Eyring and 
D.J. Henderson (Academic, New York). 

Paldus, J., and J. Cizek, 1989, J. Chem. Phys. 90, 
4356. 

Parr, R.G., and W Yang, 1989, Density Functional 
Theories of Atoms and Molecules (Oxford 
University Press, New York). 

Pepper, M., and D.E. Bursten, 1990, J. Am. Chem. 
Soc. 112, 7803. 

Pepper, M., and D.E. Bursten, 1991, Chem. Rev. 
91, 719. 

Pitzer, K.S., 1979, Acc. Chem. Res. 12, 271. 
Pitzer, R.M., and N.W. Winter, 1988, J. Phys. 

Chem. 92, 3061. 
Pople, J.A., D.L. Beveridge and RA. Dobush, 

1967, J. Chem. Phys. 47, 2026. 
Pyykk6, P, 1979, Phys. Scripta 20, 647. 
Pyykk6, P, 1986, Relativistic Theory of Atoms 

and Molecules 1916-1985 (Springer, Berlin). 
Pyykk6, P., 1987, Inorg. Chim. Acta 139, 243. 
Pyykk6, E, 1988, Chem. Rev. 88, 563. 
Pyykk6, P, 1993, Relativistic Theory of Atoms 

and Molecules 1986-1992 (Springer, Berlin). 



158 K. BALASUBRAMANIAN 

Pyykk6, P., and J.P. Desclaux, 1978, Chem. Phys. 
34, 261. 

Pyykk6, P., and J.P. Desclanx, 1979, Acc. Chem. 
Res. 79, 276. 

Pyykk6, R, and J. Joy6, 1991, New J. Chem. 15, 
717. 

Pyykk6, P., and L.L. Lohr Jr, 1981, Inorg. Chem. 
20, 1950. 

Pyykk6, P, and Y. Zhao, 1991, Inorg. Chem. 30, 
3787. 

Pyykk6, R, L.J. Laakonen and K. Tatsumi, 1989, 
Inorg. Chem. 28, 1801. 

Ramos, A.E, N.C. Pyper and G.L. Malli, 1988, 
Phys. Rev. A 38, 2729. 

Ridley, J., and M.C. Zerner, 1973a, Theor. Chim. 
Acta 32, 111. 

Ridley, J., and M.C. Zerner, 1973b, Theor. Chim. 
Acta 42, 223. 

Roos, B.O., 1987, Adv. Chem. Phys. 67, 399. 
Rosen, A., and B. Wfistberg, 1988, J. Am. Chem. 

Soc. I10, 8701. 
Rosen, A., and B. W~istberg, 1989, Z. Phys. D 

12, 387. 
Rosi, M., and C.W. Banschlicher, 1990, Chem. 

Phys. Lett. 166, 189. 
Ross, R.B., J.M. Powers, T. Atashroo, W.C. Ermler, 

L.A. LaJohn and P.A. Chfistiansen, 1990, J. 
Chem. Phys. 93, 6654. 

Sadlej, AJ., and M. Urban, 1991, Chem. Phys. 
Lett. 176, 293. 

Salahuh, D., 1987, Adv. Chem. Phys. 69, 447. 
Salahub, D., and M.C. Zerner, 1989, The Challenge 

of d and f Electrons, American Chemical Society 
Symp., No. 394. 

Schall, H., C. Linton and R.W. Field, 1983, J. 
Mol. Spectrosc. 100, 437. 

Schall, H., J.A. Gray, M. Dulick and R.W. Field, 
1986, J. Chem. Phys. 85, 751. 

Schall, H., M. Dulick and R.W. Field, 1987, J. 
Chem. Phys. 87, 2898. 

Schilling, J .B . ,  W . A .  Goddard IIl and 
J.L. Beauchamp, 1987, J. Phys. Chem. 87, 
481. 

Shavitt, I., 1978, Int. J. Quantum Chem. Symp. 
12, 5. 

Shenyavskaya, E.A., and L.A. Kaledin, 1982, J. 
Mol. Spectrosc. 91, 22. 

Shenyavskaya, E.A., I.V. Egorova and 
V.N. Lupanov, 1973, J. Mol. Spectrosc. 47, 
355. 

Shirley, J., S.C. Scurlock, T.C. Steimle, B. Simard, 
M. Vasseur and RA. HackeR, 1990, J. Chem. 
Phys. 93, 8580. 

Shirley, J., W.L. Barclay Jr, L.M. Ziurys and 
T.C. Steimle, 1991, Chem. Phys. Lett. 183, 
363. 

Simard, B., H. Niki, W.J. Balfour, M. Vasseur and 
RA. Hackett, 1991, unpublished results. 

Starks, D.E, and A. Streitwieser Jr, 1973, J. Am. 
Chem. Soc. 95, 3424. 

Steimle, T.C., and Y. A1-Ramadin, 1989, Chem. 
Phys. Lett. 130, 76. 

Streitwieser Jr, A., and S. Kinsley, 1985, in: 
Fundamental and Technological Aspects of 
Organic f-Elemental Chemistry, eds Y.J. Marks 
and I.L. Fragale (Reidel, Dordrecht) pp. 77-114. 

Streitwieser Jr, A., and U. Mfiller-Westerhof, 1968, 
J. Am. Chem. Soc. 90, 7364. 

Streitwieser Jr, A., U. Mfiller-Westerhoff, 
U.G. Sonnichsen, E Mares, D.G. Morrel, 
K.O. Hodgson and C.A. Harmon, t973, J. 
Am. Chem. Soc. 95, 8644. 

Suneram, R.D., EJ. Lovas, G.T. Fraser and 
K. Matsumura, 1991, prepfint. 

Szentpaly, L.V, R Fuentelaba, H. Preuss and 
H. Stoll, 1982, Chem. Phys. Lett. 93, 555. 

van Wezenbeek, E.M., EJ. Baerends and 
J.G. Snijders, 1991, Theor. Chim. Acta. 81, 
139. 

Van Zee, R.J., M.L. Seely and W. Weltner Jr, 
1977, J. Chem. Phys. 67, 861. 

Van Zee, R.J., R.E Ferrante, K.J. Zeringue and 
W. Weltner Jr, 1981, J. Chem. Phys. 75, 5297. 

Wadt, W.R., 1981, J. Am. Chem. Soc, 103, 6053. 
Wadt, W.R., and EJ. Hay, 1985, J. Chem. Phys. 

82, 284. 
Wang, J.Z., K.K. Das and K. Balasubramanian, 

1990, Mol. Phys. 69, 147. 
Wang, S., and RR. Buseck, 1991, Chem. Phys. 

Lett. 182, 1. 
Weiss, ED., J.L. Elkind, S.C. O'Brien, R.E Curl 

and R.E. Smalley, 1988, J. Am. Chem. Soc. 
110, 4464. 

Xin, X., J.G. Edvinsson and L. Klynning, 1991, 
J. Mol. Spectrosc. 148, 59. 

Yadav, B.R., S.B. Rai and D.K. Rai, 1981, J. Mol. 
Spectrosc. 89, 1. 



Handbook on the Physics and Chemistry of Rare Earths 
Vol. 18 - Lanthanides/Actinides: Chemistry 

edited by K.A. Gschneidner, Jr., L. Eyring, G.R. Choppin and G.H. Lander 
© 1994 Elsevier Science B.E All rights reserved 

Chapter 120 

SIMILARITIES A N D  D I F F E R E N C E S  IN TRIVALENT 
L A N T H A N I D E -  A N D  ACTINIDE-ION S O L U T I O N  
ABSORPTION SPECTRA A N D  L U M I N E S C E N C E  STUDIES 

James V. BEITZ 
Chemistry Division, Argonne National Laboratory, Argonne, 
IL 60439, USA 

Contents 

Symbols and abbreviations 
1. Introduction 

1.1. Scope 
1.2. Historical development 

2. Observed spectra of aquated trivalent lanthanide and actinide ions 
3. Theoretical treatment of f-state spectra 

3.1. Application of atomic theory 
3.2. Comparison of "free-ion" states and observed spectra 
3.3. Transition intensities 
3.4. Hypersensitive bands 
3.5. Vibronic bands 

4. Luminescence of trivalent-ion f states 
4.1. Radiative and nonradiative decay rates 
4.2. Experimental observations 

4.2.1. Lanthanide ions 
4.2.2. Actinide ions 

4.3. Trends in luminescence dynamics 
4.4. Calculation of nonradiative decay rates 
45  Hydrat ion and structure of aquated ions 
4.6. Photochemistry 
4,7. Selected applications 

5. Concluding remarks 
References 

159 
160 
160 
160 
161 
173 
173 
174 
177 
180 
181 
184 
184 
185 
185 
186 
187 
189 
189 
191 
191 
192 
193 
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A r total purely radiative decay rate of a state 
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J quan tum number  associated with the total 
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angular momen tum of all the electrons in 
an atom 
quan tum number  associated with the total 
orbital angular m o m e n t u m  of all electrons 
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LIF 
M h 
pI 

S 

T i 

laser-induced fluorescence 
Marvin-integral parameters (h = 0, 2, 4) 
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parameters (f= 2, 4, 6) 
quantum number associated with total spin 
angular momentum for all the electrons in 
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U (k) squared unit tensor matrix element 
(k = 2,4,6) 

W T total nonradiative decay rate of a state 
generalized Trees parameter, energy-gap 
law parameter 

/3, ~ generalized Trees parameters 
luminescence lifetime 

~I spin-orbit coupling constant for f electrons 
-Qk Judd-Ofelt model intensity parameters 

(k = 2,4, 6) 

1. Introduction 

Comparison of experimental and theoretical studies of the solution absorption and 
luminescence spectra of lanthanide and actinide ions is the focus of this chapter. In 
aqueous solutions, the most stable oxidation state of lanthanide ions is 3 +,  but 
actinide-ion formal oxidation states ranging from 2 + to 7 + are known (Seaborg and 
Loveland 1990). Actinide elements heavier than plutonium exhibit more lanthanide- 
like behavior, however, in that 3 + is their most stable formal oxidation state in 
aqueous solution. The visible and near-infrared absorption spectra of trivalent lan- 
thanide and actinide ions in solution provide such rich detail that the spectra may 
fairly be said to "fingerprint" the ion for identification. The abundance of sharp 
spectral features long confronted theoretical and experimental spectroscopists with 
difficult problems. The efforts of numerous workers have provided interpretation of 
many aspects of the spectra of these f-transition elements; significant challenges 
remain. 

1.1. Scope 

Absorption spectra spanning the broadest range of actinide elements are available 
for 3 + actinide ions in aqueous solution. Such experimental spectra start at U a + and 
extend through Es 3 +, the heaviest actinide available in sufficient quantity for conven- 
tional spectroscopic investigation. Many spectral studies of lanthanide ions in sol- 
ution have been published, but systematic intepretation of the observed changes in 
energy-level structure, multiplet splitting, and transition intensities across the lan- 
thanide series has not been reported. Spectral studies of complexed actinide ions are 
less numerous than those of lanthanides and have not been systematically interpreted. 
For  these reasons, this chapter deals primarily with studies of trivalent lanthanide and 
actinide ions in dilute, noncomplexing acid solution where the inner coordination 
sphere of the metal ion consists of water molecules (i.e., aquated lanthanide and 
actinide ions). 

1.2. Historical development 

Freed (1942) reviewed early efforts to interpret the spectroscopic properties of 
lanthanides in condensed phases and noted that a polarized absorption spectra of 
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didymium sulfate octahydrate had been recorded by Bunsen in 1866. In reviewing 
solution spectra of lanthanide ions, Carnall (1979) noted that comparisons of lanthan- 
ide-ion fluorescence in solid compounds and solution were published in the early 
1930s and that preparation of relatively pure lanthanide compounds enabled Prandtl 
and Scheiner (1934) to publish the first complete set (except for Pm 3 +) of lanthanide 
solution absorption spectra in the range 220-700nm. However, theoretical under- 
standing of such spectra developed slowly. Bethe (1929) published a theory describing 
term splitting that results from the influence of an electric field of a given symmetry on 
an atom, but the gross term structure and nature oflanthanide absorption bands were 
not understood at the time. A comparison between theory and experime.nt for the 
spectrum of a thulium compound was given by Bethe and Spedding (1937), but 
complete treatment of more complex configurations became practical only with the 
development of the tensor-operator methods of Racah (1942). Much of the historical 
development of theoretical rare-earth spectroscopy has been reviewed by Judd (1988). 
Evidence of the close similarity of 4f-state energy-level structure of trivalent lanthan- 
ide ions in solids such as LaC13 and LaF 3 and aqueous ions in solution has been 
reviewed by Carnall (1979). 

Carnall and Wybourne (1964) carried out the first systematic interpretation of the 
5f-state energy-level structure of trivalent actinide ions in solution using observed 
absorption spectra for U 3 + through Cm 3 +. These workers varied two parameters in 
their theoretical model to obtain the best agreement between calculated 5f-state ener- 
gies and observed absorption-band energies. The first comprehensive review of the 
absorption spectra of transuranic actinide ions (including U 3 +) in dilute acid solution 
was published by Carnall (1973). He noted that considerable progress in theoretical 
modeling of 5f-state energy-level structure had been achieved by an interplay between 
calculation and experiment as well as between studies of solution and crystal spectra 
of a given actinide ion in a particular oxidation state. Good agreement between 
experiment and theory necessitated explicit inclusion of a number of electrostatic, 
magnetic, and configuration interaction parameters and diagonalization of the com- 
plete interaction matrices. A close similarity between 5f-state energy-level structure of 
actinide ions in solids such as LaC13 and as aquated ions in solution has been 
established (Carnall 1986). Absorption spectra of actinides, primarily as complexed 
ions in solution, have been reviewed by Ryan (1972). Spectra for many actinide 
oxidation states were systematically considered by Carnall (1986). Actinide-ion 
spectra, generally as complexed ions or in solid compounds, also are shown by, or 
referenced in, Katz et al. (1985). 

2. Observed spectra of aquated trivalent lanthanidc and aetinide ions 

Observed optical absorption spectra of trivalent lanthanide and actinide ions in 
aqueous solution at ambient temperature (nominally 295 K) are shown in figs. 1-21. 
The data are from the files of W.T. Carnall. The lanthanide-ion absorption data from 
Ce 3 + through Yb 3 + are essentially those reported by Carnall (1979) and the actinide 
data somewhat extend the spectra given by Carnall (1986) for U 3 ÷ through Es 3 +. The 
spectra were recorded in dilute mineral acid solution (generally HC104) and solvent 
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Fig. 1. Observed absorption spectrum (near-infrared to ultraviolet) and Calculated 4f-state energies of 
aquated Ce 3 +. 
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deuteration was used to improve optical transmission at long wavelenghts. Data for 
ions having the same number of f electrons are presented together for comparison 
purposes. In many cases, a split molar-absorptivity scale has been employed to 
improve the visibility of weak bands. The transition point for such split scales is 
shown as a horizontal dotted line. The absorption spectra are presented as a function 
of wavenumber (cm-1), the traditional spectroscopic unit of energy (note that 
8065.491 cm-1 = leV). At energies below about 6000cm-1 (shown shaded by diag- 
onal lines), strong interference from solvent absorption bands prevented recording 
f-state bands. To facilitate comparison, spectral data are plotted using the same 
energy ranges. Diagonal line shading is used to denote those high-energy regions 
where no spectral data are available. Broad underlying absorption in the ultraviolet 
has been subtracted from the reported absorption spectra of Cm 3 + (Carnall and 
Rajnak 1975) and Es 3+ (Carnall 1986) to improve the definition of f - f  absorption 
bands. No absorption spectra have been reported for Pa 3 + in solution, presumably 
due to the chemical instability of Pa 3 +. No optical spectra are available for elements 
heavier than Es. Lanthanide-ion absorption bands are often said to provide a "finger- 
print" for the element. It is evident from figs. 5-18 that the same can be said of the 
absorption spectra of trivalent actinide ions. 

Comparing the absorption spectra of lanthanide and actinide ions having the same 
number of f electrons, the most striking differences occur in molar absorptivity at the 
light end of the actinide series. For example, in fig. 3, approximately 100-fold larger 
molar-absorptivity values are evident for U 3 + bands whose widths are comparable to 
those of Nd 3 +. Actinide-ion band molar absorptivities generally decrease across the 
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actinide series to Am 3+. For Cm 3+ and heavier actinides, molar absorptivities 
become more or less constant but continue to remain larger, in general, than for heavy 
lanthanides. 

3. Theoretical treatment of f-state spectra 

For 3 + lanthanide and actinide ions, almost all transitions within the f shell are 
electric dipole in nature. These transitions are formally parity (Laporte) forbidden. 
That such transitions are observable is attributed to non-centro-symmetric terms in 
the crystal-field Hamiltonian. Such terms have the effect of mixing higher-lying, 
opposite-pairty d and g states into the f shell. As Judd (1988) noted in a review of 
atomic theory and optical spectroscopy of rare earths: "No doubt that we shall 
eventually be able to calculate much of what we want with a high degree of accuracy. 
That day has not yet arrived.". 

3.1. Application of atomic theory 

While accurate, direct calculation of f-state energy structure is not generally feasible 
for lanthanide and actinide ions, parametric models for f-state energy-level structure 
determination have been developed that take advantage of relationships established 
by relativistic Hartree-Fock calculations (Crosswhite and Crosswhite 1984). Works 
by Cowan (1981) and Szasz (1992) should be consulted for additional information on 
theoretical atomic spectroscopy and relativistic Hartree-Fock calculations. 

Carnall et al. (1989) used such a parametric model to carry out systematic analysis 
of the 4f-state energy-level structure and crystal-field parameters of trivalent lanthan- 
ides (except Pm 3+) doped into LaF a. Carnall (1992) extended such systematic 
modeling to the 5f-state energy-level structure and crystal-field parameters of trivalent 
actinide ions from U 3 + through Es a + doped into LaC13. These workers calculated 
f-state energy-level structure based on an effective-operator Hamiltonian using 
a single configuration model. The atomic part of the model is corrected for interaction 
of the fN-configuration with all other configurations by treating such interactions as 
effective interactions within the fU-configuration. The resulting Hamiltonian is 

6 

H = H o + ~ V k ( n f n f ) f  k + (iAso + ~L(L + 1) + flG(G2) + 7G(RT) 
k=O 

A- 2ti Ti + EmhMa + E p z W  + ~ Bkq(C~)i, (1) 
i = 2 ,  3 ,4 ,  6, 7,8 h = 0 , 2 , 4  f = 2 , 4 , 6  k,q,i 

where H o involves the kinetic energy of the electrons and their interaction with the 
nucleus and k is even. The F k (Slater parameters ) and ~I (spin-orbit coupling 
constant) represent the electrostatic and spin-orbit integrals, their coefficients, f~ and 
Aso, being the angular parts of those respective interactions. Two- and three-body 
interactions are introduced to account for the effects of configuration interaction.~ 
Two-body operators are parameterized by ~, fl, and ? (often referred to as generalized 



174 J.V. BEITZ 

Trees parameters) with L being the total orbital angular momentum. G(G2) and G(Rv) 
are Casimir's operators for groups G 2 and R7, respectively. Three-body operators are 
denoted by t i with corresponding parameters, T i. Two-body pseudo-magnetic oper- 
ators are denoted as p: with corresponding parameters, P:. The Marvin integrals, M h, 
represent spin-spin and spin-other-orbit relativistic corrections. The last summation 
in the above equation represents the crystal-field interaction in which Bkq are crystal- 
field parameters and ckq are spherical tensors of rank k that depend on the coordinates 
of the ith electron. The summation involving i is over all f electrons of the ion of 
interest. Equation (1) is used to calculate the expected energies of crystal-field split 
states. The values of parameters in eq. (1) are adjusted using a nonlinear least-squares 
method to obtain the best agreement with experimentally determined and assigned 
crystal-field levels. 

The number of experimentally determined and assigned levels often exceeds the 
number of free-ion and crystal-field parameters by several fold. Even so, local minima 
are a significant problem in the least-squares adjustment procedure. The practice is to 
allow only a fraction of the parameters given in eq. (1) to vary freely. Note that fitting 
of model free-ion parameters to experimental data recorded in condensed phases 
results in parameter values that differ from the free-ion values found in atomic 
spectroscopy studies of lanthanide ions (Goldschmidt 1978) and actinide ions (Freed 
and Blasse 1986) in the vapor phase. For this reason, the term "free ion" is used to refer 
to parameters or energy levels determined from studies on ions in condensed phases. 

3.2. Comparison of "free-ion" states and observed spectra 

The energy level differences between 4f states of aquated trivalent lanthanide ions 
(i.e., the experimentally determined centers of gravity of observed 4f-4f bands), are 
quite similar to those deduced from studies of the same ions doped into LaC13 (Dieke 
1968, Morrison and Leavitt 1982) or LaF 3 (Carnall et al. 1989) as Carnall (1979) 
stressed in his review of lanthanide-ion spectroscopy. Expressed in another way, there 
is little difference between the energy-level structure of "free-ion" 4f states of trivalent 
lanthanides doped into LaC13 or LaF 3 and the 4f-state energy-level structure deduced 
from spectral studies of aquated trivalent lanthanide ions (e.g., see Sinha 1983). 
A similar situation occurs for 5f bands of aquated trivalent actinide ions in that their 
centers of gravity occur at energies quite similar to the energy differences between the 
corresponding 5f-state multiplets of the same actinide ion doped into LaC13. 

A graphic comparison of available aquated trivalent lanthanide- and actinide-ion 
spectra and "free-ion" f-state energies is made in figs. 1-21. These figures show the 
calculated f-state energies as short, vertical lines above the absorption bands. Where 
a significant energy gap exists between two f-states, the J value of the higher-lying of 
the two states is indicated (J is the quantum number associated with the total angular 
momentum of all the electrons in the ion). For ions having an odd number of 
f electrons, the value shown is J + ½. The "free-ion" energies displayed in figs. 1-21 are 
those determined in systematic interpretations of the spectra of trivalent lanthanide 
ions doped into LaF 3 (Carnall et al. 1989) and actinide ions doped into LaC13 (Carnall 
1992). Tables 1 and 2 list the values of the "free-ion" parameters used to calculate the 
f-state energies shown in figs. 1-23. Good agreement between the calculated "free-ion" 
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f-states of trivalent lanthanide ions and their observed aquated ion f - f  absorption 
bands is visually evident when considering isolated "free-ion" states and their asso- 
ciated absorption bands. Strong absorption at ultraviolet wavelengths is often at- 
tributed to f ~  d transitions although in the case of easily oxidized ions, such as U 3 +, 
metal-to-ligand charge-transfer states likely contribute as well. In many cases, particu- 
larly for the light actinides, it is clear that the f states occur in such close proximity that 
the observed absorption bands consist of contributions from several f states. In a few 
of the near-infrared absorbing bands of aquated U 3 + (fig. 3), some systematic devi- 
ation evidently occurs between the calculated "free-ion" states and the centers of 
gravity of absorbing bands. 

It may happen that a predicted band is too weak to be evident in recorded 
absorption spectra. This is the case in fig. 9 for the Am 3+ 7 F o ~ S D  1 band whose 
center of gravity is calculated to occur at 17271cm -1. This absorption band is 
expected to be very weak on theoretical grounds (Carnall and Wybourne 1964). 
However, confirmation of the energy of the 5D 1 state is available from fluorescence 
studies on aquated Am3+(Beitz et al. 1986, Yusov 1990) and on Am 3+ in a heavy- 
metal glass at 10 K (Valenzuela and Brundage 1990) that position the 5D1 state within 
100 cm-  1 of its calculated energy. The absorption bands of Es 3 + that are expected to 
be centered at 9701 and 11 963cm- 1 (see fig. 17) are additional instances in which no 
absorption band is evident at the calculated "free-ion" state energy. Carnall et al. 
(1973) presented intensity calculations indicating that these bands should be very 
weak in absorption; experimental data on Es 3 + doped into LaC13 at low temperature 
have identified all of the expected crystal-field components of both of these states 
(Carnall 1992). These Am a+ and Es 3+ examples serve as reminders of the synergism 
that has occurred between energy-level structure and transition-intensity calculations 
for trivalent lanthanide and actinide ions. In addition, analysis of transition intensities 
can provide a basis for quantifying the relative contributions of individual "free-ion" 
states to an observed absorption band and so further aid in assigning aquated ion 
spectra. 

The entire energy range of calculated "free-ion" f states is shown in fig. 22 for 
trivalent lanthanide ions and in fig. 23 for trivalent actinide ions. Several features are 
evident in comparing figs. 22 and 23. Actinide ions tend to have a somewhat more 
open energy-level structure near their ground states but a less open energy-level 
structure for higher-lying states. This arises from larger spin orbit coupling par- 
ameters, but reduced Slater parameter values in the actinide series when parameter 
values for actinide and lanthanide ions having the same number of f electrons are 
compared (see tables 1 and 2). For mid-series lanthanide and actinide ions, it is evident 
that many or even most f states occur at energies corresponding to vacuum-ultraviolet 
or shorter wavelength light (i.e., at energies where little observed data on f-state 
energies exist). The present lack of relevant experimental data prevents assessment of 
the accuracy of the calculated energies for such very high lying f states. 

3.3, Transition intensities 

Using a theory independently developed by Judd (1962) and Ofelt (1962), observed 
strengths of absorption bands can be understood systematically in terms ot ~ a param- 
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eterized model. This model has come to be termed the Judd-Ofelt  model. The 
oscillator strength, P, of an absorption band is defined as the area under the band 
envelope as normalized to the concentration of the absorbing ion and the path length 
of the light through the absorbing medium. The experimentally determined oscillator 
strength can be related to electric- and magnetic-dipole contributions by the relation- 
ship (Condon and Shortley 1963) 

81r2mca [(n2 + 2)2 F2 + n]~21 (2) 
P - 3heZ(2J + 1) 9n 

where m is the mass of the electron, c is the speed of light, a is the energy of the 
transition, h is the Planck constant, e is the charge of the electron, _P and 3/3" are the 
electric-dipole and magnetic-dipole matrix elements, respectively, that connect the 
initial state, J, to the final state, J; and n is the index of refraction of the medium. 

Only a few observed transitions of 3 + lanthanides and actinides have any signifi- 
cant magnetic-dipole character. For such transitions, the /~2 values can be obtained 
from knowledge of the eigenvectors of the initial and final states. The magnetic-dipole 
contribution to the oscillator strength of f - f  absorbing transitions has been cal- 
culated for 3 + lanthanide ions (Carnall et al. 1968a) and 3 + actinide ions (Carnall 
1989b). Judd-Ofelt  theory has been used to compute ff 2 via the relationship 

Fz = e2 ~ -Ok(~J[[ U(k)[t ~,j,)2, (3) 
k = 2 , 4 , 6  

where U (k) is a unit tensor operator of rank k and -Ok are three parameters that, in 
practice, are evaluated from measured band intensities. On theoretical grounds, these 
parameters involve the radial parts of the f-shell wave functions, the wave functions of 
interacting configurations such as those of higher-lying d and g states, and the inter- 
action of the metal ion and the ligands surrounding it. 

Interest in obtaining Judd-Ofelt  model parameters often arises when intensities are 
required for transitions not ordinarily observable in absorption, such as from a fluor- 
escing state to a lower lying state that is not the ground state. In fluorescence, the 
purely radiative rate of relaxation of an excited state, (qJJ), to a particular lower state, 
(tp, j,), is the Einstein A coefficient, which, following Axe (1963), can be expressed as 

64n4cr3 [n(n2+2)zff2+n3f/121 (4) 
A ( ~ J , ~ ' J ' ) -  3h(2J + 1) 9 

where the terms are as defined in eq. (2) above. 
Transition-intensity analysis has proven to be a useful adjunct in assigning the 

states giving rise to spectrally overlapped absorption bands oflanthanide and actinide 
ions (see e.g., Carnall et al. 1984). Such bands are usually resolved into their constitu- 
ent absorbing transitions by assuming that the underlying lines follow a modified 
Gaussian Lorentzian form described by Carnall et al. (1968a). Analyses of this type 
have resulted in values of I2 k for all aquated trivalent lanthanides (Carnall 1979) and 
many aquated trivalent actinides (Carnall and Crosswhite 1985a, b). These values are 
graphically compared in fig. 24. As Carnall (1979) observed, the ,O h values for trivalent 
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Fig. 24. Comparison of reported Judd-Ofelt theory parameters for aquated trivalent lanthanide ions (open 
symbols) and actinide ions (solid symbols, error limits shown, data points connected by broken line). 
Lanthanide data are taken from Carnall (1979), actinide data from Carnall and Crosswhite (1985b), based 
on fixing the value of g22 at 1 x 10-2°cm 2. 

lanthanides become essentially constant for elements heavier than Nd. A similar effect 
may be discerned in the actinide values beginning at Cf. Based on trends in O k values, 
Carnall (1986) has argued that Am 3 + and Cm 3 + probably play roles similar to Pr a ÷ 
and Nd 3 + among lanthanide ions. The comparatively large estimated errors for light 
actinide O k values result from fitting to a small database (i.e., from the difficulty in 
determining oscillator strengths for more than a handful of 5f states for light 
actinides). In a qualitative sense, the large O k values for light actinides can be 
attributed to the interaction of 5f electrons of these ions with d-electron states (CarnaU 
1986). 

3.4. Hypersensitive bands 

Although trivalent lanthanide- and actinide-ion f - f  transitions usually are 
regarded as being insensitive to the nature of coordinated ligands, a few absorption 
bands of such ions do exhibit distinct sensitivity. These transitions satisfy the same 
selection rules as electric-quadruple radiation and have come to be termed hypersensi- 
tive transitions. Judd (1962) noted that large values of (~eJll u<2)ll ~,j,)2, generally 
symbolized as U (2t, correlated with lanthanide-ion bands whose intensity differed 
significantly between chloride and nitrate solutions. Other early theories concerning 
this effect are presented by Peacock (1975). Henrie et al (1976) found a linear correla- 
tion of ligand basicity with oscillator strength for hypersensitive transitions of lan- 
thanide ions and suggested a mechanism for hypersensitivity involving metal-ligand 
covalency via charge-transfer levels. Misra and Sommerer (1991) have reviewed 



ION SOLUTION ABSORPTION SPECTRA AND LUMINESCENCE STUDIES 181 

absorption spectra of lanthanide ions with an emphasis on hypersensitive transitions 
as well as transitions of Pr  3 + and Nd 3 + that arise from what these authors term 
"ligand-mediated pseudo-hypersensitivity". The literature is not in agreement as to 
which ~ f  bands should be considered hypersensitive [compare the entries in table 2 of 
Peacock (1975) to those in table 1 of Henrie et al. (1976)]. Carnall et al. (1968b-e) list 
U (2) values for Pr 3+ through Yb 3+. Values of U (2) for 5f-5f transitions of the 
actinide ions from U 3+ through Md 3+ have been reported by Carnall (1992) in his 
analysis of the spectra of trivalent actinides in LaC13. Table 3 lists the term symbol, 
transition energy (based on "free-ion" energies), and U ~2) values (if larger than 0.01 or 
hypersensitive) for trivalent lanthanide and actinide ions. 

If one excludes states that give rise to absorption bands at 1.4~tm or longer 
wavelength (i.e., states obscured by solvent absorption in H20 solutions) and states of 
Pm 3+ (rarely studied because of the radioactivity of Pm isotopes), it is evident from 
table 3 that a U ~2) value of 0.2 or larger for a lanthanide-ion absorption band 
correlates with that band being hypersensitive. No experimental absorption spectra 
are available for Fm 3+ or Md3+; U 3+ is so easily reduced that studies on it in 
aqueous solution are very difficult and few have been reported. Assuming that one 
also can exclude the 562 state of Np 3 + and the 6H13/2 state of Cf 3 + (on the grounds 
of scarcity of reported solution absorption studies on these ions), then the same 
relationship holds for trivalent actinide ions: a U ~2) value of 0.2 or larger correlates 
with that actinide-ion band being hypersensitive. As is evident from the data shown in 
table 3 for the bands of Pr, Nd, Sin, Eu, Dy, and Am that are considered to be 
hypersensitive by Henrie et al. (1976), a value of U ~2) < 0.2 does not preclude a band 
from being hypersensitive. For ions having the same number of f electrons, the data in 
table 3 show considerable correlation between a lanthanide S L J state that has 
a larger U ~2) value and the magnitude of the U ~2) value of the corresponding actinide 
S L J state. For example, the state of Dy 3 + (a 4f 9 ion) that has largest U ~2) value is 
6F11/2; the state of the corresponding 5f 9 ion, Cf 3 +, that has the largest U (2) value is 
also 6Fll/2. Judd (1988) commented on the status of theoretical efforts to explain 
hypersensitivity. He suggests that the conclusion of Peacock (1975) that various 
mechanisms combine or interfere to different degrees under varying experimental 
conditions may still be valid. 

3.5. Vibronic bands 

Spectral bands of an aquated lanthanide ion arising from vibronie contributions 
were reported first by Haas and Stein (1971) in their study of the emission spectrum of 
aquated Gd 3 +. These bands are termed vibronic because they arise from a simulta- 
neous change in the electronic state of the metal ion and the vibrational state of 
a coordinated ligand. Stavola et al. (1981) noted additional examples of such bands 
and presented a theoretical model based on the importance of electronic factors for 
calculating the intensities of lanthanide-ion vibronic transitions. Their theoretical 
model also predicts selection rules for such transitions. The intensities of observed 
bands assigned by these workers as being vibronie typically were at least 50times 
weaker than the parent purely electronic band. Faulkner and Richardson (1979) have 
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TABLE 3 
Listing of absorption bands with calculated U (2) > 0.01 for aquated trivalent lanthanide ions (Carnall et al. 
1968a-e) to 50000cm -1 and trivalent actinides in LaC1 a (Carnall 1989b) a to 31 000cm 1 with data for 

experimentally ohser'¢ed hypersensitive bands (Henrie et al. 1976) b shown in bold type. 

Transition Transition 
Lanthanide Excited energy Calculated Actinide Excited energy Calculated 
ion c state (cm- 1) U~2) ion ~ state (cm- 1) U~2) 

pr  3+ pa 3+d 

(3H4) 3H s 2322 0.1095 
3F 2 5149 0.5089 
3F 3 6540 0.0654 
3F 4 6973 0.0187 
1D2 16 840 0.0026 
3P 2 22 535 ~ 0 

Nd 3 + U 3 + 

(419/2) 4111/2 2007 0.0194 ('I9/2) 
4G5/2 17 167 0.8979 
2G7/2 17 333 0.0757 
4G7/2 19 103 0.0550 

pm 3 + Np3 + 

(514) 515 1577 0.0246 (514) 
5G z 17857 0.7215 
5G 3 18 256 0.1444 
3G 3 21 102 0.0228 

4111/2 
2H9/2 
4F5/2 
4G5/2 
41:;7/2 
4G7/2 
2K13/2 
211u 2 

515 
5I 6 

5F z 
3H a 

5F 3 
5G 2 
5G 3 
3K 6 
30 2 

an  5 
3F 2 

4563 
9631 
9921 

11 220 
11 518 
13297 
16133 
21585 

3954 
7231 
8197 

10 752 
11 588 
11 853 
12 732 
15087 
18424 
21809 
22595 

0.0214 
0.0544 
0.2016 
0.7029 
0.0392 
0.0884 
0.0346 
0.0134 

0.0192 
0.0134 
0.2275 
0.0215 
0.0114 
0.4629 
0.1493 
0.0150 
0.0141 
0.0184 
0.0145 

Sm 3+ pu 3+ 

(6H5/2) 6H7/2 1080 0.2062 (6H5/2) 6H7/2 3327 0.1312 
6H9/2 2290 0.0256 6H9/2 6254 0.0541 
6F1/2 6397 0.1939 6F3/2 6745 0.1481 
6F3/2 6641 0.1444 6F5/2 6751 0.0144 
6F5/2 7131 0.0332 6F1/2 6925 0.1513 
41)1/2 26573 0.0001 419/2 17471 0.0222 

Eu 3+ Am 3+ 
(TFo) 7F 2 1018 0.1375 (TFo) 

5D 2 21499 0.0008 

Gd3 + f Cm 3 + 

(8S7/2) (8S7/2) 

5350 
21709 
21961 

20208 
22949 
28078 
30644 

7F 2 

5D 2 
SG 2 

6D5/2 
619/2 
6D7/2 
6D5/2 

0.0961 
0.0065 e 
0.0112 e 

0.0108 
0.0115 
0.0191 
0.0137 
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TABLE 3 (continued) 

Transition Transition 
Lanthanide Excited energy Calculated Actinide Excited energy Calculated 
ion c state (cm-  1) U~2) ion c state (cm- 1) U~z) 

Tb a + Bk 3 + 
(7F6) 7F 5 2112 0.5376 (7F6) 

7F 4 3370 0.0889 
VF s 4566 0.1373 
7F,, 5156 0.4901 
5H~ 21020 0.0121 
5H 7 21 036 0.0429 
5I 6 26 071 0.0164 
5F 4 26 529 0.0155 
5L 7 26 858 0.0103 

Dy3 + Cf3 + 

(6H15/2) 6H13/2 3506 0.2457 (6H15/2) 6Fll/2 6453 0.8901 
6Hll/2 5833 0.0923 6H13/z 8103 0.2098 
6F11/2 7730 0.9387 2Hll/2 11 585 0.1648 
4115/2 22293 0.0073 6H15/2 16 172 0.0258 
4Gll/2 23321 0.0004 4K17/2 20869 0.0798 
4K17/2 26 365 0.0109 4113/2 23 176 0.0616 

4K15/2 276•4 0.0143 
4115/2 29 135 0.0176 
4Hll/2 29517 0.0398 
4H13/2 30306 0.0178 

Ho 3 + Es 3 + 

(518) 517 5116 0.0250 (518) 
3K 8 21 308 0.0208 
5G 6 22094 1.5201 
3H 6 27 675 0.2155 
3L 9 29020 0.0185 
317 38 470 0.0157 

5I 7 11 039 0.0188 
5I 6 13 009 0.5686 

3K 8 19 904 0.0779 
5G 6 19 933 ]1.0614 

Er 3 + F m 3 + 

(4115/2) 4113/2 6610 0.0195 (4115/2) 2Hl1/2 10037 0.7517 
4111/2 9256 0.7125 4111/2 21 365 0.7534 
4G11/2 26 496 0.9183 
2K15/2 27801 0.0219 

Tm 3 + Md 3 + 

(3H6) 3F 4 5811 0.5375 (3H6) 3F 4 3500 0.5828 
3H 5 8390 0.1074 3H 5 15487 0.1048 
3H 4 12720 0.2373 3H 4 19088 0.2177 
1G 4 21 374 0.0483 
lI 6 34886 0.0106 

a The principal SLJ component  of the state is given as a label only. In many cases, the state has < 50~ of the 
indicated character. 
b Bands experimentally observed to be hypersensitive are included even if the calculated value of U t2) is 
<0.01. 
c Ground-sta te  term symbol is shown in parantheses. 
o No calculations reported (Carnall 1989b) for this ion. 

It is not known whether only one or both of these two states is hypersensitive. 
eNo bands have U TM > 0.01 and no observed bands are reported (Henrie et al. 1976) to be hypersensitive. 
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published a vibronic-coupling model for magnetic-dipole intensities of f - f  transitions 
of octahedral complexes of lanthanides. Their model predicts that phonon-assisted 
(i.e., vibronic) magnetic-dipole lines will have intensities 100-1000 times weaker than 
pure (i.e., zero phonon) magnetic-dipole lines and phonon-assisted electric-dipole 
lines. It seems clear that these small intensities justify neglecting vibronic bands in 
carrying out Judd-Ofelt  model analyses of the absorption spectra of aquated lanthan- 
ide ions. No vibronic bands built on 5f states of aquated actinide ions have been 
reported. 

4. L u m i n e s c e n c e  of  tr ivalent- ion f s tates  

The sharp features in the emission spectra of lanthanide ions in solution and solid 
phases has long fascinated and challenged spectroscopists. The terms fluorescence and 
luminescence are used interchangeably in this chapter when referring to emission of 
light from f states of lanthanide and actinide ions. Fundamental concepts related to 
emission of light are defined before comparing experimental and theoretical studies of 
the luminescence of trivalent ions of these f-transition metals. 

4.1. Radiative and nonradiative decay rates 

The total purely radiative decay rate of state (kuJ), symbolized as A-r (~J), is given 
by 

A-r(~J) = ~ A(9'J, 9"g'), (5) 
~p,j, 

where the sum runs over all states lower in energy than the fluorescing state. The ratio 
of the integrated intensity of a particular fluorescing transition, (~PJ)-~ ((P'J'), to the 
integrated total fluorescence intensity of the emitting state is given by A ( ~ J ,  
~P'J')/AT(tPJ). This quantity, termed the branching ratio, can be calculated using 
Judd-Ofelt  theory and is often comparatively simple to measure. The purely radiative 
lifetime, z r, of state (bY J) is inversely related to the total purely radiative rate by the 
expression 

1 
zr(tpj) = AT( hgJ)" (6) 

The value of zr (~PJ) is also referred to as the spontaneous emission rate. In dilute 
systems, at sufficiently low excited ion density and when the excited f state does not 
interact with a metastable ligand excited state, a simple relationship exists between the 
observed f-state luminescence lifetime and the radiative and nonradiative decay rates 
of that state. For a particular emitting state, (~J), the inverse of its observed lifetime, 
Zobs(tPJ), is the sum of the purely radiative decay rate of that state and its total 
nonradiative decay rate, W-r(~VJ), 

1 
- AT(~PJ) + W.r((PJ). (7) 

Tobs( (P J) 
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The fluorescence quantum yield of state (~J)  is given by the ratio Zobs(~J)/rr(~UJ). 
For  simplicity in the following discussion, we delete the state label, (~uJ), from these 
and other quantities related to emitting state dynamics. 

For  f states of many lanthanide ions doped into insulating solids, W x can be related 
to the energy gap, AE, between the emitting state and the next lower lying state by the 
expression 

W x = Ce ~aE, (8) 

where C and ~ are constants characteristic of a particular medium (Riseberg and 
Moos 1968). The underlying relaxation mechanism is transfer of energy from an 
f-electron state to phonons in the medium surrounding the ion. The relationship 
shown in eq. (8) is often referred to as an "energy-gap law" expression. When this 
relationship holds, a plot of ln(WT) versus AE gives the value of C and c~ as the slope 
and the y-axis intercept, respectively. 

4.2. Experimental observations 

As Carnall (1979) observed, early studies of the luminescence spectra of lanthanide 
ions in solution revealed similar patterns of emission wavelength and intensity in 
comparison with studies of the same ions in crystalline compounds. Mid-series 
lanthanide ions (Eu 3+, Gd 3+ and Tb 3+) fluoresced strongly while much weaker 
fluorescence was found from Sm 3 + and Dy 3 +. Other lanthanide ions fluoresce poorly 
at best from excited f states. Such a ranking of lanthanide ions is to some degree 
arbitrary as many factors, including the degree to which excitation light is adsorbed 
by the ion of interest, influence fluorescence intensity. Among trivalent actinide ions, 
only Cm 3 + has been observed to fluoresce strongly in aqueous solution. Despite weak 
fluorescence, studies of 5f-state fluorescence from some other trivalent actinide ions at 
sub-microgram levels are feasible when the excitation source is a high-brightness 
tunable laser. Current studies of luminescence from f states of lanthanide and actinide 
ions in solution commonly employ pulsed tunable lasers as excitation sources and 
exploit time-gated fluorescence detection to avoid interference from short-lifetime 
luminescing species. 

4.2.1. Lanthanide ions 
Early efforts to achieve an understanding of the factors influencing the lumines- 

cence decay of 4f states of trivalent lanthanides in solution include the pioneering 
work of Kropp and Windsor (1965). These workers examined changes in fluorescence 
intensity and lifetimes of Eu 3+ and Tb 3+ as a function of solvent composition, 
including use of DzO, and studied the effect of dissolved oxygen and temperature. 
Kropp and Windsor (1965) concluded that radiationless deactivation of lanthanide 
ions occurs via loss of energy to hydrogen-stretching vibrations and that such loss is 
proportional to the number of hydrogen vibrations in the immediate environment of 
the ion. Heller (1965) reported that the quenching of 4f-state luminescence intensity of 
Sm 3+, Eu 3+, Tb 3+ and Dy 3+ in DEO depended linearly on added HzO. This effect, 
and related data, were interpreted as providing evidence that quenching of 4f states 
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was due to the O H bond in coordinated water molecules rather than due to entire 
molecular species such as H20,  HDO, H 2 0 . n D 2 0 ,  etc. 

Stein and Wurzberg (1975) correlated fluorescence yields of trivalent Pr, Sm, Eu, 
Gd, Tb, Dy, and Tm ions in H 2 0  and D20 solutions in terms of a single variable, the 
energy gap between the fluorescing f state and the next lower iying f state. In addition, 
Haas et al. (1973) invoked a "junction" mechanism involving thermal population of 
the next state above the emitting level to explain the temperature dependence of Gd 3 + 
and Eu 3 + luminescence. These and many other early studies on the dynamics of 4f 
states of lanthanide ions have been reviewed (Carnall 1979, Sinha 1983). Buno-Core 
et al. (1990) have reviewed quenching processes that influence excited states of 
lanthanide ions and chelates in solution. 

In the case of Eu 3+ 5D 1 -~SD o nonradiative decay, Marcantonatos et al. (1984) 
concluded that energy transfer occurs primarily to the bending mode of coordinated 
HzO due to the smallness of the energy gap in comparison with the energy of the 
stretching vibrational modes of H20. As noted by Carnall (1979), the nonradiative 
decay of Gd 3 + is unexpectedly large relative to the appreciable energy gap involved. 
The spectral and dynamics studies of Marcantonatos et al. (1986) provide an explana- 
tion for the behavior o fGd  3 +. They interpret the nonradiative decay of the 6P7/2 state 
of Gd 3 + as arising from excited aquated Gd 3 + losing two inner-sphere coordinated 
water molecules and subsequent conversion of the resulting hexa-coordinated species 
to a hydrolyzed species that forms an exciplex. 

Dissolved oxygen gas is generally regarded as being unimportant in studies on 
dynamics of lanthanide-ion excited 4f states in solution (see, e.g., Kropp and Windsor 
1965). However, two reports provide evidence that quenching of 4f states by dissolved 
oxygen does occur. Beitz and Sullivan (1989) reported that dissolved oxygen reduced 
the 5D o state lifetime of Eu 3 + in an extractant complex in a chlorinated hydrocarbon 
solvent. Darmanyan et al. (1991) report that the rate parameter for oxygen quenching 
of the 5D o state of complexed Eu 3 + in CCI 4 solution is 4.7 x 104 dm3/(mol s). These 
workers directly identified the energy transfer product, excited singlet 0 2, by its 
luminescence at 1.27 gm. 

4.2.2. Actinide ions 
In reviewing solution fluorescence data for aquated actinide ions in order of 

increasing atomic number, it should be noted that no solution luminescence has been 
reported from trivalent actinide ions lighter than Am 3+. Using a laser-induced 
fluorescence (LIF) method, Beitz et al. (1986) reported the first observation of fluores- 
cence from aquated Am 3+. Yusov (1990) subsequently reported lifetime data for 
aquated Am 3+ in HzO and D 2 0  as well as Am 3 + in organic solvents and complexed 
Am 3+ in aqueous solutions. Yusov and Fedoseev (1991) investigated solution 
chemiluminescence of Am 3 + following reduction of higher Am oxidation states. 

Detailed investigation of 5f-state emission from trivalent curium ions in solution 
began with studies by Gutmacher et al. (1964). These workers observed auto- 
radioluminescence (i.e., luminescence arising from energy released in radioactive 
decay, also termed self-luminescence) of Cm 3 + in concentrated LiC1 solution. Beitz 
and Hessler (1980) reported the first fluorescence spectra and lifetime data for aquated 
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Cm 3 +. These workers employed LIF and found a single emission band peaking at 
593 nm with estimated quantum yields of 0.03 in H / O  and 0.5 in D20.  Based on these 
quantum yields and the known absorption spectrum of aquated Cm 3 + (Carnall and 
Rajnak 1975), Beitz and Hessler concluded that aquated Cm 3 + should be detectable 
at the level of 3 x 10-lO mol/dm 3 using a simple laser-induced fluorescence apparatus 
employing single-photon counting. Yusov et al. (1986a) determined that the lumines- 
cence of Cm 3 + is linearly proportional to the D-atom fraction in mixtures of H20 and 
D20. Subsequently, Yusov (1987) carried out autoradioluminescence studies on 
Cm 3 + and selected lanthanides in solution. Yusov et al. (1986b) reported observation 
of chemiluminescence upon reduction of Cm 4 +, Tb 4 +, and Pr 4 + in aqueous solution. 
Beitz et al. (1988) achieved a LIF detection limit of 8.5 parts per trillion for Cm 3+ in 
dilute perchloric acid (1 × 108 Cm 3+ ions in the laser beam) as well as forCm 3+ at 
near-neutral pH. Beitz (1991) reported LIF studies of complexed Cm 3 + in H 2 0  and 
DEO. Other recent LIF work on complexedCm 3+ includes determination of its 
interaction with humic and fulvic acids (Moulin et al. 1991), complexation with humic 
acid from Gorleben groundwater (Kim et al. 1991), and speciation in a variety of 
solution environments, including bicarbonate and groundwater (Klenze et al. 1991). 

Only two studies of transcurium-ion fluorescence in solution have been published. 
Carnall et al. (1984) measured the absorption spectrum of Bk 3+, interpreted its 
energy-level structure in terms of a free-ion energy-level model, analyzed its absorp- 
tion band intensities in terms of Judd Ofelt theory, and reported luminescence 
lifetime data for aquated Bk 3 in D20.  Beitz et al. (1983) carried out LIF studies on 
Es 3+ in H20 and D20 solutions as well as complexed Es 3+ in an organic phase. No 
luminescence studies have been reported for actinide elements heavier than Es. 

4.3. Trends in luminescence dynamics 

Energy gaps and observed lifetime data for trivalent aquated lanthanide and 
actinide ions are listed in table 4. Also shown are purely radiative lifetimes calculated 
using Judd-Ofel t  theory and experimental values reported by Stein and Wurzberg 
(1975) based on their observed quantum yields and lifetimes. The agreement between 
calculated and experimental purely radiative lifetimes is not as good as might be 
desired, reflecting the approximations used in deriving Judd Ofelt theory and the 
difficulties in measuring fluorescence quantum yields. Using the data in table 4, one 
can obtain fluorescence quantum-yield values for aquated ions by dividing the 
observed lifetime in H 2 0  (i.e., ~H2o) or D / O  (i.e., rD2o) by the purely radiative lifetime 
for a given ion. For example, using calculated purely radiative lifetime data, the 
fluorescence quantum yield of Cm 3 + in H 2 0  is 0.05 and that of aquated Tb 3 + in H 2 0  
is 0.044. Figure 25 compares the observed nonradiative decay rate, W x, of trivalent 
hydrated lanthanide and actinide ions as a function of energy gap, AE, in D / O  
solution at ambient temperature. For consistency, the W x values were calculated from 
eq. (7) based on the observed lifetime and calculated purely radiative decay rate data 
shown in table 4. In fig. 25, it is evident that the lanthanide-ion data systematically 
deviate from, and the actinide data more closely follow, "energy-gap law" behavior 
[eq. (8)]. One use for such correlations is prediction of likely candidate ions for future 
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TABLE 4 
Excited state luminescence properties of aqua lanthanide and actinide ions ~. 

Ion Emitting Energy gap, Observed lifetime Purely radiative 
state AE(cm- 1)b lifetime, T, 

"(1712 0 "CD2 0 C a l c u l a t e d  c Experimental a 
(ms) (ms) (ms) (ms) 

Gd 3 + 6p 32 194 2.3 d (1.i) ° 10.9 13 
6 7/2 

Cm3+ D D 16943 0.065 e 0.94 e 1.3 
Tb 3+ 5 /2 14804 0.400 3.88 d 9.02 4.75 
Eu 3 + 5D o 12 255 0.11 d 4.000 9.67 5.0 
Es a + 5F 5 9456 0.00105 f 0.0029 f 2.4 
Sm 3 ÷ 4G 7438 0.00230 0.054 d 6.26 1.4 

4 512 
Dy 3 ÷ F9/2 7374 0.00240 0.0380 1.85 0.54 
Bk 3+ 7F 6 5815 0.00010 g 0.50 
Nd s+ 4F 5473 0.00003 ¢ 0.00017 ¢ 0.42 
Am 3 + 5I)3~ 2 4942 < 0.00040 h 0.00020 h (1.1) i 

a Estimated values shown in parentheses. 
b Difference in energy between emitting "free-ion" state and next lower "free-ion" state. 
c Carnall et al. (1983). 
a Stein and Wurzberg (1975). 
° Beitz and Hessler (1980). 
f Beitz et al. (1983). 
g Carnall et al. (1984). 
h YUSOV (1990). 

Observed lifetime of Am 3 ÷ in a heavy-metal fluoride glass at 10 K ¥alenzuela and Brundage 1990). 
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Fig. 25. Nonradiative decay rate of aquated lanthanide and actinide ions in D20  solution as a function of 
energy gap (data points are connected by a broken line for clarity). 
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fluorescence studies. Considering the trends in fig. 4 and the energy gaps evident in 
fig. 28, it seems likely that luminescence should be observable from aquated Fm 3+ 
and Md 3 + using LIF methods, if these elements become available at the level of at 
least 109 atoms. In addition, it is surprising that studies on the 4f-state dynamics of 
aquated Yb 3 + have not been reported. 

4.4. Calculation of nonradiative decay rates 

Accurate calculation of the nonradiative decay rate of trivalent lanthanide ions in 
aqueous solution has been challenging. An early effory by Terpilovskii (1968) invoked 
a vibronic coupling model involving all three vibrational modes of H20 for calculat- 
ing the lifetimes of Eu 3 + and Tb 3+ in H 2 0  and D20. Agreement with observed 
lifetimes was marginal for Eu 3 + and poor for Tb 3 +. Sveshnikova and Ermolaev(1971) 
and Ermolaev and Sveshnikova (1973) calculated nonradiative decay rates for 
trivalent Pr, Nd, Sm, Eu, Tb, Dy, and Yb ions in H 2 0  and methanol using a dipole-  
dipole energy-transfer model. Their calculated rates were too low in all cases but their 
calculated deuterium ratios are more in accord with experimental observations. The 
radiationless decay model of Hass and Stein (1972a, b) provides good agreement for 
the calculated ratio of OH to OD oscillator deexcitation rates, but only rough 
agreement for OH deexcitation rates for Sm 3 +, Eu 3 +, Tb 3 + and Dy 3+. 

Stavola et al. (1981) criticized the model of Haas and Stein on the grounds that 
deviation from the Born-Oppenheimer  approximation is needed to explain the 
appearance of vibronic bands and an overly simplistic method was used to determine 
F r a n k - C o n d o n  factors. Unfortunately, Stavola and co-workers did not apply their 
theory to calculation of nonradiative decay rates of f-electron states. Difficulties in 
accurately calculating nonradiative decay rates of 4f states of lanthanides have also 
been encountered in solid-state luminescence studies of lanthanides. Stuck and Fon- 
ger (1990) summarize the challenges which they contend remain in achieving a predic- 
tive understanding of 4f-state nonradiative decay in solids. Among such challenges is 
the need to reflect the different levels of forbiddenness of the f-electron transitions 
involved as a larger energy gap might result in a slightly larger electronic integral. In 
contrast with lanthanide work, little theoretical work has been reported concerning 
the nonradiative decay of 5f states of actinide ions in solution. Given the many 
similarities between 5f states of actinides and 4f states of lanthanides, one might 
speculate that the underlying factors influencing nonradiative decay are similar 
between these two series of elements. 

4.5. Hydration and structure of aquated ions 

The use of Eu 3 + and Tb 3 + solution-fluorescence lifetime data, in H20 and D 2 0  
phases, to infer the number of coordinated inner-sphere water molecules has been 
reviewed by Horrocks arid Albin (1984). The information obtained pertains directly to 
the luminescing state. For arguments concerning applicability to coordination of the 
metal ion in its ground-state electronic state as well as the rationale for the quoted 
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accuracy of the method (_+0.5 H20 molecule) see Horrocks and Albin (1984). 
Determination of coordinated water molecules based only on lifetime data for com- 
plexed lanthanide ions in solution has been reported by Barthelemy and Choppin 
(1989). Presumably, this method is only applicable when nonradiative decay is almost 
entirely dominated by inner-sphere coordinated H20.  

Rizkalla and Choppin (1991) have reviewed lanthanide-ion hydration and hydroly- 
sis studies including those employing fluorescence-based methods. They state that the 
interpretation of fluorescence studies has not always agreed with that from other 
techniques such as thermodynamics, X-ray and neutron diffraction, and absorption 
spectroscopy. Considering information from all techniques, Rizkalla and Choppin 
concluded that light lanthanides (La 3+ - N d  3 +) form aquated ions having a tricapped 
trigonal-prismatic structure with nine inner-sphere coordinated water molecules, 
whereas aquated ions based on heavy lanthanides (Tb 3+-Lu  3 +) evidently have eight 
coordinated water molecules in a square anti-prismatic structure. Middle-series lan- 
thanides (Nd3+-Tb 3+) either assume intermediate structures or a rapid exchange 
equilibrium exists between both hydrate structures. The latter is likely favored by 
Marcantonatos et al. (1984) for Eu 3÷ as these workers concluded that the ratio of 
eight-coordinated aquated Eu 3 + to nine-coordinated aquated Eu 3 + is approximately 
10to 1. 

In comparison with lanthanide ions, little experimental data concerning hydration 
of trivalent actinide ions is available. For example, ion mobility studies by Rosch and 
Khalkin (1990) tend to confirm the hypothesis of "S-shaped" changes in hydration 
parameters of carrier-free trivalent f-element ions in solution. These workers find that 
Eu 3 + and Am 3 + are the ions that mark the transition when ion mobilities of trivalent 
lanthanide and actinide ions are plotted versus crystallographic radii. It is clear that 
additional work is desirable on this point, however, as Rosch and Khalkin obtained 
actinide-ion mobility data only for Am 3+ and Cf 3+. Beitz (1991) reported fluor- 
escence lifetime data for complexedCm 3+ in H 2 0  and D20. He found agreement 
with the assumption that the correlation between observed fluorescence lifetime and 
number of coordinated water molecules for Eu 3 + and Tb 3 + [reviewed by Horrocks 
and Albin (1984)] also holds for Cm 3 +, if one assumes that aquated Cm 3 + has eight or 
nine inner-sphere coordinated water molecules. Hay (1991) has used molecular- 
mechanics methods to calculate the known structures of 58 eight- to twelve-coordi- 
nate aquo- and nitrato-complexes of trivalent lanthanide ions with generally good 
agreement between calculation and the known structure. His approach considers 
nonbonded interactions between iigand donor atoms and uses a harmonic metal -  
ligand stretching potential. This method seems likely to be applicable to actinide ions 
and their complexes. 

Spectral evidence on the symmetry of coordinated ligands surrounding lanthanide 
and actinide ions is available for a few f-element aquated ions. Couture and Rajnak 
(1985) present evidence that similar 4f-state energy-level structures exist for Er 3 + in 
ErC13.6H20 and aquated Er 3 + in fluid and frozen aqueous solution. These workers 
concluded that aquated Er 3 + and aquated Gd 3 + have approximately D4d site symme- 
try with an inner coordination sphere consisting of eight water molecules. In a spectral 
study of Nd 3+ in fluid and frozen aqueous solution, Rajnak and Couture (1981) 
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concluded that aquated Nd 3 + has approximately D3h symmetry and its inner coor- 
dination sphere consists of nine water molecules. Carnall (1989a) noted the similarity 
of the 5f-state spectra of Am 3 + in AmC13, Am 3 + : LaCI 3, and aquated Am 3 + in fluid 
and frozen aqueous solutions. He concluded that the spectra of Am 3+ in frozen 
solution is consistent with D3h symmetry implying nine-fold coordination (nine inner- 
sphere water molecules). 

4.6. Photochemistry 

As might be expected from the formally nonbonding character of f electrons, 
relatively few photochemical studies have involved excited 4t"- or 5f-electron states 
(Buno-Core et al. 1990). More typical photochemical work on f elements involves 
excited charge transfer or d-electron states. For example, Haas et al. (1970) inves- 
tigated the photochemical consequences of exciting a charge-transfer state of Eu3+; 
Okada et al. (1981) interpreted their study of aquated Ce 3 + f -d  transitions in terms of 
photoinduced metal-ligand dissociation. Bergamini etal. (1985) have reviewed 
f-element photochemistry and remarked that the photoreactivity of lanthanide com- 
plexes is mostly due to direct electronic excitation of ligand-to-metal charge-transfer 
states. Polymerization of vinyl compounds via ligand sensitization (i.e., transfer of 
energy from a metal-ion excited f state to a ligand) is cited as a n  example of 
photochemistry involving f-electron states. In a review of applied laser photochemis- 
try, Donohue (1989) cites another example (a Sm 3 + ligand photosubstitution reaction 
initiated by f-state excitation). Lanthanide and actinide element separations via 
photoreduction or photoxidation that are reviewed by Donohue evidently occur from 
photoactive states that are not f electron in character. No studies of solution photo- 
chemistry involving 5f states of trivalent actinide ions have been reported. 

4.7. Selected applications 

The "fingerprint" character of the f-state optical spectra of lanthanide ions has long 
been used for analytical purposes (see, e.g., Banks and Klingman 1956). The f states of 
trivalent lanthanide and actinide ions might best be termed "usefully insensitive" to 
coordinated ligands in that changes in f-state energies generally are large enough that 
the observed spectra permit determination of complexation but not so large as to 
make difficult the assignment of the complexed metal-ion bands. Much of the early 
Soviet work in this area has been reviewed by Panyushkin et al. (1977). A review with 
an emphasis on hypersensitivity and absorption spectra of complexed Pr 3 + and Nd 3 + 
has been published by Misra and Sommerer (1991). 

Historically, fluorescence was viewed as complementing absorption work in deter- 
mination of energy-level structure for those low-lying f states otherwise obscured by 
solvent optical absorption. The availability of tunable lasers and multichannel optical 
detectors permits full exploitation of the ability of laser-induced fluorescence methods 
to temporally and spectrally discriminate amongst luminescing solution species. Not 
unexpectedly, therefore, analytical determination of lanthanide and actinide ion 
species in solution via fluorescence has undergone a resurgence. High sensitivity is 
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achieved for metal ions with large energy gaps and which have emitting transitions 
that give rise to visible or near-infrared emission. When analytically acceptable, 
detection sensitivity often can be improved by tailoring the coordination environment 
to minimize nonradiative decay and enhance light absorption. For example, high 
carbonate concentration has been used to minimize nonradiative decay of f states of 
lanthanide ions (Berthoud et al. 1989) and actinide ions (Decambox et al. 1989) in 
aqueous solution. A solution detection of limit of 5 x 10-14 mol/dm 3 of Eu 3+ has 
been reported using energy transfer from a coordinated ligand and isolation of the 
complexed lanthanide ion in the interior of a micelle (Hemmli/i et al. (1984)). Applica- 
tions of lanthanide-ion luminescence to studies of cation binding sites of interest in 
biochemistry have been reviewed by Petersheim (1991). The reviewed applications 
include studies of chirality via circularly polarized luminescence, investigation of 
cation binding site heterogeneity in proteins, and metal-ion-metal-ion distance deter- 
mination by analysis of f-state energy-transfer dynamics. 

5. Concluding remarks 

The spectroscopy and excited f-state dynamics of trivalent aquated lanthanide and 
actinide ions are closely related. Changes in f-state energy-level structure are relatively 
small with variation of coordinated ligands for both of these series of ions. The f-state 
energy-level structure of these ions is believed to be well-understood, but many predic- 
ted f states occur at energies equivalent to vacuum-ultraviolet or shorter wavelengths 
and have not been observed experimentally. Larger spin-orbit coupling and smaller 
Slater integrals result in a generally more open energy-level structure near the ground 
state of trivalent actinides in comparison with trivalent lanthanides, and also reduce 
energy gaps between higher lying f states. These differences in energy-level structure, 
combined with larger nonradiative decay rate at a given energy gap, diminish the 
number of actinide elements whose trivalent ions fluoresce to an observable extent in 
aqueous solution in comparison with the lanthanide series. However, the solution- 
fluorescence quantum yield of aquated Cm 3 + is comparable to that of aquated Tb 3 +. 
The intensities of f - f  transitions of many aquated trivalent lanthanide and actinide 
ions have been successfully interpreted via Judd-Ofelt theory. Some reported lan- 
thanide-ion f-state fluorescence quantum yields differ significantly from those ex- 
pected from transition intensities calculated on the basis of Judd-Ofelt theory and 
observed fluorescence lifetimes. No directly measured f-state quantum yields are 
available for trivalent actinide ions. Selected applications of trivalent lanthanide- and 
actinide-ion solution luminescence have been reviewed. 
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1. Introduction 

Most of the classical applications of the lanthanides require little or no separation of 
the metal ions. For example, Cotton and  Wilkinson (1988a) state that 15~ of 
commercial rare-earth production is as "Misch metal", an alloy of the light rare earths 
in the proportions in which they occur in the ore. Misch metal is used in steel making 
and as flints in cigarette lighters. Few large-scale applications require more than partial 
separation. An interesting summary of the commerce in the rare earths (in 1989) has 
recently been published in the Rare Earth Minerals and Metals Yearbook (1989). 

More recent high-tech developments, e.g., the preparation of high-temperature 
superconducting oxides, rare-earth permanent magnets, magnetic-resonance contrast 
agents, and rare-earth phosphors, require fairly to very pure supplies of individual 
lanthanides. In addition to these very specific applications, essentially all of the 
scientific advances made in the understanding of the chemistry and material science of 
the lanthanides have been made because of the availability of pure samples of the 
individual lanthanides and their salts. Separation chemistry plays a central role to the 
availability of these pure samples. 

Of the rare-earth ores, bastnasite and monazite are typically more concentrated 
sources for the light rare earths (which are more abundant), while xenotime generally 
contains relatively higher percentages of the heavy rare earths. The lanthanides are 
readily separated from matrix elements in the ore dissolution process, or in subse- 
quent precipitation steps. Many approaches have been taken to the successful 
separation of individual lanthanides. A recent comprehensive review of lanthanide 
separations (Gmelin 19831 considers the separation of the lanthanides in detail. 

The actinides uranium and thorium occur in nature as primordial matter. Actinium 
and protactinium occur in nature as daughters of thorium and uranium, while small 
amounts of neptunium and plutonium are present as a result of neutron-capture reac- 
tions of uranium. All other members of the series are man-made. Separation chemistry 
has been centra! to the isolation and purification of the actinides since their discovery. 
The formation of the transplutonium actinides was established only as a result of 
chemical-separation procedures developed specifically for that purpose. The con- 
tinued application of separation science has resulted in the availability of weighable 
quantities of the actinides to fermium. Separation procedures are central to "one- 
atom-at-a-time" chemistry used to identify synthetic trans-actinide (superheavy) 
elements to element 107 and above (Report of a Workshop on Transactinium 
Science 1990). 

A serious limiting factor in the continued development of nuclear power is the 
disposal of the high-level radioactive waste. One strategy for reducing the volume of 
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radioactive wastes requiring burial in a geologie repository is to transmute (or fission) 
the actinides into shorter-lived fission products in a nuclear reactor or by bombard- 
ment with aecelerator produced neutrons. Typieal fission yields include significant 
amounts of the lanthanides. Unfortunately, some of the lanthanides have very high 
neutron absorption cross sections, and thus act as neutron poisons, absorbing neu- 
trons and reducing the efficiency of the transmutation process. Separation of the 
lanthanides from the actinides is therefore critical. 

The separation of the lanthanides from thorium, uranium, plutonium, and neptun- 
ium can fairly readily be achieved by exploiting the greater extractability of the higher 
oxidation states of the light-aetinide elements. However, the transplutonium actinides 
do not have stable higher oxidation states. In this case, separation of the lanthanide 
fission products from the transplutonium actinides taust exploit the small differences 
in the solution chemistry of the lanthanides and actinides in the trivalent oxidation 
stare. It is the separation of the lanthanides from the trivalent actinide cations that is 
the focus of this chapter. 

1.1. Previous reviews 

The topic of lanthanide/actinide separation has been reviewed previously, either in 
topical reviews, or as a part of a more general discussion of separation processes. The 
classic reference book for separation chemistry (both ion exchange and solvent 
extraction) has long been Marcus and Kertes (1969). In this book, the theory and 
practice of separation science is discussed in great detail. Solvent extraction separa- 
tions chemistry was reviewed by Sekine and Hasegawa (1977). In addition to concen- 
trating on solvent extraction, this work differs from Marcus and Kertes in that it 
references many more specific examples. Unfortunately, such encyclopedic coverage 
did not permit review of lanthanide/actinide separation (or any other individual topic) 
in detail. The unique theoretical aspects of ion exchange separation have been 
discussed by Helferrich (1962). 

Recently, two "how-to" manuals have been published which describe in detail 
useful ion exchange separation procedures for the lanthanides and actinides (f-Iand- 
book of Ion Exchange Resins, Volumes 1 and 2). As noted above, the separation 
chemistry of the lanthanides (ion exchange and solvent extraction) has been reviewed 
in a volume of Gmelin (1983). The latter review discusses very capably the more subtle 
aspects of lanthanide separation, performing the usual division of the work along the 
lines of solvent extraction-ion exchange. 

On the topic of lanthanide/actinide separation, few reviews have dealt in detail with 
the most difficult aspect of this field, separation of the lanthanides from the trivalent 
transplutonium actinides. Jenkins (1979, 1984) reviewed ion exchange applieations in 
the atomic-energy industry. Relatively short sections of these reviews dealt with the 
separation of the trivalent metal ions. Symposium volumes entitled "Actinide Separ- 
ations" (Navratil and Sel~ulz 1980) and "Lanthanide/Actinide Separations" (Choppin 
et al. 1985) are eolleetions of papers from several authors eovering all aspects of 
lanthanide/aetinide separation, some of which deal with the purifieation of the 
trivalent metal ions. 
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The one review which treats lanthanide/trivalent actinide separation is that of 
Weaver (1974). Weaver's review is an excellent, if somewhat dated, source for a com- 
prehensive discussion of solvent extraction separations of the lanthanides and 
trivalent actinides. Weaver discusses many of the historical aspects of lanthanide/ 
actinide separation, and considers both the successes and failures in the separation of 
trivalent lanthanides and actinides. 

In the present chapter, the recent literature is evaluated and the results discussed with 
greater emphasis on the reasons for success (or failure) of various separation strategies 
based on the solution chemistry involved in the inherently difficult separation ofmetal 
ions of such similar properties as the trivalent lanthanides and actinides. 

2. Background 

2.1. The basics of separation chemistry 

Of typical separations methods, those based on volatility (like distillation) are of 
little importance in lanthanide/actinide sepärations. Precipitation methods and other 
biphasic separations processes are by far the most useful. For the separation of 
macroscopic amounts of the individual lanthanides, fractional crystallization was the 
principal technique in the early days of the investigation of the lanthanides. The small 
solubility differences required hundreds or eren thousands of repetitions to achieve 
useful separation of the elements (Moeller 1963). 

The inability of lanthanide production by fractional precipitation techniques to 
maintain pace with demand for lanthanide metals and compounds led to the develop- 
ment of first ion exchange and subsequently solvent extraction processes for the 
isolation of these metal ions. Although these methods also require elaborate recycle 
plans for efficient production of individual lanthanide compounds, they are much more 
effective than precipitation methods, and have largely replaced them. 

In the processing of nuclear materials, precipitation/coprecipitation techniques are 
used for the separation of the actinides from most fission products. Both fluoride and 
oxalate complexes of these metal ions are sufficiently insoluble to accomplish this 
separation (Stary 1966). Coprecipitation with bismuth phosphate has also been used 
for this purpose (Stai'y 1966). Because of their insensitivity to subtle changes induced by 
minor cation-radius changes, such techniques are not useful for the separation of the 
lanthanides from the trivalent actinide metal ions. 

Analytical methods based on coprecipitation techniques are used to determine the 
oxidation-state speciation of the light actinides, which can occur in solution in multiple 
oxidation states. An example of such a separation is the ability to selectively remove tri- 
and tetravalent actinide cations from penta- and hexavalent species by coprecipitation 
with lanthanide fluoride (Choppin 1985). Lanthanide fluoride coprecipitation has been 
used to perform oxidation-state identification in ground-water samples (e.g., Nash 
et al. 1988). There are numerous other examples of the application of the coprecipita- 
tion technique to environmental samples. 

To accomplish the more difficult separation of trivalent lanthanides and actinides 
(individually and collectively), by rar the most useful methods are ion exchange and 
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solvent extraction. Ion exchange and solvent extraction reactions offer the opportun-  
ity to exploit a variety of chemical effects resulting from the lanthanide/actinide radius 
contraction with increasing atomic number. These procedures are built around many 
different absorbing/extracting materials along with a wide range of solvation/com- 
plexation effects which can be exploited to enhance separation. It is important  to note 
that energy differences of only 400-1800 joules/mole are required for a successful 
solvent extraction or ion exchange separations process 1. These two methods provide 
the primary focus for the following discussion. 

2.2. General considerations for lanthanide/actinide separation 

The separation process in both ion exchange and solvent extraction consists, in its 
most elementary form, of the transfer of a (typically) charged metal ion (or complex), 
from a polar aqueous phase to an immiscible phase (with different solvating proper- 
ties) with concomitant charged naturalization. The effectiveness of any separation 
process is a function of the ability of the reactions to accomplish phase transfer 
(because without phase transfer, there can be no separation), and the relative affinity 
of the counterphase for the species to be separated. In the case of the trivalent 
lanthanides and actinides, the latter aspect must exploit the slight differences in ionic 
radii and covalency of the metal ions. It is conceivable that differences in rate of 
reaction could be utilized, but such data are much more difficult to obtain, and few 
examples of kinetic-based separations are extant. 

2.3. Types of solvent-extraction reactions 

There are two basic types of solvent extraction reactions which are applied to 
metal-ion separations, those based on metal-complex solvation and those based on 
metal-ion complexation. A third extraction method, observed only with quaternary 
amine extractants, involves ion-pair formation between an anionic, aqueous complex 
and the positively charged, organic-soluble quaternary amine. Extraction by quater- 
nary amines incorporates aspects of both basic processes. The development and use of 
extractants for actinide separations have been discussed by Shoun and McDowell 
(1980). 

For  extraction methods based on solvation processes, a neutral complex is formed, 
generally in the aqueous phase, and most often with the conjugate base of a strong 
acid (NO 3, C1-). The neutral complex generally exhibits some degree of hydro- 
phobicity:. The absence of formal charge of the complex results naturally in a ten- 
dency to seek a less-polar medium (generally the organic phase). Solvating reagents in 
the organic solution interact with such complexes across an interfacial zone to 

a Ifthe distribution ratios for the species to be separated differ by a factor of 100 (e.g., D a = 10, D 2 = 0.1) the 
separation will be 99~o efficient in orte contact. Assuming that the extraction mechanism is the same for the 
two species, the free energy for the separation process is AG = - RTln (D1/Dz). The net energy difference 
required is only 11.4 kJ/mol (or 2.7 kcal/mol), comparable to the bond energy for a single hydrogen bond. 
Even lower energy differences are required if multiple stages can be used. 
2 The term "hydrophobic" is used in this review to indicate metal complexes more soluble in less polar 
media (like organic solvents), hence it refers to extracted (or extractable) species. 
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complete transfer of the metal complex to the counter phase. Some examples of 
solvating ligands are amines (predominantly secondary or tertiary), neutral or- 
ganophosphorus compounds (phosphates, phosphonates, phosphinates, and phos- 
phine oxides), ethers and ketones. The extraction strength of the reagent is directly 
proportional to its Lewis-base strength. 

The second type of solvent extraction reagent forms complexes with the water- 
soluble metal ion essentially by a cation exchange process. These complexants may be 
partially miscible in both phases (e.g., acetylacetone, and various crown ethers), but 
the most effective extractants of this type have minimal solubility in the aqueous 
phase. This characteristic necessitates that critical complex formation reactions must 
occur in or near the interfacial zone. Studies of the kinetics of such reactions typically 
indicate that the addition of the first ligand is often the rate-determining step in the 
reaction. Some examples of reagents of this type are the various/%diketones (e.g., 
thenoyltrifluoroacetone, isopropyltropolone), acidic organophosphorus compounds 
(phosphates, phosphonates, and phosphinates), carboxylic acids, sulfonic acids, and 
pyrazolones. The sulfonates and acidic organophosphorus extractants have much in 
common with cation exchange resins, and are often called liquid cation exchangers. 

By combining an acidic extractant with a solvating extractant increased distribu- 
tion ratios are often observed. A typical system would match a relatively weak 
chelating agent like TTA with a strong Lewis base solvating extractant like trioctyl- 
phosphine oxide (TOPO). Though no single mechanism describes this "synergistic" 
extraction system, expansion of the inner coordination sphere of the extracted metal 
complex or replacement of waters of hydration is the most common explanation for 
the effect. Ultimately the enhanced extraction must be ascribed to increased hydro- 
phobicity of the final complex. The effectiveness of synergistic extraction systems in 
lanthanide/trivalent actinide separations is discussed in section 4.4. 

2.4. Ion exchange materials 

For cation exchange, both organic polymers and very insoluble inorganic materials 
can be utilized as the counter phase. The basic reactions involve "exchange" of (most 
orten) hydrogen ions or alkali cations for polyvalent metal ions from the aqueous (or 
mixed aqueous/organic) solution. Electroneutrality must be maintained in the resin 
phase, as it is in the less polar organic phase in solvent extraction separations, so three 
equivalents of monovalent cations must be released when the trivalent lanthan- 
ide/actinide is bound by the resin. 

Although the most common cation exchange material is based on benzene sulfonic 
acid functional groups, various other functional groups (phosphonate, carboxylate) 
have also been examined. Recent results by Choppin and Ohene-Aniapam (1983) 
indicate little difference in the sorption of Ce, Eu and Cm on Biorex 70 carboxytic acid 
resin. Mathur and Khopkar (1985) suggest that the chelating resin Dowex A-1 
(functional group-iminodiacetic aeid) may have some potential for Am/Cm or 
Am/Eu separation, but more extensive applications in lanthanide/actinide separation 
do not appear promising. A few examples exist for the use of inorganic ion exchangers 
for the separation of the trivalent lanthanide (Li and Yu 1987, Gmelin 1983), but no 
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examples of trivalent lanthanide/actinide separation based on inorganic ion ex- 
changers were found. 

Anion exchange materials are positively charged organic polymers containing 
methylpyridine or quaternary amine groups which represent the primary isolation 
pathway. For resin materials of this type to work, the metal ion must be in a medium 
having a sufficient concentration of a complexing ligand which forms anionic com- 
plexes with the subject metal ion. The formal negative charge of the metal complex is 
neutralized by the cationic amino group on the resin to form the basis of phase 
transfer. This sequence is exactly analogous to that of quaternary ammonium ion 
solvent extractants. A key characteristic of anion exchange separation in the presence 
of aqueous complexants is that both the phase-transfer reaction and aqueous complex 
formation reactions work in concert to enhance separation within the groups. 

2.5. Reactions contributing to separation reactions 

The sequence of reactions in the separation process is generally the same for both 
solvent extraction and ion exchange reactions. The principal difference between the 
two methods lies in the solvation of the hydrophobic complex in solvent extraction, 
which does not occur in ion exchange separation. In ion exchange separation, the 
resin effectively creates a second aqueous phase in which differences in aqueous- 
solvation processes are observed. An outline of these basic reactions follows. 

Assuming that the metal cation enters the process in the aqueous phase with the 
immiscible phase as its target destination, it must first be made hydrophobic, at least 
in solvent extraction. This requires that the metal ion (or, in the case of the solvating 
extractants, the metal complex) taust be at least partially dehydrated. This principle is 
violated only by the surfactant-type extractants which create hydrophilic zones 
(micelles) within the bulk hydrophobic environment. The basic process is outlined in 
equations (1) and (2). 

R (H20)93+ ~ R  (H20)3+x+ x H20 , (1) 

R (H20)93+ + l L (H20)~ ~ R L  z (H20)3+Is_. + z H20. (2) 

[Typical first coordination sphere hydration numbers for the lanthanides and 
actinides are 8-10 (Nash and Sullivan 1991), 9 is selected here for illustrative purposes 
only]. For the extraction of the metal ion by solvating extractants (requiring neutral 
or anionic complexes), dehydration in reaetion (2) must be near complete. This 
reaction sequence is also relevant for chelating extractants which exhibit significant 
miscibility in the aqueous phase (e.g., acac and various crown ethers). For ligands 
which form more hydrophilic complexes with the metal ions, complete dehydration is 
not observed, and the complex-formation reaction effectively opposes phase transfer. 
This characteristic is often exploited in lanthanide/actinide separation. 

In the case of the äcidic or chelating extractants with low aqueous solubility, 
dehydration can be considered to occur in the interfacial zone as a result of the 
complexation reaction to form the neutral, lipophilic complex 

R (H20)93+ q- 3HEx~ ~ (R(Ex)3 (HeO)x)~ + 3H + + (9-x)  H20. (3) 
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The subscript i indicates species existing in the interface. Complete dehydration of the 
metal ion is not required, but is often assumed. 

The final step in the extraction process completes the transition to a hydrophobic 
species by transferring the neutral interfacial complex to the bulk organic phase with 
accampanying rearrangement of the solvent to stabilize the new complex in the 
counter-phase. How rauch rearrangement is necessary is a function of the structure of 
the hydrophobic complex, and the solvating ability of the counter-phase. If a solvating 
extractant is present simultaneously with a chelating extractant, the free energy for the 
synergistic enhancement usually is generated in the solvation step of the overall 
reaction. Solvation effects of this type are not relevant to ion exchange separation 
processes. Modification of the aqueous phase (e.g., by the addition of alcohol or high 
salt concentrations) can play a role in ion exchange processes, but that effect is more 
relevant to the dehydration reactions described above in equation (1). 

For just the simplified series of processes outlined there a rea  variety of interac- 
tions which may be manipulated to take advantage of the slight differences in 
lanthanide/actinide reaction rates and equilibria to achieve the desired separation. 
The short list includes various types of solid sorbent materials (both inorganic and 
organic), several different classes of organic soluble complexants (extractants), the 
diluent (solvent) of the non-aqueous (and in some cases the aqueous) phase, various 
salting out reagents (like alkali-metal salts), and water-soluble complexing agents. The 
interplay of these chemical processes in accomplishing the desired separation are the 
focus of the discussion to follow. 

2.6. Lanthanide/actinide separation 

The multiplicity of oxidation states of the light actinides can be utilized to accom- 
plish very efficient separation of these elements from the lanthanides. Except for 
actinium (only trivalent), the actinide ions to plutonium either exist predominantly in 
higher oxidation states [Th(IV), Pa(IV, V)] or can be interconverted with relative ease 
among any of four oxidation stares (III, IV, V, VI). The upper two oxidation states exist 
in aqueous solutions as the dioxocations AnO ~ or AnO22 +. The relative strength of 
complexes formed by the actinide cations in these oxidation states is An(IV) > An(VI) 
> An(III) > An(V), which order also applies to the separation reactions involving 
these cations. The dominant oxidation stares for the light actinides are Ac(III), 
Th(W), Pa(IV or V), U(IV or VI), Np (IV or V). For plutonium, the redox potentials 
indicate nearly equal stability for all four oxidation states in acidic solutions. The 
tri-, tetra-, and hexavalent oxidation stares are most important in separations. 

Thorium, neptunium and plutonium are usually (although not exclusively) extrac- 
ted or adsorbed onto resins in the tetravalent oxidation state while uranium (VI) is the 
most common oxidation state in separations. In most separations of the actinides, 
there exists a great difference in the extractability of the (IV) and (VI) oxidation states 
relative to the trivalent oxidation stare. It is reasonable to expect, therefore, that the 
removal of the lanthanides and transplutonium actinides from the light actinides is 
readily accomplished. In fact, the low extractability of the trivalent state, and the ease 
of reduction of plutonium forms the basis for the isolation of Pu from the other 
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actinides. The PUREX extraction process, central to actinide reprocessing and 
breeder fuel cycles, based on tributyl phosphate (TBP) extraction of the actinides from 
HNO3, and successfully.partitions Pu from U and from the transplutonium elements 
(which are not extracted). 

2.7. Characteristics of trivalent lanthanides/actinides which can be exploited in 
separation 

The slightly greater spatial extension of the 5f orbitals is believed to be responsible 
for the existence of some degree of covalency in the actinides. The greater spatial 
extent of the 5f orbitals has been shown experimentally (Cotton and Wilkinson 1988c). 
The ESR spectrum of UF 3 in a CaF 2 matrix shows structure which is attributable to 
the interaction of fluorine nuclei with the electron spin of the U(III) cation. The orbitai 
overlap implied by this observation is not observed in the lanthanide electronic 
analogue neodymium, suggesting a 5f covalent contribution to the ionic bonding of 
the actinides. 

For the heavier actinides covalent interactions involving s or p orbitals has been 
suggested, but covalency in actinide binding is still not firmly established. 

The question of covalent bonding of the amine nitrogen of aminopolycarboxylate 
ligands to the actinides has been addressed in the work of Choppin et al. (1985, 1987), 
and Rizkalla et al. (1989). These authors determined the enthalpies of complex forma- 
tion of aminopolycarboxylate complexes of americium(III) and curium(III), and 
compared them with available thermodynamic data for europium-polycarboxylate 
complexes. One should expect that increased covalency in the actinide-nitrogen 
bonding should be manifested as a more exothermic heat for the complexation 
reaction. Their analysis reveals no clear indication of a covalent contribution to 
actinide binding in this system. 

But whether the result of metal-ligand covalent bonding or a more subtle polariz~ 
ability effect, extractants and complexants containing "soft" donor atoms are central to 
most ion exchange and solvent extraction separations of lanthanides from actinides. 
To generalize, those materials with the greatest potential for increased covalent 
interactions provide the most significant opportunity for successful lanthanide/ 
actinide separations. As discussed below, the sheer multiplicity of reactions involved 
in separations processes offer many opportunities to exploit this difference in soft 
donor interactions. 

The other characteristic of the trivalent lanthanide and actinide series that can be 
exploited in separations is the decrease in ionic radius which occurs with increasing 
atomic number. This results in increased strength of cation-anion interactions and 
ion dipole, ion-induced dipole type interactions. The expected increase in ion-dipole 
interactions across the series implies that the heavy members of both series should 
bind solute (and suitable solvent) molecules more tightly than the light members. For 
certain ion exchange separations, it is thus appropriate to expect elution trends to 
correlate with the hydrated cation radius rather than the simple cation radius. 

Both the trivalent lanthanide and actinide series are characterized by a shrinking 
ionic radius with increasing atomic number. This results in increased strength of 
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TABLE 1 
Trivalent lanthanide and actinide cation radii [from Shannon (1976) and 

Marcus (1983)]. 

Ln Shannon Marcus An Shannon 

C N = 6  C N = 8  C N = 9  C N = 6  C N = 8  

La 1.032 1.160 1.216 1.12(4) Ac 
Ce 1.01 1.143 1.196 - Th 
Pr 0.99 1.126 1.179 1.15(5) Pa 
Nd 0.983 1.109 1.163 1.07(5) U 
Pm 0.97 1.093 1.144 - Np 
Sm 0.958 1.079 1.132 1.06(4) Pu 
Eu 0.947 1.066 1.120 1.06(5) Am 
Gd 0.938 1.053 1.107 1.00(4) Cm 
Tb 0.923 1.040 1.095 1.02 (4) Bk 
Dy 0.912 1.027 1.083 1.01 (5) Cf 
Ho 0.901 1.015 1.072 - Es 
Er 0.890 1.00;4 1.062 0.98 (5) Fm 
Tm 0.880 0.994 1.052 0.97(5) Md 
Yb 0.868 0.985 1.042 - No 
Lu 0.861 0.977 1.032 0.95 (5) Lr 
Y 0.900 1.019 1.075 - 

1.12 

1.025 
1.01 
1.00 
0.975 
0.96 
0.96 
0.95 

1.09 

cation-anion interactions and ion-dipole, ion-induced dipole type interactions. The 
increase in ion-dipole interactions across the series implies that the heavy members of 
either series will bind solute molecules more tightly than the light members. For 
certain ion exchange separations, it is thus appropriate to expect elution trends to 
correlate with the hydrated cation radius rather than the simple cation radius. 

This constriction in the cation radii forms the basis for intra-group separations (i.e., 
Ln/Ln or An/An) but does not contribute significantly to efforts to separate lanthan- 
ides from actinides. As the data in table 1 indicate, the cation radii decrease by roughly 
20 percent across the lanthanide series. However, unlike the main group and d- 
transition elements, the cation radii for the actinides are not significantly different 
from those of analogous lanthanide cations. The "lanthanide/actinide contraetion", is 
diseussed in the text by Cotton and Wilkinson (1988b). It results from the inability of 
the relatively small spatially extended 4f and 5f electrons to compensate for the steadily 
increasing nuclear charge. Except for the separation of certain, specific lanthanide/ 
actinide pairs with well-separated radii, it should be fairly obvious that the effect of 
cation radii will not be useful for lanthanide/actinide separation. 

3. Basic organization of the chapter 

In the present chapter, the focus will be primarily on those techniques which have 
proven useful, or which have some potential to develop into useful methods. The 
coverage of the literature will therefore be somewhat selective, although developments 
of the last 10-15 years will be given particular attention. The use of the multiple 
actinide oxidation states in lanthanide/actinide and actinide/actinide separations are 
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discussed, but only in general terms emphasizing recent developments to improve the 
efficiency of such separations. The primary focus of this chapter will be on the more 
difficult separation of the trivalent actinides from the trivalent lanthanides, and 
trivalent actinides from each other. Interlanthanide separation by ion exchange and 
solvent extraction has been covered in a complete review (Gmelin 1983), and so will be 
given relatively little attention except where new results impact on the understanding of 
lanthanide/actinide separations. 

In a "how-to" manual, it is reasonable and typical to discuss ion exchange and 
solvent extraction separations independently. In this chapter, those aspects of lan- 
thanide/actinide solution chemistry most pertinent to separation are the focus, not 
necessarily the means of achieving the separation. Therefore, only an approximate 
division of ion exchange and solvent extraction processes will be utilized here. In any 
case, the division between ion exchange and solvent extraction is something of an 
artifice, as most solvent extraction processes can be run in a "chromatographic mode" 
(e.g., by sorbing the extractant/diluent on a neutral support and performing column 
chromatography using the sorbed extractant as the solid phase) to increase the 
number of theoretical plates and increase separation efficiency. Because there are so 
many experimental parameters which can be varied in a separation process, the focus 
is on some of the aspects which are common to all separation methods, and on how 
these various aspects effect the efficiency of lanthanide/actinide separations. 

The material is divided into the following general topic areas: 
(A) overall extraction efficiency of the various extraction/ion-exchange processes; 
(B) medium effects in the aqueous phase, including the effect of non-aqueous 

additives, salting-out reagents and alkaline solutions; 
(C) the effect of diluent on the mutual separability of the groups by solvent 

extraction; 
(D) the role of aqueous complexation in Ln/An separation; 
(E) the application of soft donor extractants or synergists. 

4. Relative efficiency of extraction 

Direct comparisons among the wide variety of extractant molecules is somewhat 
difficult because different mechanism are operant in solvating and chelating processes. 
However, considered from the point of view of the complexity of aqueous-phase 
composition, a general (if somewhat arbitrary) order of extracting strength can be 
established. Because they require high concentrations of either mineral acids or salt 
solutions, the neutral organophosphorus extractants (TBP in particular) are consider- 
ed (for the purposes of this chapter) the weakest of the extractants discussed. 

4.1. Neutral organophosphorus extractants 

The most important early investigations of lanthanide separations by solvent extrac- 
tion were studies of the extraction of the trivalent lanthanide cations by TBP. Work 
by Peppard and co-workers, and by McKay and co-workers I-previously reviewed by 
Stary (1966)] showed an odd-even effect in the grouping of lanthanide extraction 
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constants. Best et al. (1959) reported the corresponding extraction data for the trivalent 
actinides to Es. 

The extraction reaction from nitrate solutions is described by the following equat 
ion; 

R 3 + + 3 NO 3 + 3 TBP o ~ R(NO3) 3 (TPB)3 o. (4) 

The trisolvate of the trisnitrato complex of the trivalent metal ion is extracted into the 
organic phase (yielding a formally nine-coordinate hydrophobic complex assuming 
nitrate is bidentate). Unlike the extraction of the tetravalent and hexavalent actinides, 
extremely high concentrations of nitric acid are required for even moderate extraction 
of the trivalent metal ions. Greater efficiency is observed for this system if alkali-metal 
salts are used as the aqueous medium as discussed below. 

To overcome the relatively weak extraction of trivalent lanthanide/actinide cations 
by neutral phosphates, investigations have been made of more basic organophos- 
phorus solvating extractants. The general order of extracting strength (ignoring 
diluent effects, etc.) for this class of ligands is phosphates [(RO)3PO ] < phosphonates 
[(RO)2RPO ] < phosphinates [(RO)R2PO ] < phosphine oxides (R3PO), the order of 
the relative Lewis basicity of the extractants. The R groups represent a mix of aliphatic 
and aromatic substituents which control (to some degree) the solubility and basicity of 
the extractant. Results for the extraction and separation of the trivalent actinides and 
lanthanides by such compounds have been well-discussed in earlier reviews (Weaver 
1974, Stary 1966). 

As extractants of polyvalent metal ions from acidic solutions, these reagents have 
one additional limitation: they are also moderately efficient extractants for mineral 
acids. As the neutral organophosphorus compound extracts the free acid, the free- 
extractant concentration in the counter-phase is reduced, and metal-ion extraction 
efficiency suffers. To overcome this limitation, considerable effort has been expended 
in recent years to evaluate the ability of carbamoylphosphonates (CPs,(RO)2 
PO(CO)N(R')2), carbamoylmethyl phosphonates (CMPs (RO)2POCHz(CO)N(R')2), 
and carbamoylmethylphosphine oxides (CMPOs, R 2 POCH 2 (CO)N(R')2) to extract 
lanthanide and actinide metal ions. These extractants are referred to collectively as 
bifunctional extractants. The first report of these ligands were made by Siddall 
(1963, 1964). 

In these extractants, HNO3 interaction with the extractant oeeurs with the car- 
bamoyl portion of the molecule (Horwitz et al. 1981), leaving the solvating phos- 
phorus portion of the molecule to interact with the metal ion. These compounds are 
indeed more efficient extractants of the trivalent metal ions from acidic solutions, able 
to extract trivalent actinide and lanthanide ions from relatively dilute nitric-acid 
solutions. Horwitz et al. (1981) have studied the separation of the lanthanides and 
trivalent actinides from Am to Fm (table 2) using dihexyl-N, N-diethylcarbamoyl- 
methylphosphonate (DHDECMP) and aqueous nitrate solutions. Steadily decreasing 
distribution ratios are observed for the lanthanides, but nearly constant D's are found 
for the trivalent actinides. Group separation does not appear feasible while interlan- 
thanide (but probably not interactinide) separations are possible. However, substitu- 
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TABLE 2 
Separation factors (relative to Am) for solvent extraction of 
trivalent lanthanides and actinides with 0.817 M DHDECMP/ 

DIPB/1.0 M HNO a from Horwitz et al. (1981). 

Actinides SR A~ SR R' Lanthanides SR Am SR R' 

Fm 0.575 

Es 0.595 

Cf 0.685 

Bk 0.719 

Cm 0.649 

Am 1.00 

Lu 0.048 
1.04 1.41 

Yb 0.067 
1.15 1.34 

Tm 0.090 
1.05 1.15 

Y 0.103 
0.90 1.29 

Er 0.133 
1.54 1.40 

Ho 0.186 
1.43 

Dy 0.266 
1.32 

Tb 0.351 
1.15 

Gd 0.403 
1.49 

Eu 0.602 
1.22 

Sm 0.735 
1.16 

Pm 0.855 
1.12 

Nd 0.962 
1.26 

Pr 1.21 
1.12 

Ce 1.36 
1.04 

La 1.41 

t ion of  dilute N H 4 S C N  for H N O 3 ,  amer ic ium/europ ium separat ion factors 3 as high 

as 10.8 are observed [0.244 M Dihexyl-N,  N-d i i sobu ty lca rbamoylme thy lphosphon-  

a te -0 .06  M N H 4 S C N  , Musca te l lo  et al. (1982)]. 

There  have been two addi t ional  reports  of the appl icat ion of C M P s  to intra- 

g roup  separat ion schemes (Aly and La t imer  1970a, Yan and Ye 1989). Alkylene 

phosphine  dioxides (Chmutova  et al. 1975) have been shown to exhibit  some ability to 

3 The term "separation factor" is a ratio of either distribution ratios (D's or Ka's ) or extraction equilibrium 
constants ( K J  used to indicate the mutual separability of the subject metal ions. The nornenclature adopted 
here is: 

sR '=  D(R) or K«~(R) 
D(R') K«~(R') 
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enhance the separation of americium from californium (SC~ ~ 25), and curium from 
berkelium (S~Um ,~ 10). 

4.2. Amine extractants 

In general, extraction of trivalent lanthanides/actinides by amine extractants suffer 
from many of the same limitations as the neutral organophosphorus extractants. In 
fact, they are more severely limited as metal complexes are extracted as anions, 
analogously with anion exchange resins. Of primary and secondary amine extractants, 
only Primene JM-T and n-benzyl heptadecyl amine (BzHp-DA) (Weaver 1974) 
showed any utility in separating lanthanides. 

Tertiary amines are poor extractants for lanthanides and actinides from dilute 
nitrate media, but extract these metal ions strongly from concentrated nitrate solutions 
oflow acidity (as was true ofTBP). Similar observations have been made for extraction 
from ehloride media. Figure 1 indicates that for 30~ Alamine 336/xylene/11 M LiCI 
group separations are good, sorne interactinide separations are possible, but lanthan- 
ide separation factors are small. Weaver briefly discusses the application of the 
TRAMEX (tertiary amine extraction) process for the purification of 242Cm. 

Quaternary ammonium compounds are analogous to tetramethylammonium-based 
anion-exchange resins. They offer additional possibilities over anion-exchange resins 
for trivalent lanthanide/actinide separation (over resins) in the ability to use solvation 
effects to enhance separation factors. The first application of quaternary amines to 
lanthanide/aetinide group separation was made by Moore (1964), who examined the 
system Aliquat 336/xylene/H2SO4-NH4SCN. A principal advantage of this method is 
the relatively low concentration of salts required to attain a usable separation (as 
compared with tertiary amine/nitrate systems). Several other applications of the 
method have been summarized by Weaver (1974). 

lo ol 
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Fig. 1. Trivalent actinide and lanthanide extraction by 
30~o Alamine 336 in xylene from 11 M LiCI adapted 
from Stary (1966). 
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Besides the application of amine extractants as described above, there are numerous 
examples of the use of phenanthroline- and oxine-type ligands as extractants, both 
primary and secondary. Results relating to their application to lanthanide separations 
have been reviewed by Freiser (1988). Selected examples of their use in lanthanide/ 
actinide separation are presented below in the discussion of soft-donor ligands 
(section 8). 

4.3. Acidic extractants 

Of the acidic extractants applied to lanthanide/actinide separations, the most 
common are chelating extractants like fl-diketones, pyrazolones and (to a lesser extent) 
oxines, and the acidic organophosphorus extractants. Some work has been done 
evaluating the extraction of the subject metal ions by sulfonic acids, but this class of 
liquid cation exchangers exhibits little selectivity, and they have not proven particular- 
ly useful for lanthanide/actinide separation (Khopkar and Narayanankutty 1968). 

Cation exchange resins in general resemble the sulfonic acid extractants most 
closely. Separation factors for cation exchange separations of the trivalent cations are 
extremely small. Successful lanthanide/actinide separation using cation exchange 
resins depend primarily on the use of aqueous complexants and/or alteration of the 
aqueous medium for the separation. 

4.3.1. Chelatin9 ligands 
Studies of lanthanide/actinide separation by chelating extractants have focused 

principally on extraction by TTA, and, to a lesser degree, on related fl-diketone 
ligands. For example, TTA is a favorite primary ligand for studies of synergistic 
(enhanced) extraction phenomena. Extraction by pyrazolones and oxines also is 
observed, usually in synergistic systems. The data of Alstad et al. (1974) indicate some 
potential for the system TTA/CCI4/I M NaCIO 4 for individual lanthanide separations. 
Weaver (1974) cites early work by Werner and Perlman (1946) which indicate potential 
for lanthanide/actinide group separations. Other studies which have exploited the use 
of aqueous complexants in TTA extraction are discussed separately. In general, extrac- 
tion of trivalent lanthanides and aetinides requires dilute-acid conditions (pH 3-5) 
for efficient phase transfer. Separation factors for the trivalent actinides and lanthan- 
ides for extraction by TTA/benzene are presented in table 3. 

A limitation of fl-diketone extractants like TTA is the relatively low acidity of the 
extractant which requires that the aqueous pH be adjusted to above 4 for efficient 
extraction of the trivalent actinides and lanthanides. A class of extractants having 
a similar structure but greater acidity are the 1-phenyl-3-methyl-4-acyl-5-pyrazolones, 

HaC'C=N,, 
I N - ~  

R-C-C-C 
II 

These extractants have received significant attention for their ability to extract and 
separate the subject metal ions. 
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TABLE 3 
Separation factors for TTA extraction of trivalent lanthanides and 
actinides from Stary (1966) (TTA/toluene) and Alstad et al. (1974) 

(TTA/CCI4). 

Actinides sÄm S~' Lanthanides SÄm SR R' SR R'a 

Fm 15 Lu 10.2 
2 1.77 1.41 

Es 7.4 Yb 5.75 
1 1.74 1.82 

Cf 7.4 Tm 3.31 
2 - 2.29 

Bk 3.7 Er - 

2.5 1.10 
Cm 1.48 Y - 

1.48 - 1.17 
Am 1.00 Ho 1.70 

0.60 1.29 
Dy 2.82 

3.03 1.74 
Tb 0.93 

1.18 1.51 
Gd 0.79 

1.20 1.41 
Eu 0.66 

1.05 1.35 
Sm 0.63 

2.33 1.86 
Pm 0.27 

3.33 2.51 
Nd 0.081 

0.81 1.51 
Pr 0.100 

9.1 2.88 
Ce 0.011 

12 3.24 
La 0.001 

a Data from Alstad et al. (1974). All other values from Stary (1966). 

Ext rac t ion  of meta l  ions by pyrazo lones  and  a re la ted extractant ,  N -be nz oy l -N -  
pheny lhydroxy lamine ,  have been the topic  of recent studies by M a t h u r  and K h o p k a r  
(1983a, 1986, 1987a). The pr incipal  difference between the two ext rac tants  lies in the 
fo rma t ion  of s ix -membered  rings in the pyrazo lones  versus f ive-membered  rings 
for the complexes  with the hyd roxy lamine  extractant .  The d i s t r ibu t ion  da t a  for 
the pyrazo lones  indicate  some potent ia l  for i n t r a -g roup  separat ions ,  but  successful 
l an than ide /ac t in ide  separa t ion  using pyrazo lones  a lone appears  unlikely. Thio-  
subs t i tu ted  pyrazo lones  have been shown to exploi t  the par t ia l  covalency in act inide  
b inding  (Smith et al. 1987, Ensor  et al. 1988) in a synergist ic ex t rac t ion  system. These 
results are  discussed further  in sect ion 8. 
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Some selectivity for light/heavy (i.e. light lanthanides from heavy lanthanides or 
light actinides from heavy actinides) intra-group separations may be derived from the 
tendency of the metal ions to form self-adducts with the light members of the two 
series. This self-adduct results from coordination of a fourth ligand without ionization 
to form an extracted complex R(Ex)» (HEx) with 1:4 metal to extractant stoichiometry. 
Presumably, the light/heavy fractionation results from steric restriction caused by the 
shrinking radii of the heavier members of the respective series. An extraction chromato- 
graphic method for the separation of Bk from the trivalent actinides, lanthanides and 
inactive impurities using 1-phenyl-3-methyl-4-benzoyl-pyrazolone has been suggested 
(Mathur and Khopkar 1983a). 

4.3.2. Acidic organophosphorus extractants 
To avoid the requirement of dilute-acid aqueous solutions with acidic extra ctants 

(with attendant pH-control complications), acidic organophosphorus reagents were 

TABLE 4 
Separation factors for trivalent lanthanide/actinide extraction by HDEHP/  

toluene (Stary 1966) and HDEHP/kerosine (Sato 1989). 

Actinides SÄm S~' Lanthanides SÄm s R' S~'" 

Md 295 

Em 144 

Es 

Cf 32.0 

Bk 18.8 

Cm 1.74 

Am 1.00 

Lu 2.6 x 104 
2 1.86 1.13 

Yb 1.4 × 104 
- 3.1 1.12 

Tm 4.6 × 103 
- 2.5 1.33 

Er 1.8 x 103 
1.7 2.24 1.25 

Ho 810 
10.8 1.95 2.58 

Dy 420 
1.74 2.09 1.62 

Tb 200 
4.98 2.35 

Gd 41 
1 . 4 5  1 . 4 6  

Eu 28 
1.91 1.96 

Sm 15 
3.02 

Pm 4.9 
2.19 - 

Nd 2.24 
1.38 1.17 

Pr 1.62 
2.05 1.09 

Ce 0.79 
2.96 1.30 

La 0.27 

a Data from Sato (1989), all other values from Stary (1966). 
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developed. Much of the early work on acidic organophosphorus extractants was done 
by Peppard and co-workers at Argonne National Laboratory and has been reviewed 
previously (Stary 1966, Weaver 1974). Principal among the acidic organophosphorus 
extractants are dialkyl (or aryl) phosphoric [(RO)2PO(OH)] and phosphonic [(R) 
(OR) PO(OH)] acids. These extractants are generally much stronger acids than the 
fl-diketones or carboxylic acids which they replaced. This characteristic implies that 
they can effectively complex and extract the trivalent metal ions from more acidic 
(pH < 2) solutions. 

In general, this class of extractants give the greatest separation factors for the 
intra-group separation, but are not useful (alone) for group separation. This is most 
consistent with the discussion in section 2.7 of the relative importance of ionic radii 
and possible covalency effects. Mono-alkyl acid phosphorus extractants suffer from 
higher aqueous solubility and generally exhibit lower separation factors. Interactinide 
and interlanthanide separation factors from Stary (1966) and Sato (1989) are shown in 
table 4. Sato's report indicates slightly lower interlanthanide separation factors for 
extraction by 2-ethylhexyl(2-ethylhexyl)phosphonic acid. 

There have been two reports (Kasting et al. 1979, Sekine and Dyrssen 1964) which 
suggest that enhanced lanthanide/trivalent actinide separation can be achieved by 
combining the features of multiple-extractant systems in a step-wise manner. Sekine 
and Dyrssen reported Eu/Am separation factors for 12 acidic extractants covering the 
spectrum of available materials (table 5 is adapted from their work). Based on their 
separation factors, one can envision a counter-current separation procedure involving 
first extraction by dibutyl phosphoric acid to preferentially remove Am, followed by 
contact of the aqueous phase with 5,7-dichloroxine to extract Eu. Substituting 
HDEHP for HDBP, Kasting et al. suggest just such a separation procedure could give 
actinide/lanthanide separation factors of several thousand. 

TABLE 5 
Europium/americium separation factors for a series of acidic 

extractants (Sekine and Dyrssen 1964). 

Extractant Diluent sÄ~ 

Dibutylphosphoric acid CHC13 22.9 
Dioctylphosphoric acid CHCI 3 14. I 
1-phenyl-3-methyl-4- CHCI 3 3.47 

acetylpyrazolone-5 
Thenoyltrifluoroacet one CHC13 3.02 
Neocupferron CHC13 1.74 
N-benzoylphenylhydroxylamine CHCI 3 1.66 
N-2, 4-dichlorobenzoyl- CHCI 3 1.32 

phenylhydroxylamine 
B-isopropyltropolone CHCI 3 0.98 
1-hydroxy-2-napthoic acid hexone 1.07 
2-hydroxy- 1-napthoic acid hexone 1.02 
3-hydroxy-2-napthoic acid hexone 0.95 
5, 7-dichloroxine CHC13 0.10 
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4.4. Synergistic extraction systems 

With the goal of enhancing extraction strength of basic solvent extraction systems, 
much work has been done on solvent extraction systems involving (often) a chelating 
extractant and a secondary extractant, usually a solvating extractant. Successful 
combinations of this type exhibit a greater degree of extraction than either of the 
extractants would achieve alone. Such systems of ligands are called synergistic. 
Although successful systems do exhibit greater extraction strength, synergistic extrac- 
tion systems rarely achieve much enhancement in group separations (except in the 
case of soft-donor synergists, discussed in section 8), or in the mutual separation of 
members of the groups. 

The reactions which describe synergistic extraction begin with the equilibrium in 
eq.(4), In non-synergistic extraction systems, non-specific interaction between the 
hydrophobic metal complex and the organie diluent is presumed. In the presence of 
a synergistic reagent, the solvation process, described above as the final step in the 
extraction process, is enhanced by a specific interaction between the hydrophobic 
metal complex and synergist. Thermodynamically, this process can be described by 
introducing the further equilibrium (occurring in the organic phase), 

R(Ex)3 (H20)x + r/Syn ~ R(Ex)3 (Syn)ù + xH20. (5) 

Addition of the synergist may involve replacement of the remaining coordinated water 
molecules or expansion of the coordination sphere (e.g., if x = 0) to accommodate the 
solvating molecule (Kandil et al. 1975). The synergist may be the diluent (e.g., hexone), 
but more often it is a solute ligand. 

Much of the work which has been done on lanthanide and actinide synergism has 
examined systems built around the chelating extractants, mainly fl-diketones. This is 
primarily because these systems are well-behaved stoichiometrically, and often large 
synergistic enhancements are seen in metal-extraction efficiency. Synergistic enhance- 
ment is seldom important with organophosphorus acids as the primary ligand (al- 
though neutral organophosphorus species are effective synergists), and those studies 
of synergism with organophosphorus acids are often difficult to interpret because of 
interaction between primary and secondary extractants in the organic phase. The 
relevant literature on trivalent lanthanide/actinide separation by synergistic systems 
has been reviewed by Mathur (1983). 

According to Mathur, the largest synergistic effects are observed with trialkyl (or 
aryl) phosphine oxides as synergists. However, Khopkar and Mathur (1977) report 
large synergistic enhancements for Aliquat 336-HC1 for extraction of lanthanides and 
actinides into TTA, but no improvement in separation factors. An interesting report of 
synergism in lanthanide separations using LIX 51, LIX 54, and dibenzoyl methane as 
primary extractants, and TBP or TOPO as synergists indicates mean separation 
factors for adjacent lanthanides of 1.7 to 2.3 (Nakamura et al. 1987). 

Extensive investigations by Chmutova and co-workers of 1-phenyl-3-methyl-4- 
benzoyl-5-pyrazolone (PMBP) indicate that the synergistic enhancement for TBP and 
TOPO adducts (in benzene) of the trivalent actinides (extracted from nitric acid) 
increases in the order Am < Cm < Bk < Cf(Chmutova et al. 1973). On the other hand, 
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Khopkar and Mathur (1982) do not observe any particular order in the extraction of 
these metal ions from hydrochloric acid solutions into the same extractant mixtures in 
xylene. Continued investigation by Mathur and Khopkar (1983b, 1987b) and by 
Dukov and Genov (1986, 1988) (lanthanides only) reported general increased extrac- 
tion, but few useful separation systems. 

4.5. Cyclic and linear polyethers in lanthanide/actinide separation 

The concept of molecular recognition has its roots in coordination chemistry in the 
binding of metal ions by crown ethers. In this class of ligands, the size of the cavity is 
often the principle determinant of metal-ion selectivity. For the light lanthanides and 
trivalent actinides, the optimum cavity size is attained in the 1,4,7,10,13,16-hexa- 
oxocyclooctadecane (18-crown-6) configuration, 

H2C- CH 2 
H 2~~'C""(~ ~0/'C~~CH2 

\ 

/0 O~CH 2 "~C~c/~ o_«~~ 
H2C--CH 2 

However, despite the nominal good match between the cation radii and the ligand 
cavity, recent data (Mathur and Choppin (1993)) indicate that only three of the six 
oxygens are strongly bound to lanthanum in aqueous solutions, implying a defect in 
the fit of the metal ion to the cavity. 

Separations applications for the basic 18-crown-6 ligand are limited by the consider- 
able aqueous solubility of the free ligand. Some alterations of the basic ligand 
structure have been made to improve the hydrophobicity of certain derivatives and 
their complexes. 

There area  few reports of the use of crown ether extractants alone for lanthanide 
separations (Samy et al. 1988, Imura et al. 1987, Tang and Wai 1986), and others on 
the use of linear and crown ethers in cooperation with coextractant molecules (Chang 
et al. 1989, Manchanda and Chang 1986, Ensor and Shah 1983, 1984, Aly et al. 1985, 
Mathur and Khopkar 1988), some of which also discuss trivalent actinide extraction. 
Samy et al. (1988) investigated the extraction of lanthanides from 1 M lithium tri- 
chloroacetate (pH 3-4.5) with 0.01 M 18-crown-6 in 1,2-dichloroethane. They report 
that the separation factors for the lanthanides from La to Tb actually exceed those 
reported by Ceccaroli and Alstad (1981) for HDEHP extraction. Separation factors 
for the lanthanides after Tb are rauch smaller, probably indicating a defect in the 
lanthanide-crown fit. Tang and Wai (1986) report some intragroup separation of the 
lanthanides lighter thar~ Tb using Sym-benzo-18-crown-5-oxyacetic acid/80% chloro- 
form-20~o heptanol. 

Chang and co-workers (1986, 1989) have reported the equilibria and kinetics of the 
extraction of selected lanthanides by 1,7-diaza-4, 10, 13-trioxacyclopentadecane-N, 
N'-diacetic acid (DAPDA) and 1, 10-diaza-4,7, 13, 16-tetraoxacyclooctadecane-N, 
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N'-diacetic acid (DACDA) in conjunction with TTA (chloroform). Ligands of this type 
offer interesting possibilities as they combine the characteristics of crown ethers with 
those of aminopolycarboxylic acid complexants. At pH 5, only R(TTA)3 is extracted, 
while a 1:1:1 complex R(DAPDA, DACDA)TTA is extracted at pH 7.5-8.0. The 
extraction kinetics at pH 5 are slow, governed by the rate of dissociation of aqueous 
metal-crown complexes, but are relatively fast and independent of the aqueous 
macrocycle complex dissociation rate in the high-pH regime. These kinetic results 
suggest the possibility of interlanthanide separations based on differences in com- 
plexation rates. 

The work of Mathur and Khopkar (1988) on the use of benzo-15-crown-5, 
(Bz 15-C-5), and di-cyclohexano-18-crown-6 (DCH 18-C-6) as synergists for lantha- 
nide and actinide extraction with 1-phenyl-3-methyl-4-trifluoroacetyl-5-pyrazolone 
(PMPFT)/chloroform suggest some potential for such mixtures to accomplish certain 
specific group and inter-actinide separations. Aly et al. (1985) studied synergistic 
extraction using TTA and 15-crown-5 synergist for lanthanide and trivalent actinide 
extraction and found significant enhancement of the extraction, hut little separation 
value. In both studies, 1 : 3 : 2 adducts are indicated for the 15-crown-5 synergists while 
Mathur and Khopkar report 1 : 3 : 1 adducts for the 18-crown-6 synergistic reaction. 

There is also evidence that non-cyclic polyethers can function as synergists in 
lanthanide/actinide separation. Ensor and Shah (1983, 1984) report that 1, 13-bis(8- 
quinolyl)-l,4,7,10,13-pentaoxatridecane (Kryptofix-5, or K-5) enhances the extraction 
of Ce(III), Eu(III), Tm(III), Am(III), Cm(III), Bk(III) into chloroform solutions of TTA. 
The extracted complex has the stoichiometry R(TTA)3.K-5 , and the synergistic enhan- 
cement is comparable to that of TBP under the conditions studied. Intra-group 
separation factors for lanthanides and actinides are approximately two while the usual 
synergistic leveling effect is observed for Am/Eu separation (i.e., they are worse than 
those for TTA alone). 

5. Medium effects 

Both the (organic) diluent (in solvent extraction systems) and the composition of the 
aqueous solution can have a profound effect on extraction efficiency, group separation, 
and intra-group separation. An example of this effect has already been seen above in the 
reported enhancement of trivalent metal ion extraction by amines or neutral or- 
ganophosphorus extractants from nitrate salts versus nitric acid (a "salting-out" effect). 

Another example of an "aqueous" medium effect is the use of alcohol/water mixtures 
in several successful ion-exchange-based separation processes for the lanthanides and 
actinides. A third example, relevant to solvent extraction alone, is the effect of the 
diluent on the extraction process. The effect of these phenomena, and the reasons for 
their success (or failure) is the subject of the next section. 

5.1. Mixed aqueous media in ion exchange 

It is generally observed that partial substitution of watet miscible organic solvents 
(like ethanol) into the aqueous phase results in increased extraction (or sorption), and, 
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in many cases, in improved group-separation behavior. It is likely that the improve- 
ments grow at least partly out of the changes induced in the solvation dynamics and 
metal coordination numbers observed when the medium is altered. 

Lincoln (1986) discusses both the rates and solvation numbers of the aquo-lanthan- 
ide cations, and observes that there is great variety in both solvent-exchange rates and 
coordination numbers in non-aqueous media. The kinetic parameters for water 
exchange (Cossy et al. 1989) are consistent with a concerted associative mechanism, 
characterized by rapid exchange. Partial substitution of non-aqueous solvents for 
watet must result in a net decrease in the exchange rate (as a result of the decreased 
concentration of water), thereby reducing the energetic requirements for desolvation 
and promoting phase transfer. 

Stary (1966) cites the work of Street and Seaborg (1950) who found that group 
separation of the lanthanides and trivalent actinides can be done by cation exchange 
eluting with 20~ ethanol saturated with HC1. The presence of the alcohol enhances the 
difference in chloride complex stability between the lanthanides and actinides as a 
result of partial dehydration of the cation in the 20~ ethanol solution. 

The work of Grigorescu-Sabau (1962) shows that water miscible organic solvents 
increase the sorption of Pr(III) to a cation resin which is interpreted as the result of 
a decrease in the free hydrogen ion concentration in solution, thus reducing competi- 
tion between the metal cation and proton for resin-binding sites. More recent results 
from Sheveleva and Bogatyrev (1987) indicate enhanced separation of europium and 
gadolinium can be achieved in anion exchange separations (Dowex-1 X8) in mixed 
organic/aqueous solvents. Ethanol, aeetone and acetonitrile solutions of HNO 3 modi- 
fy both the internal structure of the resin, and solvation of the anionic nitrato 
complexes to alter the ionic mobility of the complexes to improve the separation. 

The res ults of Guseva and Tikhomirova (1972) indicate a significant improvement in 
the group separation from 4~o cross-linked Dowex 50 using 10.5 M HC1 in 40~ 
ethanol as the elutrient as compared with 12.5 M HC1 in water. More recently, Guseva 
et al. (1987a, b) have demonstrated an efficient separation of trivalent actinides from 
all matrix elements (actinides and fission products) with both cation and anion 
exchange from aqueous-ethanol solutions of sulfuric acid. Usuda and co-workers 
(1987) and Usuda (1988) have presented a separation scheme for trivalent actinides 
using a three-step ion exchange partition of the trivalent actinides from light actinides 
and fission products. 

5.2. Salt effects in solvent extraction 

Some simple calculations reveal that the salting-out effect is simply a result of the 
reduction in watet activity due to the presence of the salt. Taking the example of 10 M 
LiC1 [-density = 1.1812 g/te, 8.24 molal solution, Chemical Rubber Company Hand- 
book of Chemistry and Physics (1987)], we find that the nominal water concentration is 
reduced to 36.1 molal. However, if we also consider that the lithium ion is a tetrahyd- 
rate cation in aqueous solution (ignoring the hydration of the chloride ion), the "free" 
watet concentration is reduced to only 3.2 molal. Although this model calculation is 
greatly oversimplified, it is clear that the reduced concentration of available water 



SEPARATION CHEMISTRY FOR LANTHANIDES AND TRIVALENT ACTINIDES 219 

molecules must have the effect of reducing the net rate of water exchange of the 
lanthanide cation (or perhaps even the degree of hydration) improving the energetic 
requirements of phase transfer reactions, much like the mixed aqueous solvents 
discussed above. In the separation of individual lanthanides from mixtures of the 
lanthanides, a "self-salting" effect is believed to be responsible for the enhanced 
separation factors observed in many extraction systems when operated at or near the 
saturation limit (Weaver 1974) due to the reduction of the effective water concentra- 
tion by cation hydration. 

A secondary effect of high salt concentrations on the chemistry of the aqueous 
medium is the enhancement which is observed in complex strength when the free water 
molecule concentration is reduced. Under these conditions, the weakly binding chlor- 
ide and thiocyanate anions (soft-donor ligands) are better able to compete with watet 
for the cation to form complexes which are extracted by amine extractants or bound to 
anion exchange resins. The minimization of the metal-water interaction permits the 
subtle covalent eontribution to actinide binding to emerge, forming the basis for group 
separation from chloride and thiocyanate solutions. 

An additional phenomenon related to the anion in the aqueous phase is a so-called 
"perchlorate effect" (Gmelin 1983). It has been often observed that extraction ofmetal 
ions from perchlorate media is greater than that from equivalent nitrate or chloride 
solutions. Marcus reports (Gmelin 1983) the effect in two different systems involving 
acidic extractant molecules. The enhanced extraction of metal ions is also observed in 
systems based on neutral molecules. In the latter case, formation of aqueous com- 
plexes of stoichiometry 1 : 3 (R: L) is required for neutrality in the extracted complex. 
As lanthanide perchlorate ion pairs normally do not exist in aqueous solution, it is 
something of a dichotomy that extraction from perchlorate medium should be more 
readily achieved than from more strongly complexing nitrate (or even chloride) 
solutions. An explanation for the phenomenon, and for the relative ease of extraction 
of metal ions from salt solutions (relative to that from equivalent acids), may lie in the 
effect of the solutes on water structure. 

Choppin and co-workers (Choppin and Buijs 1963, Choppin and Violante 1972, 
Choppin 1978) have investigated the effect of various solutes on the hydrogen-bonded 
structure of water. Basically to consist of watet can be considered of molecules having 
zero, one or two water molecules hydrogen bonded to the protons. A higher percen- 
tage of more highly hydrogen-bonded species implies greater three-dimensional struc- 
ture in the solvent. The energetics of the fit of the metal ion into this structure 
constitutes an entropy contribution to the overall extraction reaction. 

The solutes which make up aqueous solutions can either promote or disrupt the 
three-dimensional structure of water. Hydrogen ions (H +) and hydroxide ions (OH-) 
are the ultimate structure makers in aqueous solutions, as they fit perfectly into the 
water structure. Various water miscible solvents (e.g., methanol, ethanol, acetone) have 
more-or-less predictable effect on the structure of water. Small, hard-sphere metal 
cations tend to promote order in the solution while large cations rend to disrupt the 
structure. Among typical anions, fluoride is a strong structure maker, sulfate and 
nitrate less efficient structure makers, while the heavy halides and thiocyanate disrupt 
the water structure. Most effective among anions encountered in separations in 
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Fig. 2. Americium and europium distribution ratios 
for extraction by 5% tributyl phosphate (hexane) as 
a function of NaSCN concentration (pH 4-5) in the 
presence and absence of NaC10 4 as supporting electro- 
lyte. Open symbols are for variable concentrations of 
NaSCN. Closed symbols represent NaSCN/NaCIO 4 
mixtures at 5.0M total ionic strength. Data from 
Sekine (1965). 

disrupting water structure is perchlorate. Although such effects are difficult to quantify, 
the observation of a perchlorate effect is almost certainly the result of a more favorable 
net entropy contribution growing out of the structure-breaking nature of the anion 
(recall that net energy changes of the order of only 400-1500joules/mol are needed to 
accomplish extraction). Although this effect increases overall extraction efficiency, its 
effect on separation factors is more difficult to predict. 

To illustrate, the results reported by Sekine (1965) show the combined effect of 
soft-donor ligands and perchlorate on Am/Eu separation using a solvating extractant. 
The extraction/separation of americium and europium with 5% TBP/hexane from 
5.0 M NaC104/NaSCN, and from NaSCN solutions without supporting electrolyte 
(pH 4 5) exhibit strong dependence on the concentration of SCN- (fig. 2). In the 
absence of perchlorate, the separation factors are higher at low [SCN-] ,  although 
distribution ratios are low. At constant ionic strength (5.0 M), the trend is reversed, that 
is, separation factors (SEu Am) are higher at higher concentrations of SCN-.  Distribution 
ratios are also dramatically higher due to the "perchlorate effect". The free energies for 
extraction of either Am or Eu in the presence and absence of perchlorate (e.g., at 1 M 
NaSCN) is 12-17 kJ/mol more favorable. At the highest SCN- concentrations, 
separation factors are near one because the water-structure disrupting effect o f SCN-  
and C10~ essentially eliminate the effect of the soft-donor in actinide binding to the 
SCN-.  

5.3. Extraction from alkaline and carbonate media 

An extreme example of an aqueous medium effect is the separation of lathanides and 
actinides from alkaline and carbonate solutions, reviewed by Karalova et al. (1988). 



SEPARATION CHEMISTRY FOR LANTHANIDES AND TRIVALENT ACTINIDES 221 

Because the lanthanide and actinide metal ions are readily hydrolyzed (and precipi- 
tated) in alkaline solutions, these studies require the presence of water-soluble com- 
plexants. Both solvating and chelating extractants have been used in these studies. 
Primary and quaternary amines, alkylpyrocatechols, fl-diketones, pyrazolones, and 
N-alkyl derivatives of aminoalcohols are the extractants indicated as useful for alkaline 
extraction processes. A variety of diluents have been used, but their nature seems to 
have little effect on the extraction efficiency or separation factors. 

The factors contributing to a successful separation procedure are not different from 
those relevant in more acidic solutions, i.e., the efficiency is dependent on the nature of 
the extractant and the aqueous complexant, the pH of the aqueous solution, and 
the strength of aqueous complexes. Two advantages provided by this approach are the 
relative ease of back extraction (contact with neutral salt solutions in usually sufficient), 
and the potential for kinetic-based separations. The disadvantage (from a practical 
standpoint) is the requirement of working with concentrated salt solutions, which 
create waste disposal problems. 

Additionally, extraction from alkaline solutions and carbonate is characterized by 
the unusual preference (specificity) of the extraction processes for the trivalent oxida- 
tion state [in carbonate solutions the order of extraction is M(III)> M(IV)> 
M(V) > M(VI)]. A further benefit of operation in alkaline solutions is the greater 
tendency for air oxidation of trivalent metal ions to the tetravalent oxidation state 
(examples are Ce, Bk), thus prompting their removal. 

Group separation factors for the trivalent actinides and lanthanides are ~ 2 for 
extraction by Aliquat 336-EDTA in contact with an alkaline EDTA aqueous sol- 
ution. Such a separation factor may be sufficient if the system is operated in the 
extraction chromatographic mode (Bukhina 1983). 

Alkyl pyrocatechol extractants provide greater group separation factors. Eu/Am 
separation factors of 70 have been reported for a non-equilibrium extraction in the 
system 4-(«,~-dioctylethyl)-pyrocatechol/NaOH/DTPA (diethylenetriamine-N, N, N, 
N, N-pentaacetic acid) (or DTPP - diethylenetriamine-N, N, N', N", N"-pentameth- 
ylenephosphonic acid) (Karalova et al. 1982). The separation factors are based mainly 
on the difference in the rates of the metal-DTPA (or DTPP) complexation equilibria 
for Eu and Am. They are therefore highly dependent on the contact time. A principal 
limitation of the practical application of such a separation scheme is the relatively 
long contact times ( > 10 min) required for extraction. However, the slow equilibration 
compares favorably with that for other lanthanide actinide separation processes 
(e.g. TALSPEAK, section 7). 

6. Diluent effects in solvent extraction 

In the early days of solvent extraction, the organic diluent was often referred to as 
"inert'. With further study it became obvious that the organic diluent was anything 
but inert. Many orders of magnitude variation was observed in the distribution 
coefficients of extracted metal ions as a function of the organic solvent. In some 
systems, the stoichiometry of the extracted species (or the extractant) was altered by 
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the properties of the diluent. In the case of lanthanide extraction by oxine-type 
extractants, the complexes formed are only soluble in a limited few diluents. Although 
the theory of the physical chemistry of organic solutions is not developed sufficiently 
to permit reasonable prediction of diluent effects in separations, it is clear that 
solvation phenomena in such solutions are important. In this section, the effect of this 
aspect of lanthanide/actinide separations is discussed. 

The character of the diluent in a solvent extraction separation scheme generally can 
have a profound effect on the overall degree of extraction, but the effect of diluent on 
separation factors is usually much more subtle. Alteration of the diluent modifies 
metal-ion extraction equilibria primarily by its effect on the solvation of the hydro- 
phobic metal complex. Although few recent studies have been made of diluent effects 
in lanthanide/actinide separation (with no truly systematic investigations), enough 
historical reports exist to make some general observations of the effect of diluent on 
lanthanide/actinide separation. 

Stary (1966) discusses the results of Oak Ridge National Laboratory studies of 
americium/californium separation factors in HDEHP extraction as a function of the 
organic diluent. As preser~ted in table 6, while the change in diluent from normal 
paraffin hydrocarbons to aromatic hydrocarbons to chlorinated solvents results in an 
order of magnitude variation in the overall extraction of Am and Cf, the Am/Cf 
separation factors remain constant at 110 (___ 8). 

On the other hand, Dyrssen and Liem (1960) report (table 7) greater variation in 
both distribution ratios [for americium and europium extraction by dibutyl phos- 
phoric acid (HDBP)] and in separation factors as a function of diluent. The separation 
factors and distribution coefficients are correlated (more or less consistently) inversely 
with the distribution ratio of the extractant between the phases. In this system, the 
largest separation factors are observed in n-hexane, chloroform, and carbon tetra- 
chloride. Diluents capable of direct coordination (i.e., those possessing potential 
oxygen-donor atoms) are correlated with reduced distribution ratios and separation 
factors. The observations of greater separation factors in non-complexing diluents 
suggest that more effective separation is observed when the inner-coordination sphere 
of the hydrophobic complex is not disturbed. 

For tertiary and quaternary amine extractants, Horwitz et al. (1966) report that the 
transition from benzene to xylene to diisopropylbenzene to cyclohexane enhances the 

TABLE 6 
Data from Stary (1966) on HDEHP extraction of Am, Cf as 

function of diluent. 

Diluent log Kcf log KAm SÄ m 

n-Heptane 2.55 0.47 120 
n-Decane 2.22 0.20 105 
Cyclohexane 2.18 0.10 120 
Diet hylbenzene 1.85 - 0.15 100 
CCI 4 1.80 - 0.20 100 
Xylene 1.50 - 0.54 110 
Toluene 1.40 -- 0.65 112 



SEPARATION CHEMISTRY F OR  L ANT HANIDES AND TRIVALENT ACTINIDES 223 

TABLE 7 
Data  frorn Dyrssen and Liem (1960) on HDBP extraction of Am 

and Eu as a function of diluent, 0.1 M HDBP,  0.1 M acid. 

Diluent log DEu log DAto SÄm log DnDBp 

n-Hexane 2.60 1.40 17 0.48 
CCI 4 1.81 0.46 20 1.11 
CHCI» 0.09 - 1.27 23 1.87 
Diisopropylether 0.66 - 0.44 13 1.02 
Hexone a - 0 . 7 5  - 1.81 11 1.42 
TBP - 1.78 - 2.08 2.9 1.73 
Hexol b - 3.31 - 3.64 2.1 1.91 

a Methylisobutylketone (aka 4-methyl-2-pentanone). 
b Methylisobutylcarbinol (aka 4-methyl-2-pentanol). 

TABLE 8 
The effect of diluent on the extraction of Am and Eu with 20% triisooctyl 

amine from 11.9 M LiCl/0.1 M HC1 (Moor e 1961). 

Diluent Percent extracted Separation factor 

Am Eu 

Xylene 91.7 15.7 59 
Toluene 87.0 10.1 60 
Benzene 80.8 7.0 56 
Mesitylene 94.2 23.4 53 
Hexone 87.3 12.7 47 
B, fl'-dichloroethyl ether 97.1 63.1 20 
o-Dichlorobenzene 80.6 7.5 51 
Nitrobenzene 87.2 11.8 51 
n-Hexane 98.4 54.8 51 
CH2C12 99.7 91.3 32 
CC14 23.4 0.9 34 
CHCI» 0.6 < 0.3 - 
Xylene-CHC13 

1:1 < 1 . 0  < 1 . 0  - 

3 : 1 10.3 < 0.5 - 
20:1 71.2 4.3 55 
50:1 83.4 8.7 53 

extraction of Am by Alamine-336 nitrate (range of 1.4 to 21), but retards the extraction 
of Am by the quaternary amine Aliquat-336 nitrate (from 149 to 87). The effect of 
diluent on separation factors was not explored. 

Moore (i 961) examined the effect of 12 diluents plus mixtures of xylene- chloroform 
on Am/Eu separation factors for the extraction of these metal ions by 20% triisooc- 
tylamine from 11.9 M LiC1/0.1 M HC1 solutions (table 8). The highest Am/Eu separ- 
ation factors are observed in those systems in which the diluent is most "inert". 
Hexone, which possesses an available oxygen-donor atom, slightly reduces the separ- 
ation factor. The aliphatic chlorinated diluents reduce thern by approximately a factor 
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of two. One might speculate that these diluents act to partially solvate the metal- 
chloride complex (formulated as MC12-) in the inner-coordination sphere of the 
extracted complex to reduce the net thermodynamic difference in complex stability of 
the Am and Eu complexes. 

In bis review of synergistic solvent extraction of the lanthanides and trivalent 
actinides, Mathur (1983) notes that, although some authors find a correlation between 
the dielectric constant of the diluent and distribution ratios (Kochetkova et al. 1972), 
this relationship is by no means universal. Factors relating to the nature of the diluent 
(dielectric constant, polarizability, etc.), the nature of the free ligand species, and the 
neutral metal complex taust all contribute to relative extraction efficiency. 

Recent small-angle neutron scattering (SANS) studies of the structure of praseo- 
dymium complexes in organic solutions containing neutral extractant molecules 
indicate that occasionally gross structural effects in the organic phase can have an 
effect on lanthanide extraction. Thiyagarajan et al. (1988) find that the extracted 
complex in the praseodymium-octyl (phenyl-N, N-diisobutylcarbamoylmethyl- 
phosphine) oxide system (PrX 3 CMPO) at moderate concentrations of the extracted 
metal ion (where X is either C1- or NOt-) forms large, ellipsoidal aggregates in both 
d-6 benzene and tetrachlorethylene (TCE). The ag gregates are twice as large in TCE 
as in benzene (10 and 18 X 280 Ä versus 13 X 140A), but the nature of the anions and 
presence of dissolved water have little effect on the size of the aggregate. A monofunc- 
tional analogue diamyl(amyl) phosphonate (DA(A)P) does not aggregate as the 
particle size corresponds to that expected of monomeric extracted complexes. The 
ability to probe such structures in the organic phase creates many exciting possibilities 
for explaining some observations in extraction processes. 

7. Role of aqueous complexation in lanthanide/actinide separations 

Weaver (1974) states "Much fruitless effort was expended in searching for extrac- 
tants which separated the two groups of elements (i.e., rare-earth fission products and 
transplutonium actinides)...The separation was finally accomplished only by con- 
siderably modifying the aqueous medium." Notwithstanding the need for extraction 
efficiency for meaningful separation, success in lanthanide/trivalent-actinide separ- 
ation is accomplished most efficiently through the agency of metal-complex formation 
in the aqueous phase. This is true for both ion exchange and solvent extraction 
separations. 

The effect of aqueous complex formation on distribution ratios and separation 
factors can be readily understood in terms of equilibria already discussed. For the 
simplest case in which the aqueous metal complexes are not extracted into the 
counter-phase, the observed distribution ratio will represent a balance between the 
two phase extraction reaction, and the homogeneous complexation equilibria in the 
aqueous phase. 

Taking an acidic chelating extractant as an example, the disotribution ratio for 
metal-ion extraction in the absence of aqueous complexation reactions is based on the 
equilibrium 

R 3+ + 3 HEx o ~ (R(Ex)3)o + 3 H + . (6) 
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The equilibrium constant for this reaction is 

[R(Ex)3]o[H+] 3 _ EH+] 3 
Kex- [_R3+3 [HEX]o 3 - U o ~ .  (7) 

Introduction of a water-soluble complexing agent requires that reactions like those 
described in eq. (2) taust be accommodated in this expression. The metal-ion distribu- 
tion ratio under these conditions becomes 

D ER(EX)B]°3 (8) 
[R 3+] + [RL] + [RL2] + ... 

The concentrations of the metal complexes in this expression can be written in terms 
of the aqueous equilibria as 

[R(Ex)3]o ~ Do 
D = [R3+]{ 1 + Z(fl,[L]')} - {1 + Z(fl,[L]')} ' (9) 

where the fll values are the equilibrium constant for the relevant aqueous complexa- 
tion reactions. 

The separation factor for two metal ions in a given system is the ratio of the 
respective distribution ratios (D's) or, 

D m Dö{a + Z(fl~"[L]')} (10) 
sm; = D" = Dó{1 + E(fl~'[L]')} " 

The separation factor for the two metal ions is therefore directly proportional to the 
relative extraction efficiency of the metals m ù« (D o/D o ), but inversely proportional to 
the stability of the aqueous complexes. The most effective separations will be achieved 
in those systems with favorable differences in extraction efficiency and complementary 
differenees in aqueous complex strength. A calculational model has been recently 
proposed for the prediction of separation efficiency based on stability parameters 
(Jedinbakova et al. 1988). 

Because the relative distribution of the lanthanides and trivalent actinides onto ion 
exchange resins does not vary a great deal, separations based on ion exchange solids 
are quite dependent on complexation reactions in the aqueous solution. For anion 
exchange separations of cations, aqueous complexation to form anionic complexes is 
essential. The first separations of the transplutonium elements were accomplished by 
means of ion exchange (both cation and anion) using aqueous eomplexing media. The 
work of Street and Seaborg (1950) demonstrated that trivalent americium and curium 
could be separated from the lanthanides by hydrochloric acid solutions at concentra- 
tions above 12M. Under these conditions, the actinide cations pass through the 
column of resin is accelerated by the enhanced complexation (relative to the lantha- 
nides) by C1-. This work was extended to include the trivalent actinides to Es by 
Choppin and Chatham-Strode (1960). The latter authors were not completely enthusi- 
astic about the earlier speculation connecting the actinide enhancement with covalent 
bonding. 

To assess the role of covalence in the lanthanide/actinide separation observed in 
chloride solutions, Surls and Choppin (1957) investigated both eation and anion 
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exchange for the trivalent actinides from thiocyanate solutions. It was predicted that 
stronger covalent interaction would be observed in this system. While certain aspects 
of the chloride system were reproduced in the thiocyanate system, the bulk of the 
evidence suggests that the covalent interaction interpretation is an oversimplification. 
Polarizability of both metal ion and the ligand may also contribute to the observed 
lanthanide/actinide separation. These authors point out most significantly that free- 
energy changes of the order of only 400-1200joules/mol are sufficient to cause 
a reversal of the elution positions of the metal ions. The results of Sekine (1965) on 
Am/Eu separation by TBP extraction from SCN-/C10£ media (as discussed in 
section 5.2) are consistent with this interpretation. 

Based on earlier research on the separation of the lanthanides, ion exchange 
separations were also done using citric acid as a complexant. Because the citrate eluent 
is plagued by relatively slow kinetics, other hydroxy-carboxylic acids were tested as 
elutriants for the higher actinide elements. Lactic acid was among the first species tried, 
but better interactinide separations were observed using «-hydroxyisobutyric acid 

TABLE 9 
Separation factors (relative to Cm) for ammonium ct-hydroxyisobutyrate cation exchange of trivalent 
lanthanides and actinides from Smith and Hoffman (1956), Choppin et al. 0956), and Choppin and Silva 

(1956). 

Actinides aRm S~' Lathanides S~m S~' 

Md 0.035 
1.41 

Fm 0.049 
1.88 

Es 0.093 
1.54 

Cf 0.14 
2.25 

Bk 0.31 
2.22 

Cm 0.71 
1.40 

Am 1.00 

Lu 0.011 
1.33 

Yb 0.014 
1.30 

Tm 0.019 
1.42 

Er 0.026 
1.49 

Ho 0.039 
1.09 

Y 0.043 
1.30 

Dy 0.056 
1.79 

Tb 0.10 
2.00 

Gd 0.20 
1.39 

Eu 0.28 
1.82 

Sm 0.51 
1.69 

Pm 0.86 
1.75 

Nd 1.5 
1.67 

Ce 2.4 
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(Choppin et al. 1954, 1956, Smith and Hoffman 1956). This system proved useful for 
intra-group separation of both the lanthanides and actinides (table 9). There are 
numerous examples of more recent applications of both the specific system and 
adaptations of it in lanthanide and actinide processing (Elesin et al. 1986, Vobecky 
1989, Billion 1979, Aly and Latimer 1970b, 1967, Guseva and Tikhomirova 1979). 

Similar ideas have been applied to improve actinide-actinide separation factors in 
solvent extraction processes. Aly and Latimer (1970b) studied the extraction of Cm, 
Bk, Cf, and Es by HDEHP/toluene from solutions of several hydroxycarboxylic acids. 
They established that the separation could be accomplished using this system if 
operated in the extraction-chromatographic mode, but observe that the separation 
using «-hydroxyisobutyric acid is less efficient than the same complexant used with 
cation exchange resin (Choppin et al. 1956). The reduced intra-group s eparation 
(relative to the cation exchange separation) should not be surprising, as both the 
distribution ratios and aqueous complexation strength increase across the series (with 
constricting cation radii). As eq. (10) indicates, these factors act in opposition, thus 
producing a leveling effect. 

Though the above described systems are not useful for group separations, aqueous 
complexation can be applied to improve group separations. For example, Weaver and 
Kappelmann (1968) report that replacement of the mineral-acid solution used in the 
intra-group separation by various carboxylic acids, and mixtures of carboxylic and 
aminopolycarboxylic acids results in a very satisfactory group separation. The separ- 
ation factors for interlanthanide and interactinide separations by HDEHP have been 
shown previously to average ~ 2.5 (table 10). Group separations with this extractant 
system are not satisfactory. Weaver and Kappelmann observe that extraction from 
1 M carboxylic acid (pH 1.8) solutions depresses the extraction of Am relative to the 
lanthanides. At higher pH (,~ 3), the separation factors are increased, with the most 
consistent enhancement observed for lactic acid. Addition of only 0.05 M diethylene- 
triaminepentaacetic acid (DTPA) to the solutions of carboxylic acids at pH 3 

TABLE 10 
Distribution coeiIicients for americium and Am/La separation factors for solvent extraction 
separation by HDEHP/carboxylic acid solutions in the presence and absence of DTPA 

(Weaver and Kappelmann 1968). 

Carboxylic acid No DTPA (pH 1.8) 0.05 M DTPA (pH 3.0) 

La La 
DAm SAm DAm SAm 

Formic 150 0.14 0.0102 270 
Acetic 33 0.24 0.0086 430 
Propionic 180 0.41 0.0052 770 
Glycolic 0.94 0.74 0.0124 145 
Diglycolic 0.0025 4 - 
Lactic 3.5 1.2 0.0085 380 
Citric 0.36 0.90 0.0102 73 
Malonic 20 0.31 0.0087 290 
«-Hydroxyisobutyric 18 0.7 0.0132 370 
Glycine-HNO 3 26 0.23 0.0111 270 
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Fig. 3. Distribution ratios for trivalent lanthanides and 
actinides for the TALSPEAK separation system (0.3 M 
HDEHP/diisopropylbenzene/1.0M lactic acid 0.05M 
DTPA-pH 3.0), from Weaver and Kappelmann (1968). 

resulted in dramatically improved separation factors. For extraction from 1 M lactic 
acid/0.05 M DTPA/pH 3 with 0.3 M HDEHP/diisopropylbenzene (DIBP), the worst 
actinide/lanthanide separation factor is for S~~ ~ 10. Lanthanide/actinide separation 
by this process is illustrated in fig. 3. 

Investigation of the details of this system indicate that at low metal-ion loading the 
extractant dependence from (1 M lactic acid-0.05 M DTPA) is lowered to 2.7-2.9, 
dependent on the metal ion. Concentration isotherms for the extraction of lanthanum 
from lactic acid solutions, with and without DTPA present, indicate that saturation 
occurs at 1.5 equivalents oflanthanum per mol of extractant monomer, interpreted by 
the authors as indicative of the extraction of one mol of lactate per extracted metal ion. 
This observation is supported by actual measurement of extracted lactate concentra- 
tion. Lactic acid is not extracted by HDEHP in the absence of lanthanum. This 
separation process has acquired the acronym TALSPEAK (trivalent-actinide/lanthan- 
ide separation by phosphorus reagent extraction from aqueous komplexes). The 
generic applicability of the concept is demonstrated by the work of Baybarz (1965), who 
finds only slightly reduced efficiency upon substitution of 2-ethyl(hexyl)phenylphos- 
phonic-acid/diethyl benzene for HDEHP/DIPB. 

A number of more recent reports have discussed applications, process experience, 
and modifications of TALSPEAK. Kosyakov and Yerin (1980) report that the Cm 
extraction from TALSPEAK-type aqueous solutions using HDEHP/decane solutions 
both extractant (HDEHP) and acid dependence are reduced to two, indicating the 
extraction of.a 1:1 M-lactate complex for the aliphatic diluent. Similar extractant 
dependencies were reported for Bk, Eu, and Ce. The extraction reaction is established 
as independent of [DTPA] (i.e., DTPA complexes are not extracted). 
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Bourges et al. (1980) report a comparison of TALSPEAK with TBP-nitrate and 
trilauryl ammonium nitrate extraction for Am/Cm separation using DTPA as aqueous 
complexing agent (in extraction chromatographic mode). Although TALSPEAK gives 
higher lanthanide/actinide separation factors, these authors cite favorable chromato- 
graphic kinetics and improved Am/Cm separation as justification for the choice of 
TBP/DTPA over TALSPEAK. Ishimori (1980) find higher distribution ratios in a 
TALSPEAK-type system using di-isodecylphosphoric acid in place of HDEHP. 
Bond and Leuze (1980) describe a lanthanide/actinide removal and separation scheme 
using a 1 M lactic acid-0.05 M DTPA strip to separate trivalent actinides from the 
lanthanides. 

In a recent application of HDEHP to actinide/actinide and actinide/lanthanide 
separations, Novikov and Myasoedov (1987) report the use of a "supported liquid 
membrane" impregnated with HDEHP for the separation of Am/Cm, Eu/Tb, and 
Am/Eu using DTPA, citric acid, and the potassium salt of a heteropolyacid 
(KloP2W17061 - KPWO) as aqueous complexants. The optimum separation factors 
reported are S~~ = 5.0, S~~, = 10.8, and S~~ > 102. 

A chromatographic interlanthanide separation by cation exchange in the presence 
of 1, 4, 7, 10-tetraazacyclododecane-N, N', N", N'"-tetraacetic acid (DOTA), present as 
an aqueous complexant, has been reported by Merciny et al. (1986). In this system the 
lanthanides are separated into two groups based on the rate of decomposition of the 
R-DOTA complex. Separation factors are not large, but a chromatographic separ- 
ation of Gd and Eu is suggested. 

8. The role of soft-donors in lanthanide/actinide separation 

Aside from the subtle effect of the An-amine binding in the An-DTPA complexes 
of TALSPEAK, and the chloride,: thiosulfate interaction with the actinides in ion- 
exchange studies, we have not discussed the proposal that there is of slightly greater 
covalency in aetinide complexation (both by hydrophobic and hydrophilic ligands). In 
this section, the effect of binding of actinides to nitrogen and sulfur donor molecules is 
discussed within this model. 

The emphasis of work by French researchers has been the use of soft-donor extrac- 
tants and complexants to enhance actinide/lanthanide group separation (Vitorge 
1985, Musikas et al. 1980, Musikas 1985). The relative stability constants for lantha- 
nide and actinide azide complexes reported by Musikas et al. (1980) suggest that 
hydrazoic acid could function as a useful reagent for this separation. This is confirmed 
in a later report for Am/Eu separation (Musikas 1985) in which americium extraction is 
suppressed by complex formation with azide. The separation factors are not very 
different from those reported by Sekine (1965) using SCN- as the complexant in TBP 
extraction. However, Choppin and Barber (1989) find that, while the trivalent actinide- 
azide stability constants are somewhat larger than those of the trivalent lanthanides, 
the complexation enthalpies calculated from the temperature coefficient of the/~'s do 
not support the existence of a covalent bonding contribution. 

A soft donor extractant system, mixtures of o-phenanthroline and nonanoic acid, 
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(Musikas 1985), extracts americium an order of magnitude more strongly than 
europium from 0.1M NaNO 3 solutions at pH4.5-5.1 [SzAü =17.4( _+ 0.9)]. To 
accomplish the separation at higher acidity, research has been conducted on the 
complexant/extractant 2, 4, 6-tris(2-pyridyl)-1, 3, 5-triazine (TPTZ), 

used in conjunction with carboxylate and sulfonate co-extractants. The lattet are 
necessary because of the hydrophilicity of the Am(NO3) 3 TPTZ complex. Replace- 
ment of nitrate by «-bromocaprate (decanol diluent) gives group separation factors 

10 with little apparent variation in the distribution ratios for the members of the 
groups (Am, Cm, or Eu, Nd, Tb, Yb) (table 11) in the pH 2-3 range. Substitution of 
dinonylnaphthalenesulfonic acid (HDNNs) for ct-bromocapric acid gives similar per- 
formance at 0.1 M acid. 

The work of Musikas on the use of di-thio-substituted HDEHP as an extractant 
indicates possible significant Am/Eu separation factors when TBP is also present. 
However, Freiser (1988) disputes these results as being due to HDEHP contamination. 
Other researchers have considered thio-alkyl phosphate diesters for lanthanide extrac- 
tion, but they offer only reduced extraction for the lanthanides (Inoue et al. 1989, 
Kondo et al. 1990). 

The thio-derivative 4-benzoyl-2, 4-dihydro-5-methyl-2-phenyl-3H-pyrazol-3-thione 
(BMPPT), gives good americium/europium separation factors in synergistic extraction 
systems (Smith et al. 1987, Ensor et al. 1988). 

TABLE 11 
Extraction of selected trivalent actinides and lanthanides by 2,4,6- 
tris(2-pyridyl)-l,3,5-triazine (TPTZ)/decanol/1 M «-bromocapric acid 
(ABCA), and TPTZ,HDNNS/t-butylbenzene/ni t r ic  acid (Musikas 

1985). 

Metal D(TPTZ/decanol/ABCA) D(TPTZ,  HDNNS/HNOa)  
pH 2.2 [H +] = 0.12 M 

Am 0.85 1.35 
Cm 0.80 1.40 
Ce - 0.158 
Nd 0.08 - 
Eu 0.10 0.199 
Gd - 0.178 
Tb 0.11 0.14 
Yb 0.10 0.22 
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The mixture of 0.3 M BMPPT/0.01 M TOPO/benzene extracts (from 0.1 M LiC10 4, 
pH 3) americium preferentially over europium (sÊ m = 68) (Smith et al. 1987). The 
analogous system based on the oxygen-donor analogue and TOPO (Chmutova and 
Kochetkova 1970) gave stronger extraction but no significant separation of curium 
from europium. Further substitution of the soft-donor synergist 4, 7-diphenyl-1, 10- 
phenanthroline (DPPHEN) for TOPO (Ensor et al. 1988) results in even greater 
selectivity for americium (SÊ m = 190, pH 3.7, 0.03 M HBMPPT/0.0027 M DPPHEN). 
The extracted species is M(BMPPT)3(DPPHEN ) (table 12). 

9. Summary and prospects 

The special insight of the earliest experimentation on trivalent lanthanide/actinide 
separations is well demonstrated by the continuing use and adaptation of solvent- 
extraction and ion exchange procedures developed 20-40 years ago. But the tendency 
to adopt (and adapt) historically proven technologies should not imply that there is no 
room for further improvements. Several recent developments indicate significant 
prospects for more efficient processes. The increasing need for supplies of pure 
lanthanides, and the possible requirement of actinide partitioning in radioactive- 
waste treatment imply that new science can have significant new technological impact 
in this field. 

9.1. Intra-group separation 

Of the separation methods discussed in this chapter, several are useful primarily for 
intra-group separations. Comparison of data from different authors is usually not 

TABLE 12 
Distribution ratios and separation factors for americium/ 
europium extraction by 4-benzoyl-2,4-dihydro-5-methyl-2- 
phenyl-3H-pyrazol-3-thione/toluene (0.0297M)/0.1 M NaClO 4 
as a function of 4,7-diphenyl-l,10-phenanthroline (synergist) 

from Ensor et al. (1988). 

[DPPHEN] DAm DEu SÊu m 

0.00269 25.3 0.138 183 
0.00215 21.9 0.112 196 
0.00144 14.8 0.077 192 
0.00108 10.3 0.059 174 
0.000718 6.1 0.039 156 
0.000359 2.7 0.021 129 
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possible because slight differences in the experiments can cause completely different 
conclusions to be reached (e.g., the choice ofdiluent as in table 7). Therefore, only those 
studies which specifically considered intra-group separation factors can legitimately 
be compared. 

A sampling of the methods which are (or could be) used for interlanthanide or 
interactinide separations are shown in figs. 4 and 5, respectively. These should not be 
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Fig. 4. Interlanthanide separation factors (relative to 
Ce) for selected methods; HDEHP and TTA data from 
Stary (1966), AHIB («-hydroxyisobutyric acid/Dowex 
50) data from Choppin and Silva (1956), and Smith and 
Hoffman (1956), DHDECMP (dihexyl -N, N-diethyl- 
carbamoylmethylphosphonate) data from Horwitz 
et al. (1981). 
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Fig. 5. Interactinide separation factors (relative to Am) 
for selected methods; HDEHP and TTA data frorn 
Stary (1966), AHIB (ct-hydroxyisobutyric acid/Dowex 
50) data from Choppin et al. (1956), and Smith and 
Hoffman (1956), DHDECMP (dihexyl -N, N-diethyl- 
carbamoylmethylphosphonate) data from Horwitz 
et al. (1981). 
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viewed as the only means of accomplishing the partitioning, but are systems which 
should be generally effective. The observed trends in the data are more-or-less 
systematically correlated with the decrease in cation radii with increasing atomic 
number. The most consistent trends are observed for solvent extraction using 
HDEHP and cation exchange using c~-hydroxyisobutyric acid as elutriant. Extraction 
reactions based on DHDECMP exhibit small but consistent changes in D with 
changing atomic number. An extraction system of this type might be suitable for an 
extraction chromatographic application. 

9.2. Trivalent lanthanide/ actinide group separation 

Unlike the intra-group separations, group separations are generally not directly 
dependent on the contraction of cation radii. As the prior discussion has attempted to 
demonstrate, group separations are based primarily on the difference in interaction 
strength of lanthanides and actinides with extractants or complexants which incor- 
porate soft donor atoms like nitrogen and sulfur. In fig. 6, a broad spectrum of 
separation methods are presented to illustrate the central role of actinide-soft donor 
interactions in lanthanide/actinide separations. Because the contraction of ionic radii 
superimpose effects like those in figs. 4 and 5 on group separations, we compare the 
separation factor for the iso-electronic lanthanide/actinide pair americium/europium 
as representative of group separation in general. This is a reasonable representation of 
group-separation trends. 

Included in fig. 6 are separation procedures covering the gamut of effects discussed 
in this chapter. On the left portion of the figure, americium is more strongly extracted, 
while on the right, europium is preferentially extracted. The overriding characteristic 
of this correlation is the effect of the actinide-soft donor interaction on group 
separations. In those systems furthest to the left, soft-donor interaction between 
americium and the extractant (or extractants) is observed. The highest separation 
factors based on preferential extraction of actinides is that reported by Ensor et al. 
(1988) (bar A). In this system both the primary extractant (HBMPPT) and the synergist 
(DPPHEN) are soft-donor ligands. Other members of this group include nitrogen- 
donor extractants like phenanthrolines and oxines (bars C and D). The second highest 
member of this group is an amine-based extraction from concentrated LiC1 solution 
(bar B). We have noted above that this separation is based on actinide-soft donor 
interactions brought about by a shift in cation hydration equilibria. Bar F is the 
analogous anion exchange system. Bars E and J demonstrate the effect of thiocyanate 
on separation by neutral extractants. 

The systems represented by bars L through R demonstrate little ability to success- 
fully separate lanthanides from trivalent actinides. The common feature of this group 
of separation procedures is the absence of any soft-donor atoms in the extractants. 
The effect of changing the organic diluent on separation by TTA is shown by Bars 
M and S. Although neither of these two systems is exceptionally effective, the 
extraction order in reversed upon changing the diluent from benzene to chloroform. 
The lowest selectivity is demonstrated by HDNNS (bar O). 

At the opposite extreme are the TALSPEAK (bar Y) and related 2-ethylhexyl 
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Fig. 6. Histogram representation of americium/europium separation .factors (as representative of lanthan- 
ide/actinide group separation factors) for a representative collection of separation methods: 
(A) HBMPPT/DPPHEN (thiopyrazolone/diphenylphenanthroline) (Ensor et al. 1988); (B) 30~ Alamine 
336/xylene/11 M LiCl (Stary 1966); (C) 1, 10-phenanthroline/nonanoic acid/decanol (Musikas 1985); (D) 5, 7- 
dichloroxine/CHC13 (Sekine and Dyrssen 1964); (E)DHDECMP/NaSCN (Muscatello et al. 1982); 
(F) Dowex 1/10M LiCI/87 ° (Stary 1966); (G) 100~ TBP/13 M HNO 3 (Stary 1966); (H)Dowex 50/10.5 M 
HCI/40~ ethanol-water (Guseva and Tikhomirova 1972); (I) Dowex 50/ammonium-«-hydroxyisobutyric 
acid as elutriant (Choppin et al. 1956, Choppin and Silva 1956); (J)5~o TBP/hexane/1 M NaSCN-4 M 
NaCIO 4 (pH 4-5) (Sekine 1965); (K) Dowex A1 (Mathur and Khopkar 1985); (L) DHDECMP/diisopropyl 
benzene/1.0M HNO 3 (Horwitz et al. 1981); (M)TTA/benzene (Stary 1966); (N) Biorex 70 (Choppin and 
Ohene-Aniapam 1983); (O) Dinonylnapthalenesulfonic acid (Khopkar and Narayanankutty 1968); (P) 1- 
hydroxynapthoic acid (Sekine and Dyrssen 1964); (Q) N-benzoylhydroxylamine (Sekine and Dyrssen 1964); 
(R) neocupferron (Sekine and Dyrssen 1964); (S)TTA/CHC13 (Sekine and Dyrssen 1964); (T) 1-phenyl- 
3-methyl-4-acetyl-5-pyrazolone (Sekine and Dyrssen 1964); (U) Dioctylphosphoric acid (Sekine and Dyrssen 
1964); (V) Dibutylphosphoric acid (Sekine and Dyrssen 1964); (W) Bis(2-ethylhexyl) phosphoric acid (Sekine 
and Dyrssen 1964); (X)2-ethylhexyl (phenylphosphonic) acid/diethylbenzene/1.0M Laetic acid-0.05 M 
DTPA-pH 3.0 (Baybarz 1965); (Y)TALSPEAK- 0.3 M HDEHP/diisopropylbenzene/1.0 M Lactic acid-- 
0.05 M DTPA-pH 3.0 (Weaver and Kappelmann 1968). 

(phenylphosphonic  acid)/carboxylic ac id /DTPA system (bar X) reported by Baybarz  
(1965). Central  to these separations methods is the difference in the strength of  
interaction between the aminopolycarboxyla te  D T P A  and the trivalent metal ions. 
Though  there is no denying the effectiveness of soft-donor ligands in lanthan- 
ide/actinide separations, the discussion of act inide-aminopolycarboxylate  complexa- 
tion heats indicates that  the source of this effect still is not  clearly established. 
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There are two apparent artifacts in this correlation. First, one would not expect 
based on these arguments that the acidic phosphoric acid esters HDOP, HDBP, and 
HDEHP (bars U, V, and W) would demonstrate as great a selectivity for europium as is 
observed. Similarly, there is no apparent reason for the enhanced selectivity demon- 
strated by 100~o TBP for americium for extraction from 13 M HNO 3 (bar G). In the 
case of the phosphoric-acid extractants, the apparent anomaly is a manifestation of the 
steep slope of the linear relationship between distribution ratios and atomic number 
(cation radii) as shown in figs. 4 and 5, and a mismatch of the ionic radii of americium 
and europium. It is generally believed that the cation radius of americium is more 
nearly comparable to that of promethium or neodymium than europium (see table 1). 
The log sA~ calculated from the the same data is -0.35. 

9.3. Future trends 

The two most potentially important developments in the design of new extractants for 
lanthanide/trivalent-actinide separation are the recent studies of both linear and cyclic 
polyethers as synergists in extraction reactions, and the design of soft-donor ligands. 
Crown-ether extractants incorporating both soft-donor (amine) binding and intrinsic 
chelation (e.g., the work of Chang et al. (1989) and Manchanda and Chang (1986)) 
have potential for providing significant improvements in lanthanide/actinide separ- 
ation efficiencies if reaction kinetics can be improved. 

The concept of accomplishing lanthanide/actinide separations by exploiting the 
differences in the reaction kinetics of the metal ions is another innovative concept with 
intriguing potential. Separations based on the use of alkaline solutions fall into this 
category, as does the use of crown-ether caboxylate extractants. 

The potential of diluent modification in enhancing lanthanide/actinide separation 
factors has barely been tapped. The absence of a reliable predictive theory of solvation 
of both the extractant molecules and the extracted complexes hampers the develop- 
ment of this area. In view of the small energies required to reverse extraction order (a 
few hundred jouies), subtle alteration of the organic diluent (or the aqueous medium in 
ion exchange procedures) also has the potential for significantly improving (at least) 
group separations. 

The most successful group separations are achieved through the agency of aqueous 
complexing agents. The premier use of aqueous complexants in lanthanide/actinide 
separation is found in the TALSPEAK process, which relies on complexation of the 
metal ions by DTPA. Continued development and adaptation of this process indicate 
its general utility. Recent work in this laboratory (Nash and Horwitz 1990, Nash 1991) 
suggests that phosphonic acid ligands may have significant potential for improving 
intra-group separation factors. Based on the mathematical treatment described in 
eq. (10), sulfonic-acid extractants working in consort with aqueous complexing agents 
is an approach worthy of investigation. 
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Symbols 
a 

CN 

Cp' 

I n 

J 

Ks ° 

P(M) 

EI 

t 

AdE(q) 

acidity parameter, defined in section 
4.l.1 [eq.(7)] A~O2) 
inner-sphere coordination number 
of an ion AhydH(M ) 
the functional group rl 5-(CH3)5C5, in 
which ~1 s refers to all five carbon As,blH(M ) 
atoms in the cyclopentadienyl ring 
being bonded to a metal atom ~t 
ionization energy of M ¢"- 1)+ ~ M,+ [~ 
the overall magnetic quantum 
number of an atom or ion 6 
solubility product: equilibrium 
constant for solubility in water, e.g., 
eq.(3) 
promotion function defined in fig. 2 dp 
ionic radius as defined by Shannon 
(1976) t 
sum of ionization potentials 11 + 12 
+'-" + I, for the ion M" + 

Goldschmidt tolerance factor defined 
in section 4.1.2 
energy difference between lowest 
energy levels of the fqdls 2 and fq+ 152 
configurations, where q = Z - 57 
(lanthanides) or q = Z - 89 
(actinides) 

partial molar Gibbs free energy 
of oxygen 
enthalpy of hydration of element 
M (kJ mol-  1) 
enthalpy of sublimation of element 
M (kJ mol - 1) 
rare-earth oxide phase PRO1.72_ 2.00 
rare-earth oxide phase 
PrOa.833 = Pr12022 
rare-earth oxide phase 
PRO1.818 = Pr11020 
rare-earth oxide phase 
PrOi.so o = PraoOl8 
rare-earth oxide phase 
PrOl.~o = Pr203 
rare-earth oxide phase 
PRO1.714 = Pr7O12 
rare-earth oxide phase 
PrO1.5o - 1.7o 
rare-earth oxide phase 
PRO1.778 = Pr9016  

I. Introduction 

T h i s  c h a p t e r  r ev i ews  a n d  c o m p a r e s  t he  t h e r m o c h e m i c a l  p r o p e r t i e s  o f f - e l e m e n t  i o n s  

in  a q u e o u s  s o l u t i o n ,  in  o x i d e s  ( sesqu iox ides ,  d iox ides ,  a n d  c o m p l e x  oxides) ,  in  se l ec ted  
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halides (trichlorides, trifluorides and tetrafluorides) and in organometallic compounds. 
New insights based upon recent measurements are highlighted. The differences among 
lanthanide and actinide ions as a function of f-electron number and coordination 
environment are discussed. 

In general, the two emphases of this chapter are (1) to correlate the energetics of ions 
that change their f-electron configuration smoothly and (2) to contrast energetics of 
reactions of 4fions with those of 5fions. We may generalize a recent concept enunciated 
by Johnson (1980) as follows: The lanthanide elements are a series, and the actinide 
elements are a second series, that behave similarly in reactions in which the number of 4f or 
5f electrons is conserved. The elements behave differently in reactions in which the number 
of4for 5felectrons changes. We accept this principle for intra-series comparisons that 
conserve the number of f electrons (4fn~ 4f n or 5 f ~  5f n reactions, such as coordina- 
tion, complexation, dissolution and acid-base reactions). The principle does not apply 
to inter- series comparisons [e.g., we do not assume that the hydrolysis of Am a +(aq) is 
the same as that of Nda+(aq), although both have nearly the same crystallographic 
radii]. We attempt wherever possible to identify differences between 4f and 5f reaction 
energetics. Thus we do not review lanthanide-only sets of data and we reject any 
comparison that merely assumes parallel 4f "- 5f" energetics. In this way, covalency and 
acid-base differences of the two series are highlighted. 

2. Experimental thermodynamic properties 

A systematic understanding of the energetic relationships among free and condensed 
f-element species was developed by Brewer (1971, 1983a, b, 1987) and by Nugent et al. 
(1971, 1973a, b and Nugent (1975) to assign and to correlate the known free atomfion 
energy levels as well as the 4f-5d (lanthanide) and 5f-6d (actinide) spectra in solids 
and in solution. Regularities and apparent irregularities among these energetic relation- 
ships (e.g., fig. 1) also provided insight and predictive value for the thermochemical 
properties of the di-, tri- and tetrapositive ions in solids and aqueous solution. These 
authors used the systematics of energetic relationships to predict properties for those 
species too unstable (in a chemical or nuclear sense) to be studied. A useful function, 
P(M), was defined (Nugent et al. 1973b) for these heavy actinide ions Bk 3 + through 
Lr 3 +. This function is defined in fig. 2, is plotted in fig. 3, and is discussed in detail in 
section 2.1.5. The correlations shown in figs. 1 and 2 represent chemically meaningful 
uses of the term valence. The fo, f7 and f14 solid metals Y, La, Gd, Lu, Ac, Cm and 
(possibly) Lr are trivalent; ionic compounds containing their tripositive ions are 
also trivalent. Properties of these elements shown in figs. 1, 2 and 3 represent 
trivalent~trivalent reactions and thus fulfill Johnson's "conservation principle" 
above. Other properties represent divalent ~ trivalent reactions [e.g., Eu(s)~ Eu(g)] 
and these reactions display unusual t-element chemistry. A reaction exhibiting 
a change of valence is an oxidation-reduction reaction in a generalized sense. 

This section discusses and tabulates "best values" for important experimentally 
derived thermodynamic properties of free atoms and ions, aquo-ions, halides, dioxides, 
sesquioxides and tripositive hydroxides in an effort to characterize the properties of 



242 L.R. MORSS 

I I I I I I I I I J I I -  ~ I I I -300 
u 

-500 .@ 

• I I  + 
-700 

I 
AfHO(R3+,aq) 4- 

7OO -900 
%-, 

~ 500 _ / ~ ~  ~ AsublH(An) t 

.~ - 300 " , " - ' , ;' 

100 ~ I [ I [ [ I I ~ I ~  
SC Y La Ce Pr Nd Prn Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

Ac Th Pa U Np Pu Am Crn Bk Cf Es Fm Md No Lr 

Fig. 1. Enthalpies of sublimation of rare earth and actinide metals and enthalpies of formation of their 3 + 
aquo-ions. Values of A~bIH for Md-Lr and AfH ° [Es 3 ÷ (aq)-Lr 3 +(aq)] are estimates. 

fn M3+(g) 

E I  

fn+~s2M*(g) T 

fnds2 ubIH ~ 
M(g) 

As P(M) 

AfH°(M3+,a 
M3+(aql 

Ground state of free atom 
is "trivalent" [fnds 2] 

T 
! 
! 

fnds2 '/0/ 1 
fn+ls2 M(g)._~ E L  

AsublH P(M) 

M(s)m 

A f H ° ( M 3 + a q ~  
M3+(aq)"~ 

Ground state of free atom 
is "divarent" [fn÷ls2] 

Fig. 2. Energy-level diagram illustrating the 
relationships among a metal M, the stan- 
dard-state aqueous ion, the free ion, and the 
hydrated ion in dilute aqueous solution. The 
promotion function P(M) (section 2.1.5) is 
shown. Left-hand side: ground state of free 
atom M(g) is "trivalent" [f"ds2]; right-hand 
side: ground state of free atom M(g) is 
"divalent" [f" + ls/]. M* (g) refers to an excit- 
ed state of M(g). 

these species as a function of their f-element ions. Figure 2 shows  the species 
(metals, free atoms,  isolated ions and solvated ions); the energetics of transitions a m o n g  
these species on an energy-level scale, and the function P(M). 

Bratsch and Lagowski  (1985a, 1986) calculated enthalpies of  formation of lanthanide  
and actinide aquo- ions  and compounds .  However ,  they used thermodynamic  proper- 
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1200 I 1 [ 1 [ 1 1 1 1 1 1 1 1 1 1 1  
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g 
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Fig. 3. P(M) function for lanthanide and actinide ions, representing the energetics of transition from a trivalent 
aquo-ion M 3+ (aq) to a "trivalent" free atom M(f"dsZ)(g). Error limits and the nearly-horizontal lines (forming 
open V's and representing the f0 fv and fv_f14 regions) are the author 's  estimates. 

ties for actinide free atoms and ions and condensed species that were derived from 
lanthanide thermochemical data (Bratsch and Lagowski 1985a, table IV) and as- 
sumed that trends in these properties parallel those for the lanthanide species (Bratsch 
and Lagowski 1986). Their assumption renders moot the issue of lanthanide actinide 
differences, since it assumes that inter-series differences are essentially constant. There- 
fore, we utilize their free-ion thermodynamic properties where appropriate but not their 
thermodynamic properties for condensed species. 

Thermochemical properties of scandium species, including Sc3+(aq), have been 
evaluated by Travers et al. (1976). For completeness, the properties of scandium species 
are included in this chapter. Because the ionic radius of Sc 3 + is much smaller than that 
of any other R 3 +, its properties are not included in inter-series comparisons. 

2.1. Free atoms;free and hydrated (standard-state aqueous) ions 

Enthalpies and entropies of hydration, and standard-state enthalpies of formation, 
of monoatomic ions are discussed in this section. Thermophysical and thermochemical 
properties of condensed systems are found in sections 2.2 and 2.3. Standard-state 
entropies of ions are discussed in section 2.2.2. Free energies (reduction potentials, etc.) 
are discussed in section 2.4. 

2.1.1. Enthalpies of vaporization of metals 
The enthalpy of vaporization of a metal at 298 K {AsublH(M) = AfH°(M,g)}, which 

is the standard-state enthalpy of formation of the metal vapor at 298 K, is determined 
(Pitzer and Brewer 1961) from the temperature coefficient of the vapor pressure of the 
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metal (referred to as the second law method) or from combination of free-energy 
functions and entropies (referred to as the third law method). Morss (1985) evaluated 
and listed a set of recommended enthalpies of sublimation of rare-earth metals. Ward 
(1983) published a parallel set for the actinide metals through Es. Ward's values were 
adopted by Morss (1986) and by Bratsch and Lagowski (1986). Except where noted, 
values from these referen6es are given in table 1. Keller (1984) attempted to extend these 
values to Es, Fm and Md by interpreting thermochromatographic observations on 
tracer amounts of isotopes of these elements and by extrapolating these values to even 
heavier elements based on their expected ground-state electron configurations in metal 
and vapor. Haire and co-workers have measured the enthalpies of vaporization of Es 
(Kleinschmidt et al. 1984) and of Fm (Haire and Gibson 1989) by using dilute solid 
alloys of these elements in metallic Sm and Yb. The "best values" cited in table 1 are 
plotted in fig 1. 

A crucial issue is to determine the valence (the number of electrons participating in 
metallic bonding) of each metal (i.e., the pure, solid metal at 298 K and 1 atm pressure). 
For example, most of the solid rare earths are trivalent metals (with 6S 2 5 d  1 bonding) 
but europium metal is divalent (6S 2 5d°) .  Many of the gaseous atoms (table 2, second 
column, e.g., Pr, Nd, Pm, ...) are also divalent. (One electron of a filled s 2 subshell is 
readily promoted.) This situation was described and explained by Brewer (1971, 1983a, 
b, 1987) and has been further elaborated by Johansson and co-workers (Johansson 
1978, Brooks et al. 1984) and by Gschneidner (1993). Haire and co-workers (Klein- 
schmidt et al. 1984, Haire and Gibson 1989) established that both Es and Fm metals are 
divalent and they predicted enthalpies of vaporization of Md and No to be the same- 
(ca. 143 kJ mol- 1) based on their expected divalency. 

2.1.2. Ionization energies 
Ionization energies for removal of the first four electrons from all of the lanthanides 

and from the actinides Th, U and Pu have been derived from experimental measure- 
ments. Surface ionization and electron impact measurements yield ionization energies 
of free atoms. Emission spectra lead to ionization energies of free atoms and ions. The 
best set of lanthanide ionization potentials remains that by Martin et al. (1974, 1978). 
These have been cited by Morss (1985) and are reproduced in table 2. The same values 
were cited by Bratsch and Lagowski (1986). Morss (1986), Bratsch and Lagowski (1986) 
and others have derived ionization-potential sums from Born-Haber cycles on various 
actinide compounds. Schoebrechts et al. (1989) used the structural and thermochemical 
data on the isostructural series Cs2NaMC16 to derive ionization energies and hy- 
dration enthalpies for several rare earths and for all of the actinides U-Cf  and we have 
adopted these in table 2. Each of these ionization-potential sums derived from 
Born-Haber cycles assumes that covalency and ligand-field effects are small and 
similar for 4f" and 5f" ions. Larger covalency stabilization may exist for light actinid¢ 
ions in oxides and halides but is ignored because we have no experimental way to assess 
its magnitude. 

In this chapter, the symbol I, refersto the process M (n-l)+ ~ M "+. (To avoid possible 
confusion, we point out that atomic spectroscopists use the symbol MI to refer to 
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neutral M, MII to refer to M +, etc., so that 11 in this chapter refers to the energy 
expended to produce the transition MI to MII, etc.) Ionization energies are converted 
to enthalpies at 298 K as described by Wagman et al. (1982) in their Appendix 2. 

In fig. 4 the first to fourth ionization energies of the lanthanides and actinides are 
plotted for comparison. It is evident that the half-filled shell effect is much less 
significant for the actinides than for the lanthanides. This diminished effect is caused by 
the greater radial extension of the 5f orbitals compared to the 4f orbitals and manifests 
itself in the easier accessibility of 4 + oxidation states of many actinides. 

2.1.3. Hydration enthalpies and entropies 
The hydration enthalpy for the ion A~ydH(M" +) represents the enthalpy (usually at 

298K) released in the process M" + (g) - ,  M" + (aq). Although not an experimental 
property, it can be calculated from the difference between the "energy levels" of these 
two experimentally accessible species. It has also been calculated by a Born-equation 
model such as that of Tremaine and Goldman (1979) that yields free energies up to 
350°C using only the hydration number as a variable parameter or calculated from 
various Born-equation models as reviewed by David (1986b). After comparing the 
alternative models, David (1986b) published a recommended set of hydration enthal- 
pies based upon a semi-theoretical model that incorporates the hydration-number 
change from nine to eight between Pm and Gd in the tripositive lanthanides and 
between Cm and Es in the tripositive actinides. (Here and elsewhere in this chapter An 
denotes actinium plus the actinides Th-Lr.) The values of David are reproduced in 
table 3 along with other values that have significant connection to experiment (e.g., a 
Born-Haber cycle or chromatographic separation behavior tie-point). David has also 
developed a hydration model that incorporates the second hydration sphere (David 
1991). The enthalpies of hydration are also plotted in fig. 5 which shows nearly parallel 
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Fig. 5. Hydration enthalpies of lanthanide 
and actinide ions. Data from David (1986b). 

lanthanide-actinide curves that diverge slightly at the lightest and heaviest ions. This 
phenomenon will be discussed again in section 4.5. 

Hydration enthalpies have also been derived from a Born-Haber cycle (e.g., Morss 
1971) for ions R 3 + and An 3 + if all other terms are known. Recently, this approach has 
been updated (Schoebrechts et al. 1989) with new lanthanide ionization potentials and 
has been extended to the actinide ions U 3 + - C f  3 + using experimental results for the 
isostructural (cubic) elpasolites CszNaAnC16. The reader is cautioned that these 
absolute hydration enthalpies require a reference to Ahvd(H +), for which Schoebrechts 
et al. (1989) used the value of - 1091 kJ mol -  t (Halliwell and Nyburg 1963) so as to be 
consistent with Morss (1971). David et al. (1985) independently derived Ahyd(H +) = 
- 1114 kJ mol-1  as one least-squares parameter from 35 Born-Haber cycles using 
experimental properties and Bruchle et al. (1988) used this value also. Bratsch used 
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Ahyd(H +)  = - -  1105 kJ mol -  1 from Conway (1978). The values in table 3 are all consist- 
ent with Ahyd(H 4) = _ 1114 kJ mol -  1. 

In an important study, Hoffman et al. (1988) found that Lr 3+ solvent-extraction, 
ion-exchange and reverse-phase chromatography behavior is very similar to that of 
Er 3 +. Subsequently, Br;ichle et al. (1988) confirmed the ion-exchange behavior o fLr  3 ÷ 
with many more atoms of Lr a+. Therefore, it appears that Lr 3 ÷ has separation 
behavior parallel to the heavy lanthanide ions, with a "shift" of Z -- 3. They also found 
that Md 3 ÷ ion-exchange behavior nearly parallels that of Ho 34, a "shift" of Z slightly 
more than 2. Using the R 3 ÷ ionic radii (CN6) of Templeton and Dauben o(1954), they 
inferred the ionic radius o fMd 3 +to be 0.904 A and that o fLr  a ÷ to be 0.889 A. Using the 
R 3 + ionic radii (also CN6) of Shannon (1976) and the elution curves of Briichle et al. 
(1988), we infer the ionic radius of Md a ÷ to be 0.889 A and that of Lr 3 + to be 0.904 A. 
David (1986b) found a difference of 0.016 A between the ionic radii of Md 3 ÷ and Lr 3 ÷ 
Briichle et al. (1988) calculated hydration enthalpies of Md 3 + as - 3 6 5 4  and Lr a + as 
- 3685 kJ mol -  !; one must remember that such calculations are dependent on model, 
ionic radius, etc. 

Jia (1987) calculated lanthanide hydration enthalpies using a CNDO model for the 
first hydration sphere only and confirmed the transition from CN9 at Nd 3 ÷ to CN8 at 
Tb 3 +. Miyakawa et al. (1988) calculated lanthanide hydration enthalpies based upon 
four structural models: nine- fold coordinated tricapped trigonal prism, and eight-fold 
coordinated cube, square antiprism, and dodecahedron. They compared their calcula- 
tions to an early set of hydration enthalpies derived by Morss (1971) from a 
Born -Habe r  cycle treatment of experimental data on the isostructural elpasolite series 
Cs/NaLnC16. Their comparison is consistent with nine-fold (tricapped trigonal prism) 
from La 3+ to Tb 3+ with a shift to the eight-fold (cube) model at Ho 3÷. They also 
calculated that the free-energy difference between Ce(OH2)9 a+ and square-antiprism 
Ce(OH2)s 3+ is 3 kJmol -1  and correlated this difference with electronic excitation 
energies. 

Hydration enthalpies of Ln / ÷ ions have also been calculated, e.g., by David (1986b), 
Bratsch and Lagowski (1985b) and Mikheev and Rumer (1988). David's self-consistent 
values have been used for hydration enthalpies of M 2 +, M 34, and M ~ ÷ in table 3. As 
mentioned earlier for ionization energies, any covalency effects for actinide hydration 
energies are masked in all of these calculations since they use a similar ionic model for 
lanthanide and actinide ions. 

The hydration entropy for the ion AhyaS°(M n+) represents the standard entropy 
change (usually at 298K) for the process M"+(g)~M"+(aq).  This property should 
reflect lanthanide-actinide differences because the final state represents the ion with all 
the water molecules in the primary and outer hydration spheres. Bratsch and Lagowski 
(1985b, table I) proposed a set of hydration parameters Ay and r x by which hydration 
entropies could be calculated for the lanthanides. Rizkalla and Choppin (1991, table 11) 
used these parameters to tabulate entropies of hydration for the lanthanides. However, 
it is not reasonable to extend these entropies for a lanthanide-actinide comparison 
because there are no experimental data from which independent actinide hydration 
entropy parameters A r and r x can be calculated (see section 2.2.2 for experimental 
entropies of aqueous ions). 
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Hydration properties are also discussed by Rizkalla and Choppin (1992) and in the 
chapter by Rizkalla and Choppin (ch. 127) of this volume. For internal consistency, 
especially when used to calculate ionization enthalpies of the heavy actinides, 
hydration enthalpies of David (table 3, this chapter) on the absolute scale of 
Ahyd(H +) = - -  1114 kJmol-1 were used to calculate ionization energies in table 2. 

2.1.4. Standard-state enthalpies of formation of aqueous ions 
The standard-state enthalpy of formation of an aqueous ion is a key thermo- 

chemical property. Often enthalpies of solution of compounds are measured and their 
enthalpies of formation are calculated from the enthalpies of solution of the com- 
pounds and of formation of aquo-ions. Thus (as is the case for some f elements), when 
a new measurement of enthalpy of solution of a metal is reported, the enthalpies of 
formation of many compounds of that element may have to be redetermined. 

The standard-state enthalpy of formation of all of the aqueous rare-earth ions R 3 + 
(except for Sc 3 + and Pm 3 +) and of aqueous Np 3 +, Pu 3 + and Am 3 + have been typically 
determined at 298 K as follows using the metal, the trichloride, and thermochemistry in 
aqueous HCI: The enthalpies of solution of pure metal and pure trichloride in dilute 
HCl(aq) are measured at 298 K. From these measurements and auxiliary data the 
enthalpy of formation of the trichloride is calculated. The enthalpy of solution of pure 
trichloride in pure water at 298 K is also measured and is corrected to infinite 
dilution (the standard state for enthalpies of formation of electrolytes). Then 
AfH°rR 3 +(aq)] = AfH°[RC13(s)] + AsolnH°(RCl3) - 3AfH°[Cl-(aq)]. The literature 
through 1976, mostly using this method, was assessed by Morss (1976). In general the 
same values of AfH°[R 3 +(aq)] were tabulated by Wagman et al. (1982); it should be 
pointed out that this monograph is identical to the NBS Technical Note 270 series 
[most of the lanthanide volume, Wagman and Evans (1971) was evaluated in the 
1960's] with entries recalculated from calories to SI units. A few more recent data are 
included in Morss (1985) and that assessment (with the exception of Sc) is used for 
AfH°[M"+(aq)] in table 1. Because of the importance in comparison oflanthanide and 
actinide(III) properties, the values of AfH°[M 3 +(aq)] are plotted in fig. 1. 

Thermodynamic measurements of scandium species were reviewed and properties 
were assessed by Travers et al. (1976). The most recent report is an enthalpy of very pure 
metal and ScI 3 in dilute HC1/HI(aq) and determination of AfH o [ScI 3(s)] (O'Hare et al. 
1987). O'Hare et al. did not report or estimate AfH°[Sc 3 +(aq)] but their measurement 
[enthalpy of solution in ~ 2 mol din-1HCl(aq) = - 651 kJ mol-1] implies that this 
datum is much more exothermic than assessed by Travers et al. (1976) and by 
Wagman et al. (1982) ( -  614 kJ mol-  1); see table 1 and footnote d therein. For yttrium 
(Wang et al. 1988) a cycle has been developed for YC13, YBr3, and YI 3 and HC1. 
Bettonville et al. (1987) published new enthalpies of formation of Tb 3 +(aq), Ho 3 +(aq), 
yb3+(aq) and ybE+(aq). A few other new measurements have appeared but their 
accuracy does not justify revision of any of the/data, other than for Sc and Y. Hepler 
and Singh (1976) reviewed thermodynamic measurements of lanthanum species and 
assessed properties that are consistent with those of Wagman et al. 0982). Rard (1985) 
did the same for europium and his assessments are nearly identical with those of table 1. 
A table of lanthanide standard enthalpies of formation was recently published in this 
handbook (Rizkalla and Choppin 1991); they are referenced to a textbook (Johnson 
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1982) and in all cases differ significantly from other reviews. The values in table 1 of this 
chapter represent critically assessed values by this author, incorporating all appropri- 
ate literature references through 1992. 

Among the actinides, measurements have been carried out that yield enthalpies of 
formation for U 3 + from the enthalpy of oxidation of U 3 + to U 4 + by 0.5 M HC1Og(aq) 
as assessed by Fuger and Oetting (1976) and for Np 3+, Pu 3+, and Am 3+ using 
chlorides and HCl(aq) as described in the previous paragraphs. Enthalpies of formation 
of Cm 3 +(aq), Bk 3 +(aq) and Cf a +(aq) represent measured enthalpies of solution of the 
metals in HCl(aq) and estimates of enthalpies of solution of the respective trichlorides. 
For the actinide ions, the assessed values of Fuger and Oetting (1976) are cited in 
table 1, except for Am 3 +, Bk 3 + and Cf 3 +, for which the new values and references are 
given in table 1. 

Enthalpies of formation of the dipositive aquo-ions have been calculated as follows: 
Eu 2 + from enthalpy of solution in water and of formation of EuC12 (Morss and Haug 
1973); Nd 2 +, Sm 2 +, Dy 2+ and Tm 2 + from measured enthalpy of formation RC12 and 
estimate of its enthalpy of solution in water (Morss and McCue 1976; Morss and Fahey 
1976). Other AfH°[M z +(aq)] values were estimated from AfG°[M 2 +(aq)] and AS for 
the reaction M(s) + 2H+(aq) = MZ+(aq) ÷ Hz(g ). 

Enthalpies of formation of the tetrapositive aquo-ions have been calculated as 
follows: Ce g+ from Morss (1985), using enthalpies of reduction with H202,  Fe 2 + and 
U g+ and correcting for extensive hydrolysis; U g+ from UClg cycles (Fuger and 
Oetting 1976, Grenthe et al. 1992); Np g+ from dissolution of Np metal in oxygen- 
saturated 1 M HCl(aq) (Fuger and Oetting 1976); Pu g+ from oxidation of Pu a + with 
dichromate (Fuger and Oetting 1976); Am g + and Cm 4 + from cycles using the enthalpies of 
dissolution of AmO 2 (Morss and Fuger 1981) and CmO 2 (Morss et al. 1981); and Bk g + 
from the E°(Bkg+/Bk 3+) and entropy estimates. Other AfH°[Mg+(aq)] values were 
calculated from AfG°[Mg+(aq)] and AS for the reaction M(s)+ 4H+(aq)= Mg+(aq)+ 
2H2(g). 

2.1.5. f ~ d  transitions and the correlation function P(M) 
Nugent (1975) summarized the behavior of the energy differences AdE(q ) between 

lowest energy levels of the fqdls 2 and fq+ is: configurations, where q -- Z - 57 (lantha- 
hides) or q = Z - 89 (actinides), 

AoE(q) -- W + (E - A')q - M(L)Ea(q) - P(S, L, J) ~f(q), 0_< q < 7, (1) 

AoE(q ) -- W ÷ (E - A')q - 9El(q) - M(L)E3(q) - P(S, L, J) ~f(q), 7 _< q ~ 13. (2) 

Some of the terms, especially the term ( E -  A') q, change as a function of Z, and AoE(q ) 
shifts downward by 9E~(q) at q = 7. Nugent (1975) listed AoE(q ) values in his table 6.1. 
Brewer (1983a, b) and Carnall and Crosswhite (1984) have analyzed the spectroscopic 
literature on the differences between the fq+ 1 and fqd configurations in atoms and 
ions. Values of AdE(q), mostly from Brewer (1983a, b), are given in kJ mol-  1 in the third 
column of table 2. 

P(M) was defined by Nugent et al. (1973b) to explain the apparent irregularities in 
lanthanide-metal enthalpies of sublimation and lanthanide aquo-ion enthalpies of 
formation. P(M) is shown in fig. 2 on an energy-level scale; values are tabulated in 
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table 2 and plotted in fig. 3. When AE<0, P(M)= AHsubl- AfH°[M3+(aq)]; when 
AE>0, P(M)=AHsubj + AE-AfH°[M3+(aq)]. P(M) also served to predict some 
parallel actinide properties, especially thermochemical properties of the heaviest 
actinides. A critical issue remains: Do the heavy actinides with electronic configur- 
ation 5fs-5f 14 have the same V-shaped P(M) as that calculated for the isoelectronic 
lanthanides Tb 3+ through Lu 3+ (Nugent et al. 1973b)? Since this issue could not be 
resolved because of the lack of adequate experimental information on these heavy 
actinide ions, Nugent et al. (1973b) assumed a V shape for the actinide P(M) parallel to 
that for the lanthanides. The approach was subsequently revised by David et al. (1978) 
and David (1986a, c) with a linear extension of the actinide P(M) to predict thermo- 
chemical properties of the heavy actinide ions Es 3 + through Lr 3 +. Morss (1986) used 
a V shape for the actinide P(M) with new results for Am, Bk and Cf species to 
systematize the thermochemical properties of oxides and halides. 

Johansson (1978) and Brooks et al. (1984) utilized the energy difference (f-}d 
transitions) between trivalent (ffds 2) and tetravalent (f"-ldZs2) cerium and other 
f-element metals to estimate thermochemical data for compounds. A similar approach 
has been used by Mikheev et al. (1986) and Spitsyn et al. (1985) to include the divalent 
as well as the tetravalent state. Again, a critical issue has been the behavior of the heavy 
actinides with respect to f ~ d  transitions, and the need to utilize and to interpret the few 
experimental measurements on these actinides, which are discussed below (e.g., section 
2.4.1.3). Johansson and Munck (1984) defined a function P*(M) that removes the 
intershell multiplet coupling energy from the atomic reference state (AEcoupli,, is the 
energy difference between the baricenter and the lowest level of a multiplet). For the 
lanthanides P*(M) is significantly smoother than P(M),.except for an anomaly at Yb 
that may be due to an error in experimental data. Unfortunately, Johansson and Munck 
(1984) point out that spectroscopic data on the heavy actinides are inadequate to correct 
P(M) to P*(M) for the actinides. 

Since 1986, the only new experimental datum is the enthalpy of sublimation of Fm 
(Haire and Gibson 1989). However, the electrochemical estimate of E°(Fm 3 +/Fro) has 
a significant uncertainty in amalgamation energy. Because of this uncertainty, the 
uncertainty of extrapolation of the heavy actinide P(M) beyond Cf, and the inadequate 
knowledge of AEcoupll,g for the actinides, we do not attempt to use the actinide P(M) to 
estimate thermochemical properties of Es 3 +(aq) through Lr3+(aq). Figure 3 shows 
P(M) for rare-earth and actinide 3 + species, using the best available thermodynamic 
and spectroscopic data. 

2.2. 7hermophysical properties of condensed systems 

2.2.1. Solids: heat capacities 
There have been no significant actinide heat-capacity determinations since publica- 

tion of the IAEA series (described in Fuger 1992) except for metallic compounds of the 
NaCI (B1) structure such as PuSb (Hall et al. 1991). 

2.2.2. Aqueous ions: heat capacity, osmotic coefficient, entropy 
The heat capacities and osmotic coefficients of aqueous solutions of some salts of 

most of the R a + ions have been determined by Spedding and others (Rard 1985, 1987). 
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From heat capacities of electrolytes, limiting ionic heat capacities C o [R 3+ (aq)] can be 
derived. Since there have been no parallel measurements for aqueous solutions of salts 
of any actinide ions An 3 +, no comparisons can be made, although estimates have been 
made of C°[U3+(aq)] = - 64 _+ 22Jmo1-1 K -  1 (Grenthe et al. 1992) and C°[Pu 3+ 
(aq)] = ,  61 J mol-  1 K -  1 (Lemire and Tremaine 1980). There is one measured actinide 
C o [,yh4+(aq)] = - 1  _+ 11 J mol-1 K-1 (Morss and McCue 1976) and there are two 
estimated actinide C°[U4+(aq)] = - 4 8  -+- 15 Jmol-1  K-1 (Grenthe et al. 1992) and 
C°[Pug+(aq)] = - 63 J mol-  1 K -  1 (Lemire and Tremaine 1980) but there are no data 
for any R 4 + (aq) ions. 

Morss (1985, 1986) compiled tables of entropies of M 2 +(aq), M 3 +(aq), and M 4 +(aq) 
(M = R, An), using entropies derived from measured thermochemical properties 
wherever possible. For example, he used S o [-Dy 2 +(aq)] ~ - 15 _+ 10 J mol-  1 K -  1 
(Morss and Fahey 1976); S°[,Dy3+(aq)] = - 2 2 9 _ + 5 J m o l - l K  -~ [-essentially the 
same as that of Wagman et al. (1982): -231  Jmol -~ K-~];  and S°[,Th4+(aq)] = 
- 4 2 4  + 4 J mol-  ~ K -  1 (Morss and McCue 1976). David (1986b) did likewise, using 
similar systematics. Differences between these authors' values are usually due to small 
differences in selected ionic radii or in interpolating or extrapolating properties using 
essentially the same model. We note that calculation of S o [-Pu 3 +(aq)] is based partly 
on experimental results but also that S°[,pu3+(aq)] required an estimate of 
S o [PuCl3.6H20(s)]" 

2.3. Thermochemical properties of compounds 

2.3.1. Sesquioxides 
The thermochemical and thermophysical properties of the rare earth sesquioxides 

were critically evaluated in 1973 (Gschneidner et al. 1973). A systematic comparison of 
rare-earth and actinide sesquioxides was published in 1983 (Morss 1983). Ther- 
modynamic properties of europium oxides were assessed by Rard (1985). Since then the 
enthalpies of formation of Am203 and Cf203 were determined by solution micro- 
calorimetry. The AfH°[,Am3+(aq)] has been redetermined even more recently so the 
AfH°[y3+(aq)] has been corrected in table 4. Recently, the enthalpy of formation of 
Y 2 0 3  was  redetermined by combustion calorimetry (Lavut and Chelovskaya 1990) 
and independently by solution calorimetry (Morss et al. 1993). The latter determination 
took advantage of a determination of AfH°[y3+(aq)] that used very pure Y metal 
(Wang et al. 1988). Assessed values are listed in table 4. 

Morss (1986) and Morss et al. (1987) correlated the thermochemistry of lanthanide 
and actinide sesquioxides by plotting enthalpy of solution as a function ot' ionic size. 
The enthalpies of formation and solution of all rare-earth and actinide sesquioxides are 
listed in table 4 and the enthalpies of solution are plotted in fig. 6. The enthalpies of 
solution follow separate correlation curves for the three crystal modifications of these 
oxides, which have metal-oxygen coordination of eight (hexagonal La203-Nd203),  
seven (monoclinic Sm203-Gd203) or six (cubic Pr203-Lu203).  See section 4.1.1 for 
further discussion. 

2.3.2. Hydroxides 
Enthalpies of formation of lanthanum and neodymium hydroxides have been 

determined recently (Cordfunke et al. 1990, M orss et al. 1989) using crystalline hydrox- 
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TABLE 4 

E n t h a l p i e s  o f  f o r m a t i o n  a n d  s o l u t i o n  (in w a t e r )  o f  sesqu iox ides ,  t r i ch lo r ide s  a n d  h y d r o x i d e s  a t  298 K 

(kJ  m o l -  1) (see text  for  g e n e r a l  re ferences ;  e s t i m a t e d  v a l u e s  in pa r en the se s ) .  

M Af H o Asol .H o At H o Asol .H o A f H  o Asol. H o 

( M 2 O a ,  ( M 2 O a ,  (MC13, (MCI3 ,  [ M ( O H ) 3 ( s ) ]  [ M ( O H ) a ( S ) ]  b 

cubic )  cub ic )  a h e x a g o n a l )  h e x a g o n a l )  

Sc - 1909 c - 925 c 

Y - 1 9 3 2 . 8  - 3 9 8  - 1 0 1 8 . 4  d'~ - 2 2 0  e - 1 5 9  

L a  - 1794 f - 482 f - 1073 - 138 - 1415.5 - 151 

Ce  - 1796 f - 462 f - 1058 - 144 

P r  - 1810 f - 459 f - 1059 - 148 - 1404 g - 160 

- 1810 - 459 

N d  - 1 8 0 8  f - 4 4 2  f - 1 0 4 2  - 1 5 6  - 1 4 0 3 . 7  - 1 5 0  

P m  ( - 1 8 1 3 )  ( - 4 2 0 )  ( -  1029) ( - 1 6 0 )  

S m  - 1824 h - 416 h - 1026 - 166 

- 1828 - 411 

E u  - 1651 h - 4 1 8  h - 9 3 6  - 171 - 1336.5 i - 131 

- 1663 - 406 
- 1816 h - 4 1 6  h 

- 1827 - 4 0 4  

- 1865 - 388 

- 1863 - 386 

- 1881 - 390 

- 1898 reca lc  

- 1889 - 380 

- 1815 - 392 

- 1878 - 384 

G d  - 1008 - 180 

T b  - 1007 j - 192 j 

D y  - -  989 ~ - 208 e 

H o  - - 9 9 5  ° - 2 1 3  e 

E r  - 995 e - 215 ~ 

T m  - 991 ~ - - 2 1 5  e 

Y b  - 960 e - 216 e 

L u  - 986 e - 218 ~ 

A c  ( -  1756) ( -  357) ( -  1049) ( -  105) 

T h  

P a  

U ( -  1456) ( -  379) - 863.7 - 124 

N p  ( -  1522) ( -  389) ( -  898) ( -  130) 

P u  ( -  1656) ( - -  385) - 960 - 133 

A m  - 1690 - 400 - 982 - 139.6 

C m  - 1682 - 4 0 6  ( -  974) ( - -  142) 

Bk ( -  1694) ( -  366) ( -  952) ( -  150) 

Cf  - 1653 - 358 ( -  925) ( -  153) 

Es  ( -  1696) ( -  353) ( -  950) ( -  154) 

- 1371 g - 108 g 

a Aso , ,H  0 = 2 A f H  0 [ M 3  + (aq)]  + 3 A f H  ° [ H 2 0 ( 1 ) ]  - A f H ° [ - M 2 O a ( s ) ] .  

b In  d i lu te  acid:  M ( O H ) 3 ( s  ) + 3 H  +(aq)  = M 3  +(aq)  + 3 H 2 0 ( 1  ). 

c T r a v e r s  et  al. (1976). ScCI  3 ha s  t he  r h o m b o h e d r a l  FeC13 s t ruc tu re ;  its e n t h a l p y  o f  s o l u t i o n  d o e s  n o t  

c o r r e l a t e  w i t h  t h a t  o f  a n y  o f  the  o t h e r  r a r e - e a r t h  t r i ch lo r ides .  

a W a n g  et  al. (1988). 

e M o n o c l i n i c  (AICI  a s t r u c t u r e )  t r i ch lo r ide .  

f H e x a g o n a l  sesqu iox ide .  

g M o r s s  a n d  W i l l i a m s  (1994). 

h M o n o c l i n i c  sesqu iox ide .  

i R a r d  (1985),  f r o m  so lub i l i ty  e q u i l i b r i u m  a n d  en t rop ie s .  

J O r t h o r h o m b i c  ( P u B r  3 s t r u c t u r e )  t r i ch lo r ide .  
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Fig. 6. Enthalpies of solution of rare-earth (open symbols) and actinide (shaded symbols) sesquioxides, 
trichlorides and elpasolites Cs2NaMCI 6 as a function of molar volume (representing ionic size). The molar 
volumes were calculated from crystallographic unit cell parameters, normalized to one mole of M ~ +. Smooth 
curves have been drawn through each class of compounds to guide the eye. In all cases the enthalpies of solution 
of actinide (III) compounds are less exothermic than those of structurally similar lanthanide (III) compounds. 

ides. These measurements are important because they can be combined with measured 
entropies of crystalline hydroxides (Chirico and Westrum 1980) and other ther- 
mochemical properties to determine standard free energies of the reactions at 298 K, 

La(OH)3(s ) = La3+(aq) + 30H- (aq ) ,  AG o = 123.3 +_ 2.0 kJ tool-1, (3) 

Nd(OH)3(s ) = Nd 3 +(aq) + 30H- (aq ) ,  AG o = 127.3 _ 3.0 kJ mol-  1. (4) 

The solubility product constants Ks°v=exp(-AG°/RT) are 2 .5x10  -22 and 
5.0 x 10-23, respectively. Prior K ° values from approaches to solubility equilibria on 
poorly crystallized precipitates were significantly larger (Baes and Mesmer 1976). One 
would expect the Ksp° measured from finely divided precipitates to be larger, rather 
than smaller, than that determined from well-crystallized solids used for calorimetry. 
However, Kragten and Decnop-Weever (1987) found K °,p [La(OH)3 ] = 1.6 x 10 -23 in 
the most recent study of a series of lanthanide-hydroxide equilibrium studies by the 
precipitation borderline method. 

Rard's (1985) assessment of europium thermodynamics included AGO= 
150.7+5.7kJmo1-1 (Ks°p= 3.9 x 10 -27) for the similar solubility equilibrium of 
Eu(OH)3. From this AG O and other thermodynamic properties he calculated 
AfG°[Eu(OH)3(s)] = - 1198.9 + 7.8 k J mol-  1 and AfH°[EU(OH)3(s)] = - 1336.5 
_ 8.3 kJmo1-1. Clearly, the calorimetric and equilibrium measurements for these 
hydroxides need to be reconciled. For actinide hydroxides approach-to-equilibrium 
measurements have been made; the scatter among measurements and estimates 
indicates that equilibrium may not have been reached (Morss 1992a). One calori- 
metric measurement of an actinide hydroxide enthalpy of formation has been made 
(table 4, Morss and Williams 1994) from which K°p[Am(OH)3] = 7 x 10 -31 has been 
calculated. This K~ ° is significantly smaller than that of structurally similar Nd(OH)3. 
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2.3.3. Other oxides 

Morss's review of tetravalent f-element oxides (Morss 1983) included all the known 
dioxides (and estimates for the known CfO2 and the unknown EsO2) and the 
perovskites BaMO 3 (M = Ce, Pr, Tb, U). No new data have been reported for 
dioxides, but several additional perovskites have been studied (Goudiakas et al. 1990, 
Fuger 1992). The enthalpies of complexation of perovskites AMO3(A = Ca, Sr, Ba), 

AO(s) + MO2(s ) = aMO3(s ), (5) 

have been correlated with the volume changes of reaction (5) and with the structural 
Goldschmidt tolerance factor t = (r A + ro)/[x/2(r M + ro)] (Morss 1983, Morss and 
Eller 1989, Goudiakas et al. 1990). 

A systematic effort to correlate enthalpies of complexation of hexavalent actinide 
oxides, e.g., 

2 NazO(s) + UO3(s) = Na4UOs(s ), (6) 

in terms of molar volume changes and as a function of the alkali-metal or alkaline- 
earth oxide, was made by Morss (1982). Many new measurements have been com- 
pleted since then and all of them are incorporated into an assessment by Fuger (1992) 
that classifies the alkali-metal and alkaline-earth oxides in terms of their basicities. 
This concept has been extended in section 4.1.1 with the development of a quantitative 
acid-base scale for all the binary oxides involved in these reactions. Hexavalent 
oxides are not compared in this chapter because there are no lanthanide oxides with 
oxidation state above 4 +. 

2.3.4. Halides 
The thermochemistry of rare-earth trifluorides was summarized in Gmelin Hand- 

buch (1976) and the thermochemistry of rare-earth tribromides and triiodides was 
summarized in Gmelin Handbuch (1978). The thermochemistry of trivalent rare-earth 
trichlorides was critically assessed by Morss (1976). EnthaIpies of formation of most of 
the lanthanide tribromides were determined by Hurtgen et al. (1980). Thermodynamic 
properties for europium halides were assessed by Rard (1985). Only enthalpies of 
formation of Sc, Y, Dy and Tm triiodides have been redetermined since the classical 
work of Hohmann and Bommer (Morss and Spence 1992). A recent set of literature 
values of enthalpies of formation of rare-earth solid and gaseous trihalides has been 
published, accompanied by Born-Haber cycle estimated values for all trihalides 
(Struck and Baglio 1992). 

All of the thermodynamic data on actinide halides were reviewed, assessed and 
tabulated by Fuger et al. (1983). More recent results on uranium are included in 
a survey of that element's thermochemistry (Grenthe et al. 1992). Among halides of 
transplutonium elements, enthalpies of formation have been determined only for 
AmC13 [Fuger etal. (1983), corrected in table4 with new AfH°[Am3+(aq)] = 
-- 621.2 _ 2.0 kJ mol-1, (Mondal et al., (1987)] and CfBr 3 (Fuger et al. 1990). Burgess 
and Kijowski (1981) have summarized most of the enthalpies of solution of rare-earth 
halides. Morss (1986) correlated enthalpies of solution of all trihalides with structure 
type and unit-cell volumes; in every class of compounds the enthalpies of solution of 
lanthanide trihalides are more exothermic than structurally similar actinide trihalides. 
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Some relevant data are compiled in table 4 and the enthalpies of solution are plotted 
in fig. 6. We note that, as is the case for sesquioxides, all enthalpies of solution of 
actinide trihalides are !ess exothermic than those of structurally similar lanthanide 
trihalides. See section 4.1.1 for further discussion. 

CfBr 3 cannot be used in such a comparison since the structure (monoclinic) of the 
sample used for calorimetry is different from that of all the rare-earth tribromides 
studied thermochemically. Fuger et al. (1990) estimated enthalpies of formation of 
other tribromides using a plot of [AfH °[MBr3(s)] - AfH ° [M 3+(aq)] versus M 3 + 
ionic radius. Because that approximation does not take crystal structures into account, 
we will not attempt to incorporate CfBr 3 into a correlation of lanthanide versus 
actinide tribromides. 

Enthalpies of formation of several rare-earth dichlorides (Morss and Fahey 1976) 
and of dysprosium diiodide (Morss and Spence 1992) have been published and have 
been used to calculate the aqueous reduction potentials E°(R 3 +/R 2 +); see section 4.5 
for details. Others (Kim and Oishi 1979, Johnson and Corbett 1970, Johnson 1974, 
1977) have calculated enthalpies of formation and used them as part of a cycle to 
calculate aquo-ion properties; see section 3.3 for details. 

Gibson and Haire (1988a,b) decomposed several lanthanide and actinide tetrafluor- 
ides thermally in a Knudsen effusion cell, carried out (1992) high-temperature fluor- 
inations, and used mass spectrometry to identify the gaseous decomposition products 
(F 2 or MF3) and the rate of change of pressure of these products with temperature. 
They showed that stability trends in the tetrafluorides differ slightly from those in the 
dioxides. These trends are discussed in sections 2.4.4 and 4.4.1. Similar studies have 
been carried out with trichlorides (Sapegin et al. 1984), tribromides, and triiodides but 
are not discussed further in this chapter. 

2.4. Free-energy determinations 

2.4.1. Oxidation reduction chemistry in aqueous solution 
There are several well-documented critical summaries of redox potentials in aqueous 

solution (Martinot and Fuger 1985, Morss 1985, Bratsch 1989). Recent measurements 
and assessments are emphasized in the following sections. 

2.4.1.1. Aqueous solution electrochemistry (uncomplexed ions). Several new sets of 
electrochemical measurements have resulted in new aqueous reduction potentials for 
aquo-ions of uranium, neptunium and plutonium. These potentials are important for 
thermochemical and geochemical assessments. Fuger (1992, table 1) has evaluated the 
effect of each of these new potentials on those tabulated in the most recent IAEA 
compilation (Fuger and Oetting 1976). For the purposes of this chapter only the 
E°(U4+/U3+) = - 0.568 _+ 0.010V (Bruno et al. 1990), E°(Np4+/Np3+) = 0.210 + 
0.010 V and E ° (Pu 4+/Pu 3+) = 1.046 + 0.011 V (Riglet et al. 1989) need to be consider- 
ed. They have been incorporated in table 5. Fuger (1992) has used these potentials to 
calculate new values of S°[U3+(aq)]and S°[pu4+(aq)] that have been adopted in 
table 1. He notes, and we concur, that the E°(Np 4 +/Np 3 +) = 0.210 + 0.010 V indicates 
that both AfH°[Np3+(aq)] and S°[Np3+(aq)] need experimental determination. 
These determinations will require calorimetric determination of Aoxid,nH°[Np 3+ 
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TABLE 5 
R e d u c t i o n  potent ia l s  (in Vol ts )  for  rare earths  and  act inides  a. 

A c i d  so lut ion  - rare earths  
+ 7 +6 +5 +4 +3 +2 0 

+ 1.72 
C c  4+ 

+ 3.2 
(Pr  4+) 

+ 4 . 9  
( N d  4+)  - 

+3.1  
(Tb  4+) 

+ 5 . 7  
(Dy  4+) 

S c  3+ ~ S c  

2.44 
y 3 +  ~ y  

2.38 
L a  3+ - -  ,- L a  

- 2.34 
" C e  3+ - -  ," C e  

- 2 . 3 5  

Pr 3+ ~ Pr 2+ - Pr 

- 2.322 

2.6 - 2 . 2  
N d  3+ " N d  2+ ~ N d  

- 2.29 

l 1 
p m 3 +  - 2 . 7  ~ p r o 2 +  - 2 . 1  ~ P m  

- 2 . 3 0  

S i n 3 +  1.55 ,. S m 2 +  2.67 . Sm 

- 1.99 

I 035 280 1 
E u  3+ ,- E u  2+ --~ E u  

2.28 
G d  3+ ~- G d  

2.31 
T b  3+ -" T b  

- 2.29 

- 2.5 2.2 l 
• " D y  3+ " D y  2+k ~ D y  

- 2 . 3 3  

i 
H o  3+ 

Er 3+ 

- ( H o  2+) ~ H o  

2.32 
E r  
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TABLE 5 ( c o n t i n u e d )  

A c i d  s o l u t i o n  - r a r e  e a r t h s  

+ 7 + 6  + 5  + 4  + 3  + 2  0 

N p O ~  

P u O  3+ 

2.32 

I _23 _23 1 
T m  3+ . - ~  - / i m 2 %  . T m  K ] 

- 2.22 

I 
y b 3 +  1.05 , y b 2 +  -2.8 - Y b  

Lu3+ - 2.30 ~" L u  

-2.13 
A c  3+ ~ A c  

- 1.83 

i 1 
3.8 4.9 + 0.7 

( T h  4+) - ( T h  3+) - ( T h  2+) - T h  

- 0.05 
P a O O H  + 

+ 0.27 

I 
+ 0.17 + 0.38 

u o  2+ ~ u o l  

+0.94 

[ 
NpO22+ +1.24 " N p O ~  +0.64 

+1.03 

[ 
, P u O 2  + + 1.02 " P u O ~  + 1.04 

- 1.47 

i l 
1.4 - 1.5 " 

- P a  n+ - ( P a  3+) P a  

1.37 

166 11 
-0.57 4.7 -0.1 

- U 4 +  ~ U 3 +  " ( U  2 + )  " U 

- 1.27 

1 I ,79 11 
+0.21 N p 3 +  -4.7 -0.3 

- N p  4+ ,. - ( N p  2+) - N p  

1.21 

1 11 
pu4+ +1.05 ~ pu3+ -3.5 , (pu2+)  -1.2 - P u  

+ 1.21 

AmO22+ + 1.60 ~. A m O ~  + 0.82 

[ 
+ 1.68 

4+ + 2.62 A m 3 +  2.3 A m 2 +  1.95 - ~ - A m  

+1.2 11 
2.06 

] 

+3.1 -3.7 -1.2 
C m  4+ - C m  3+ - ( C m  2+) - C m  
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TABLE 5 ( c o n t i n u e d )  

A c i d  s o l u t i o n  - a c t i n i d e s  

+ 7 + 6  +5  + 4  +3  + 2  0 

-2.00 

+ 1 . 6 7 [ - 2 . 8 0  -1,6 1 
B k  4+ ~ B k  3+ - B k  2+ - B k  

-1.91 
[ / 

C f 4 +  +3.2 i. C~f3 + -1.6o C f 2 +  -2.06 1 
• - C f  

1.98 

r 
+ 4.5 1.55 2.2 

Es  4+ ~ Es  3+ " Es  2+ " Es  

- 2.07 

r 
F m 3 +  -1.15 • F m 2 +  -2.5 • F m  

- 1 .74  

M d 3 +  - 0.15 Md2+  - 2.53 ~ M d  

1.26 

I 1 
+ 1.45 - 2.6 • 

N o  3+ " N o  2+ " N o  

Lr3+ -2,1 . L r  

S c ( O H )  3 Sc 

Y ( O H ) 3  2.92 y 

L a ( O H ) 3  - 2.80 L a  

0.7 
C e O 2  " C e ( O H ) 3  

2.78 
Ce  

+ 0.8 
P r O 2  " P r ( O H ) 3  

- 2.79 
" P r  

N d ( O H ) 3  
- 2.78 

• N d  

P m ( O H ) 3  
- 2.76 

P m  

I - 2,80 1 
S m ( O H ) 3  S m  
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TABLE 5 ( con t inued)  

Basic  s o l u t i o n  - r a r e  e a r t h s  

+ 7 + 6  +5 + 4  +3  +2  0 

-2.51 

2 80 1 
E u ( O H ) 3  -°"35" E u ( O H )  2 . ~ E u  

2,82 
G d ( O H ) 3  - G d  

+ 0 . 9  
T b O 2  - T b ( O H ) 3  

2.82 
- T b  

2.80 
D y ( O H ) 3  D y  

2.85 
H o ( O H )  3 H o  

- 2.84 
E r ( O H ) 3  , E r  

-2.83 
T m ( O H ) 3  • T m  

- 2.74 

Y b ( O H ) 3  - Y b ( O H ) 2  - Y b  

2.83 
L u ( O H ) 3  L u  

A c ( O H ) 3  2.5 A c  

T h O 2  b - 2.56 ~ T h  

P a 2 0 5  - P a O  b • P a  

U O 2 ( O H ) 2  0.3 U O  b 2 . 6  [U(OH)3]  2.10 U 

N p O 3  + 0 . 6  N p O 2 ( O H ) 2  + 0 .6  N p O 2 O H  + 0 .3 ,  N p O b  -2.1 , [Np(OH)3]  2.23 

J 
P u O 3 _  + 0.94 P u O 2 ( O H ) 2  + o.3 P u O z O H  + 0"6c " b -1.4 " ~ P u O 2  " P u ( O H ) 3  

-2.46 

N p  

P u  

+ 0.9 + 0.7 ' + 0.5 
A m O z ( O H ) 2  ~ A m O z O H  " AmOb2 ~ A m ( O H ) 3  

-2.53 1 
A m  
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TABLE 5 (continued) 

Basic solution - acfinides 
+ 7 +6 +5 +4 +3 +2 0 

CmOb +0.7 , Cm(OH)3 -2.53 • Cm 

-2.5 

BkOb 0.8 , Bk(OH)3 ," Bk 

2.4 

+0.8 
(CfO2) b " Cf(OH)3 ~ Cf(OH)2 -\Cf 

2.5 

I 
Es(OH)3 " Es(OH)2 

2.5 

- E s  

J 
Fm(OH)3 " Fm(OH)2 - F m  

-2.2 

Md(OH)3 " Md(OH)2 " Md 

1,6 

No(OH)3 ~ No(OH)2 " No 

-2.6 
Lr(OH)3 - Lr 

a Except for solid metals and hydroxide solids, all species in these diagrams are aqueous ions. Extremely 
unstable species in brackets. 
b MO2 assumed to be in equilibrium with, or slightly more stable than, "M(OH)4", i. e., uncharacterized 
hydrous M(IV) oxide. 
c Peretrukhin et al. (1993). 

(aq) ~ N p  4 + (aq)], of  AsolnH o [ N p C 1 3 . 6 H 2 0  (298 K)]  a n d  of  S o [ N p C I 3 . 6 H 2 0 ( 2 9 8  K)] ,  
each  o f  wh ich  will  be  a d e m a n d i n g  e x p e r i m e n t a l  unde r t ak ing .  

Since  the re  a re  no  r a r e - e a r t h  ions  o f  o x i d a t i o n  s ta te  h ighe r  t h a n  4 + ,  we do  n o t  

d iscuss  MO~-  o r  MO22+ t h e r m o d y n a m i c s .  T h e r e  h a v e  been  assessments  o f  these  
p rope r t i e s  w h e n  M is U - A m  ( F u g e r  a n d  O e t t i n g  1976, G r e n t h e  et  al. 1992, Rigle t  

et al. 1987). 
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2.4.1.2. Aqueous solution electrochemistry and chemical oxidation (complexed ions). 
Electrochemical and chemical (using ozone) oxidation of Pr(III) to Pr(IV) and Tb (III) 
to Tb(IV) has been carried out in concentrated, strongly basic aqueous carbonate 
solutions (Hobart et al. 1980, Varlashkin et al. 1985, Myasoedov et al. 1986). Other 
measurements and calculations (Nugent et al. 1973a, Morss 1985) on the E°(Ce4+/ 
Ce 3 +), E°(Pr 4 +/Pr 3 +) and E ° (Tb 4 +/Tb 3 +) couples indicate that this basic complexing 
medium decreases the electrode (reduction) potential by 1.7 V, i.e., E ° (Ce 4 +/Ce 3 +) --- 
1.72V and E°'(Ce4+/Ce 3 +)= +0.05 V in basic carbonate. This decrease in potential 
means that the M 4 + state is significantly stabilized by complexation. Similar studies have 
achieved electrochemical oxidation of Am (III) to Am (IV) (Hobart et al. 1982) and of 
Bk (III) to Bk (IV) (Morris et al. 1990) but not electrochemical or chemical oxidation of 
Cm (III) or Cf(III) (Hobart et al. 1983). More recently, however, Frenkel et al. (1986) 
and Myasoedov etal. (1986) reported partial (ca. 20%) oxidation of aqueous 
Cf(III)-2 M K2CO 3 at pH 13.2 to a higher oxidation state, presumably Cf(IV). 

Complexing by phosphotungstate in aqueous solution has achieved the oxidation of 
Pr(III) to Pr(IV), Tb(III) to Tb(IV), Am(III) to Am(IV) and Cf(III) to Cf(IV) (Volkov 
et al. 1981, Myasoedov 1982). The electrochemical measurements are consistent with a 
decrease of E°(M4+/M3+) by about 1.0V at pH 4-5. The successful oxidation of 
Cf(III) to Cf(IV) in phosphotungstate solution is inconsistent with a 1.0 V shift in E ° 
and also with (at best) a partial oxidation of Cf(III) in basic carbonate solution, in 
which medium the 1.7V shift in E ° should make Cf(IV) much more accessible. 
Curium (III) has not been oxidized in either basic carbonate or phosphotungstate. 

2.4.1.3. Radioelectrochemistry. Radioelectrochemistry has been used extensively to 
determine the oxidation-reduction behavior of heavy actinides. The earliest studies 
were those of Maly (1967), Maly and Cunningham (1967), Hulet et al. (1967), David 
(1970) and David et al. (1978). These pioneering studies have been summarized in 
papers by David (1986a) and Silva (1986). Most recently, radiocoulometry was used by 
David et al. (1990) to estimate the N o  2 + /No  electrode potential as - 2.49 -t 0.06 V. 

2.4.1.4. Pulse radiolysis evidence for dipositive and tetrapositive ions. Pulse-radiolysis 
studies have been performed in aqueous solution to identify the 2 + ions Sm 2 +, Eu 2 +, 
Gd 2+, Tb 2+, Ho 2+, Ho 2+, Tm 2+ and Yb 2+ (Gordon et al. 1977), Am 2+ and Cm 2+ 
(Sullivan et al. 1976), Bk 2+ (Sullivan et al. 1988) and Cf 2+ (Sullivan et al. 1983), and the 
4 +  ions Am 4+ and Cm 4+ (Sullivan et al. 1976, Gordon et al. 1978). Pulse radiolysis 
was unsuccessful in oxidizing Cf 3+ to Cf 4+ (aq) (Sullivan et al. 1983). From these 
studies and from the reduction potential of e-(aq), -2 .86V,  and the oxidation 
potential of OH radical, + 2.65 V, these authors established limits for several standard 
electrode potentials. Because pulse radiolysis produces transient species that may not 
have relaxed to equilibrium conditions of hydration, they are not suitable for entry in 
table 5 as equilibrium E ° values. 

2.4.1.5. EvidenceforAn(VI)ionsfromfl-decayofprecursorionsinaqueoussolution. The 
isotope 242Am" decays by fl-emission to 242Cm and the isotope 249Bk decays by 
fl-emission to 249Cf. It is possible that the nuclear decay process conserves the elect- 
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rons, thereby making possible the conversion of AmO 2 + into CmO22 + and of Bk 4 + 
into Cf 5 +. A claim has been made for synthesis of Cm (VI) as the result of ozonation of 
242Am solution in bicarbonate, followed by addition of Na4UO 2 (C03) /K2C0 3 
solution to coprecipitate tracer amounts of Cm(VI) with UO22 ÷ in a 
K4(U , Cm)O2(CO3) 3 precipitate (Peretrukhin et al. 1978). A claim has similarly been 
made for production of ~ 10~ of Cf(V) as CfO~- in aqueous carbonate solution, 
followed by coprecipitati0n with Na4UO2(CO3) 3 (Kosyakov et al. 1982). 

2.4.2. Reduction potential diagrams in aqueous solution 
Since only a few standard aqueous electrode potentials E°(Ln 3 +/Ln 2+ ) have been 

determined electrochemically, others have been estimated [-e.g., E°(Dy3+/Dy2+) 
(Morss and Fahey 1976, Morss and Spence 1992)] from calorimetric measurements on 
their dichlorides or from spectroscopic correlations. The only experimental values of 
E°(An3+/An 2+) are from radioelectrochemical measurements on F m - N o  (David 
1986a) and coprecipitation studies (Mikheev 1988,1992). Spectroscopic correla- 
tions of E°(An 3 +/An 2 + ) have also been made (section 3.4). These reduction potentials 
have been assessed for the rare earths (Morss 1985), for the lighter actinides (Martinot 
and Fuger 1985), and for the heavier actinides (David 1986a, Morss 1986). With the 
exception of uranium, neptunium and plutonium species l(Fuger 1992, table 1), 
discussed in section 2.4.1] and No 2+ (discussed in section 2.4.1), these potentials are 
still valid. We note that the E°(An 3 +/An) values depend on the S°[An 3 +(aq)] which are 
referenced to a value for Pu 3 +(aq) that is based in part on experiment but also required 
estimation of S°[PuCI3 • 6HzO(s)]. 

These potentials are compiled in reduction potential diagrams, often referred to as 
Latimer diagrams, in table 5. These are formal potentials measured in or calculated for 
1.00 mol dm - 3 HC104(aq ) or for another acid if no value in HCIO 4 has been measured. 
In a few cases the formal potentials have been converted to standard potentials for 
incorporation into tables of standard thermodynamic properties using the specific ion 
interaction theory (Grenthe et al. 1992). Values in basic solution have been calculated 
using solubility equilibria (Morss 1985, 1986). 

2.4.3. Solution electrochemistry in non-aqueous solvents (including molten salts) 
Three classes of solvents are of interest for electrochemical properties of the f 

elements. 
(1) Electrochemical behavior in simple molten salt systems such as M MC1 a showed 

evidence for M 2 + wh'ere M denotes Ce, Pr and Nd (Bronstein 1969), but not when M is 
Pu (Johnson and Lea~-y 1964). Many studies were carried out in the 1960's in support of 
molten salt fast breeder reactor technology; a recent review has been published (Willit 
et al. 1992). Very recent interest in actinide electrochemistry in molten salts is driven by 
"pyrochemical" electrorefining of spent reactor fuel in the Integral Fast Reactor 
program at Argonne National Laboratory. Recent actinide molten salt electrochemical 
and partitioning data have been published (Ackerman 1991, Ackerman and Settle 
1992, 1993, Koyama et al. 1992) but they show no evidence for Np 2 +, Pu 2 + or Am z +. 

Molten salt systems offer a wide range of acidity (A1C13) and basicity (NaC1, 
t-butylpyridinium chloride) and thus stabilize low and high oxidation states in acidic 
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and basic solvents, respectively. Early papers describe many studies of lanthanides 
(Gilbert et al. 1978) and actinides (Gruen 1976) in molten salt systems. The M 3 +/M 2+ 
electrochemistry for M = Sm, Tm and Yb as well as the Np4+/Np 3+ electrochemistry 
were studied by Schoebrechts et al. (1983, Schoebrechts and Gilbert 1985) and corre- 
lated with Nugent's electron-spin correlation parameters. DeWaele et al. (1986) 
showed how acid-base relationships in MC1-A1C13 molten salts affect the 
E(U 4 +/U 3 +) potential. Martinot has reviewed the electrochemical properties of actin- 
ides (Martinot 1991) in molten salts. 

Mikheev (1988, 1989, 1992) has obtained extensive evidence through cocrystalliz- 
ation that almost all the tripositive lanthanide (except for Sm, Eu, Tm and Yb) and 
actinide ions (U, Np, Pu, Cm, Bk) can be reduced and have E°(M3+/M2+) in the 
neighborhood of - 2.5 to - 2.9 V. The lanthanide potentials are not consistent with the 
experimentally confirmed generalized fq electron energetics scheme developed by 
Nugent (1975). The potentials are not consistent with potentials inferred from 
pulse-radiolysis studies (Sullivan et al. 1976, 1983, 1988). If the potentials E°(M 3 +/M 2 +) 
proposed by Mikheev for uranium, - 2.54 V, and plutonium, - 2.59 V, at macroscopic 
concentrations (Mikheev et al. 1991) were correct, phase diagram studies and elec- 
trochemistry in molten salts should have revealed the ions U 2 + and Pu 2+, but no 
evidence other than cocrystallization has been presented. In fact, the crystal chemistry 
of the "reduced" uranium halide NaUzC16 (Schleid and Meyer 1989) is consistent with 
U 3+ ions and metallic electrons. The cocrystallization model (Mikheev and Merts 
1990) may not be transferable to aqueous solution and thus Mikheev's E°(M 3 +/M 2 +) 
potentials are not cited in table 5. 

(2) Non-aqueous solvents such as dimethylsulfone do nor react with many reducing- 
(H2) or oxidizing (O2, C12) gases. They offer a wide range of redox potentials (e.g., the 
polarization window of hexamethylphosphoramide is 5.5 V). Herman and Rairden 
(1976) reviewed the electrochemistry oflanthanides in non-aqueous solvents. Martinot 
(1978) reviewed the electrochemical properties of actinides in non-aqueous solvents 
and has reported the reduction behavior of U 4+ in non-aqueous solvents (Martinot 
et al. 1990). 

Musikas and Myasoedo'v (1969) claimed the polarographic reduction of Am 3 + to 
Am 2 + in acetonitrile and inferred E°(Am 3 +/Am ~) = - 2 . 2  V. This claim and that for 
the corresponding Cm 3 + - C m  2 + reduction (David 1970) was challenged by Eriedman 
and Stokely (1976), who attributed the polarographic wave to reduction of water and 
the Am3+-Am reduction. Nevertheless, the accepted E°(Am3+/Am2+)= - 2 . 3  V is 
very close to that inferred by Musikas and Myasoedov. Kulyukhin et al. (1992) claim 
that the failure to see Am 2 + in tetrahydrofuran solution in the presence of Nd z + or 
Tm 2+ is due to its reoxidation by radiochemically generated free radicals. Since 
the assessment of this chapter reports E°(Nd3+/Nd2+)=-2.6V and estimates 
E°(Am3+/Am2+) = -  2.3V, we concur with the interpretation of Kulyukhin et al. 
(1992). 

(3) Anhydrous HF (AHF) represents a robust (it is difficult to oxidize or reduce) 
solvent system, but experimental work with AHF is technically very demanding. 
Baluka et al. (1981) stabilized U(III) in highly acidic HF BF 3. Barraelough et al. 
(1991) stabilized Sm (II), Eu (II) and Yb (II) in HF-superacid media. O'Donnell (1992) 
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has described the spectra of U(III), U(IV), Np(III) and Np(IV), as well as the 
disproportionation of U(III) to U(0) and U(IV) in this medium. Unfortunately, 
electrochemical measurements have not been done but it is evident that this acidic 
medium is not favorable for high oxidation states. 

2.4.4. Gas--solid equilibrium and vaporization measurements 
The partial molar Gibbs free energy of solution of oxygen in MOz_x,AG(O2), has 

been determined for the MO2_ x systems [M denotes Ce (Bevan and Kordis 1964, 
SCrensen 1981), Pr (Hyde et al. 1966, Turcotte et al. 1971a), Tb (Hyde and Eyring 1965, 
Kordis and Eyring 1968, Inaba et al. 1981), U (Lindemer and Besmann 1985), Pu (Anon 
1967), Am (Chikalla and Eyring 1967), Cm (Chikalla and Eyring 1969, Turcotte et al. 
1973), Bk (Turcotte et al. 1971b, 1980) and Cf (Turcotte and Haire 1976)] by isobaric 
thermal analysis. These oxide phase diagrams have been well characterized: as PrO 2 is 
reduced, e.g., the phases are ~ (Pr01.72_2.oo), ~ ( P r 0 1 . 8 3 3  = Prl2Oz2), ~) (PrO1.81s = 
Prll O20), ~,(PrOl.so o = PrloOls), ~ ( P R O 1 . 7 7  s = Pr9016), l (PrOl.714 = PrTOlz), 
o (PrOl.5o- 1.7o), and ~b (PrOl.5o = Pr203). Figure 7a is a free energy versus tempera- 
ture diagram of some of these phase boundaries. Unfortunately, these oxide systems 
display hysteresis (gain of oxygen occurs at lower temperature than loss of oxygen). An 
oxide with a stable 4 + state appears to the right of this diagram. 

The partial molar Gibbs free energy of oxygen AG(O2) has been determined for the 
UO2_+ x system [recently reviewed by Lindemer and Besmann (1985)] although the 
hypostoichiometric region UO2_ x requires much higher temperatures than the 
hyperstoichiometric region UO2+ x. In addition, AG(O2) has been determined 
for (M, M')O2_ ~ solid-solution systems, typically where the majority component M 
denotes U and the minority component M' denotes La, Ce, Pu, etc. (Fujino 1988). Some 
of these results are superimposed in fig. 7b. The shifts in AG(O2) parallel the stability 
relationships between MO 2 and M20 3 shown in fig. 10c. In fact, AG(Oz) of the solid 
solution (U, Eu)O 2_~ is displaced to x < 0 (suggesting that Eu 2 ÷ may even be present). 
As expected, AG(Oz) of the solid solution (U, Nb)O 2 _+ x is displaced to x > 0. A very 
negative partial molar Gibbs free energy of oxygen represents an oxide that accepts 
oxygen readily: a solid solution of (U, Nb)O2+ x enhances the hyperstoichiometric 
region, whereas a solid solution of (U, La)O2_ ~ enhances the hypostoichiometric 
region. In other words, Nb s ÷ is an n-type (electron) donor and La 3 + is a p-type (hole) 
donor in UO 2. 

Many studies have been done to determine the partial molar free energy of oxygen 
in nonstoichiometric or doped UO z (see, e.g., Fujino 1988, Fujino and Miyake 1991). 
These studies provide insight into the effects of defects and of n- or p-type dopants 
into the thermodynamics of UO 2 _+ x. The UO 2_+x system will not be discussed further 
because the U O z - U O  3 region has no lanthanide parallel. We note that there are no 
data for UzO3-UO 2 or Np203-NpO 2 because the sesquioxides do not exist; even at 
2200 °C there is a miscibility gap approximately from UOo.o2 to UO1.75 (Martin and 
Edwards 1965). There have been many gas-solid equilibrium studies (e.g., Woodley 
1981) on the Gibbs free energy of oxygen in (A,B)O__~ systems, where A and 
B represent Ce, Th, U and/or Pu. 
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248CMO2 _x and CfO 2 _x systems. The oxide with the most  stable 4 + state (PRO2) appears at the lower right 
of this diagram. Higher (t ~ ~ or ! ~ dp) and lower (~ ~ t or qb ~ t') temperature transitions reflect hysteresis. 
The MO2_ ~ phases are l(MOl.v14 = M7012), i.' (metastable M O  1.7), ~(MO1.50-  1.70) and qb(MOl.so ). 
(b) Partial molar Gibbs free energies of solution of oxygen AG(O2) above the systems M O  2 ± x (M = Ce, U, 
Pu, Am, Bk) and some solid solutions in UO2±.~. AG(O2) is a differential property; it represents the free 
energy of addition of one mole of O2(g ) to a very large number  of moles of MO2± ~. An oxide with stable 
higher oxidation state appears to the right of this diagram. 
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Gibson and Haire (1988a, b) (table 7) studied the congruent [MF4(g ) ~ MF4(g)] and 
incongruent [MF4(s )--, MF 3 (g) + ½F 2 (g)] reactions for M = Ce, Am and Cm. These 
properties are compared in section 4.4.1. 

2.4.5. Solid-state electrochemistry 
Solid-state galvanic cells of the sort ( - )SrJ SrC12 f l BaC12 iF DyC12 t Dy( + ) have been 

used to determine free energies of reactions such as DyC12 + Sr = SrCI 2 + Dy at 
elevated temperatures (Goryushkin et al. 1989). A second-law extrapolation yielded 
AfH°[DyClz(s, 298 K)] = - 676.4 _+ 2.5 kJ mol-  1, differing from the value of Morss 
and Fahey (1976), - 6 9 3  _+ 6kJmo1-1. We prefer calorimetric enthalpies (since the 
calorimetric reactions of these unstable salts are very well defined) to enthalpies derived 
from solid-state electrochemistry (where unidentified products may form at solid 
electrode surfaces). 

Micro-scale solid-state electrochemistry is ideally suited to the parallel determina- 
tion of high-temperature thermodynamic properties of transuranium oxides. The 
UO2+~ MO systems (M denotes alkaline earth) have been thoroughly investigated 
(Fujino 1988). Solid-state electrochemistry of transuranium oxides have been reported 
Only for P u O  2 - x  and (U, Pu)O2 +x as reviewed in Anon (1967). 

3. Estimated and calculated thermodynamic properties 

3.1. Synthesis under equilibrium conditions 

Partial oxidations of Nd 3+ to Nd 4+ and of Dy 3+ to Dy 4+ have been claimed in 
oxide matrices (Brauer and Kristen 1980) but a repeated synthesis of BaCeO3:Dy 
failed to detect Dy 4+ by Mossbauer spectroscopy (Soderholm et al. 1987). Syntheses of 
Nd 4+ and Dy 4+ and Dy 4+ have been achieved in Cs3MF7, Cs2RbMFT, and CszKMF7; 
Raman spectra confirmed the presence of the tetravalent cations (Hoppe 1982). 

Experiments to synthesize Es 4+ compounds (EsF 4, EsOz_x, BaEsO3, E s  4 +  in 
CeF4, Es 4+ in TbF4) have failed (Haire 1980, Beitz 1991). We do not consider these 
failures to be due to the high specific ~ radioactivity of 253Es(tl/2 = 20.47 d). We use 
these experiments to infer that the reduction potential E°(Esg+/Es 3 +) is greater than 
those of Pr, Tb, Cm and Cf and perhaps comparable to those of Nd and Dy. Prepara- 
tion of crystals of, e.g., CsaCeF 7 doped with Es and identification of the oxidation state 
of Es in such a highly basic matrix remains an unachieved challenge. 

3.2. Thermal analysis 

For a discussion of thermal analysis see section 2.4.4. 

3.3. Lattice-energy calculations and Born-Haber cycles: intra- and inter-group 
comparisons 

Many lattice-energy calculations have provided useful perspectives on solid-state 
reactions. The MAPLE concept (section 4.1.1) is often used as a way of judging if 
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crystal-structure determinations of binary and complex oxides are correct. The work of 
Catlow (Catlow and Mackrodt  1982) and his followers (e.g., Grimes 1992, Ball 1992) 
exemplify lattice-energy studies of uranium oxides and fission products in which 
a crystal lattice is divided into an inner region that may contain a defect and an 
outer region that extends to infinity (see additional discussion in sections 4.1.1 and 
4.1.2). 

At a time when little was known about ionization potentials of lanthanide ions as 
well as about thermochemistry of non-tripositive lanthanide species, Johnson (1969a) 
showed that differences in the third ionization potentials 13 of the lanthanides are 
primarily responsible for many of their apparent oxidation-reduction anomalies. In a 
subsequent paper (Johnson 1969b) he compared and contrasted the relative stabilities 
of the di-, tri- and tetrapositive oxidation states of the lanthanides and actinides, 
pointing out how much less is the change in ionization potential for actinides than 
lanthanides at the half-filled shell (see fig. 4). He elaborated (Johnson 1974) on the first 
paper by systematizing the properties of the dipositive lanthanide ions in conjunction 
with those of the alkaline-earth metal ions. 

Johnson and Corbett (1970) discussed the difference between the enthalpies of 
formation o f D y I / a n d  DyI 3 in terms of disproportionation reactions. Johnson's earlier 
treatment of the dipositive alkaline-earth and lanthanide ions (Johnson 1974) has 
recently been applied to the DyI z -DyI  3 and Dy 2 + (aq)-Dy 3 + (aq) enthalpy differences 
(Morss and Spence 1992). 

The above cycles were applied only to rare earths. A simplified cycle, such as the 
P(M) relationship, must be used for most actinides, since only the first ionization 
potentials have been derived from experiments for only a few actinides (Morss 1986). 

3.4. Correlations of electron-transfer and f ~ d spectra and reduction potentials 

This topic was fully developed spectroscopically by Vander Sluis and Nugent (1974), 
received its last comprehensive review by Nugent (1975), and was discussed in 
section 2.1.5. It is often considered (Nugent et al. 1971, 1973a, Johnson 1977, Ionova 
and Spitsyn 1978, Mikheev et al. 1985, Mikheev 1988) in predicting or correlating 
E° (M 4 +/M3 +) and E° (M 3 +/M2 +). When the 4f ~ 5d excitation energy of an R3 + ion 
is small, an f electron in R 3 + may be easily promoted into a d orbital and R 3 + can be 
oxidized readily to R *+. For  example, the 4f 1 --* 5d 1 excitation energy in CeBr 3 is at 
32 000 cm-  1 while the 4f z ~ 4f15dl excitation energy in PrBr a is at 43 800 cm-  1 
(Nugent et al. 1971). Thus, the Ce 3 + - ,  Ce 4+ oxidation is easier to achieve than is the 
Pr 3 + --* Pr 4 + oxidation; i.e., E°(Ce4+/Ce3 +) is smaller than E°(Pr 4 +/Pr 3 +). A parallel 
argument applies to 5f--* 6d excitation energies and E°(Ang+/An3 +) values. Likewise 
f--* d excitation energies in Ln 2 + and An 2 + spectra correlate well with E°(M 3 +/M 2 +) 
(Mikheev et al. 1985). For  those M 2 ÷ (aq) with unknown f ~  d spectra the energetics of 
the free ion can be used (Brewer 1971): the Cf 3+ --~Cf 2+ reduction represents the 
transition 5fs--~5f 9 and the E s 3 + ~ E s  a+ reduction represents the transition 
5f9---~ 5f1°; the increase in f--* d excitation energies as one passes from Cf  2 + to  Es 2 + 
makes the "trivalent" configuration for Cf z +, 5f 96d, less favorable than that for Es 2 +, 
5fl°6d. 
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4. Lanthanide-actinide bonding and oxidation-reduction comparisons 

4.1. Bonding in "ionic" systems 

In this section only coordination and complexing (sharing of electron pairs, i.e., 
acid-base effects) are considered. Oxidation-reduction comparisons (transfer of elec- 
trons) are made in sections 4.4 and 4.5. 

4.1.1. Oxides: co valency and acid-base effects 
Morss et al. (1987) noted that the enthalpies of solution of actinide sesquioxides are 

systematically less exothermic than enthalpies of solution of structurally similar 
lanthanide sesquioxides. Morss (1986, fig. 17.10) found similar behavior for all known 
trihalides. These enthalpies of solution for sesquioxides and hexagonal trichlorides are 
shown in fig. 6. The enthalpies of solution of An elpasolites Cs2NaAnC16 (Schoebrechts 
et al. 1989) are also systematically less exothermic than enthalpies of solution of 
structurally similar Ln elpasolites, fig. 6. Since the enthalpy of solution of an ionic 
compound (e.g., MX3) represents the difference between the lattice energy of the solid 
and the hydration enthalpy of the free ions (e.g., M 3 + and 3X-), the smaller actinide 
enthalpies of solution mean either that actinide(III) compound lattice energies are 
larger than those of corresponding lanthanide(III) compounds, or that hydration 
enthalpies of actinide(III) ions are smaller than those of corresponding lanthanide(III) 
ions. This behavior is illustrated in fig. 8. It clearly represents a lanthanide-actinide 
bonding difference although it is speculative to attribute the smaller actinide enthalpy 
of solution to larger actinide compound lattice energies. 

Aronson (1982) and Smith (1987) independently developed quantitative scales of 
solid oxide bonding energetics based upon the enthalpy of reaction of acidic oxides 
with basic oxides, following Pauling's electronegativity scale. Aronson calculated 
"pseudo-electronegativity" values fo~ metal ions. Smith defined "acidity" parameters a 
for oxides, e.g., a(A) for an acidic oxide A and a(B) for a basic oxide B, in terms of the 

R3+(g) + 3X'(g) 

RX3(s) ~ 

RX3(aq) 

An3+(g) + 3X(g) 

~ ' A n X 3 ( a q )  

Fig. 8. Comparison of energetics of 
dissolution of an ionic lanthanide com- 
pound (trihalide shown in this 
example) versus an isostructural actin- 
ide compound. Note that the enthalpy 
of solution (Asoln/-/) of the lanthanide 
compound is more exothermic than 
that of the actinide compound. 
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enthalpy of reaction of these oxides to form an oxo-salt, 

a(acidic oxide) - a(basic oxide) = [ -  AH ° (reaction)] 1/2, (7) 

where AH°(reaction) refers to reactions such as 

SO3(s ) + CaO(s) = CaSO4(s), AH = - 344.5 kJ mol -  1, (8) 

H20(~ ) + CaO(s) = Ca(OH)2(s), AH = - 65.2 kJ mol-1 (9) 

As a reference for this scale, he assigned the acidity parameter of water as zero. Thus, 
a(CaO) = (65.2)1/z = 8.1. Smith used 250 enthalpies of reactions with solid oxides 
(except for H 2 0  , S O 2 ,  and N205) and found best values of a by least-squares analysis. 
The scale is normalized for oxide-oxide reactions such that the basic oxide transfers 
one mole of oxide to the acidic oxide. He applied this scale only to reactions in which 
there is a dist inct  oxo-anion in the salt (e.g., orthosilicates, orthophosphates, and 

TABLE 6 
Acidity parameters a for f-element oxides a. 

Sesquioxides behaving as bases 

Oxide aoxid e Oxide aoxid e 

Y203 
La203 
Ce203 
Pr203 
Nd203 
Pm203  
Sm203 
Eu2O 3 
Gd203 
Tb203 
Dy203 
Er203 
Ho203 
Tm203  
YbO 3 
Lu203 

- 6 . 1  
- 5.8 
- 5 . 8  

- 5 . 7  

Ac203 

(U203) 
(NP203) 
Pu203 
Am203 
Cm203 
Bk203 
Cf203 
Es203 

- 6 . 9  
- 5 . 6  
- 5.8 
- 4 . 5  
- 4 . 2  

Oxides behaving as acids 

Oxide a Oxide a Oxide a Oxide a 

CeO 2 ThO 2 - 3.8 
PrO 2 PaO 2 
NdO 2 U O  2 -- 3.2 

NpO2 
PuO 2 - 3.5 
AmO 2 
C m O  2 
BkO 2 

Pa205 
U205 UO 3 + 3.8 
NP205 (NpO3) + 4.2 
Pu205 (PuO3) 

a Acidity parameter as defined in section 4.1.1 (Smith 1987). 
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tungstates such as KzWO 4 but not tungstates such as Ba3WO6). Except for s o m e  
lanthanide sesquioxides, Smith did not focus on f-element oxides. 

Using enthalpies of reaction including complex oxides, also called ternary or mixed 
oxides, such as BaCeO3 [to calculate a(CeO/) as an acid] and BaUO 4 [to calculate 
a(UO3) as an acid] as well as the aqueous acid H30 +, we have calculated acidity 
parameters for f-element oxides on this scale. (The energetics of these complex oxides 
are discussed in section 4.1.2.) These acidity parameters are shown in table 6. They have 
the virtue of requiring no crystal structure determination to predict the stability of a 
complex oxide, but they are strictly empirical guides to solid-state reactions. Clearly, a 
more fundamental approach to the "non-Coulombic" contribution to crystal energies 
is needed in order to distinguish covalent or acid-base differences among 4f and 5f 
element oxides. 

4.1.2. Binary and complex oxides 
Kubaschewski (1972) collected and compared the enthalpies of formation of com- 

plex oxides from binary oxides. He did not offer any systematic correlation of these 
enthalpies with structural properties. Hoppe (1966, 1970a, b, 1975) developed the 
MAPLE concept (Madelung part of lattice energy) as a tool to guide the structural 
interpretation of bonding in complex oxides and halides. It requires as input pa- 
rameters the unit cell of a compound and positions of all atoms, and it treats the crystal 
as an ionic array of point charges. If crystal structure determinations have been 
properly done, MAPLE calculations for a complex compound are within 2~o (some- 
times larger, sometimes smaller) of the MAPLE values of the binary (parent) com- 
pounds. Therefore, purely ionic-model calculations are not sufficiently sensitive to 
correlate quantitatively with the relatively small enthalpies of solid-state complexation. 

There have been many other efforts to provide both theoretical and experimental 
underpinning of the energetics of solid oxides and halides. The perovskites AMO 3 (A 
denotes Ca, Sr, Ba; M many M 4+ cations) are a very large class of complex oxides 
(Takayama-Muromachi and Navrotsky 1988) for which many lanthanide and 
actinide examples are known (Goudiakas et al. 1990). Takayama-Muromachi and 
Navrotsky (1988) separated the high-temperature enthalpy of complexation of many 
pervoskites into Madelung and non-Coulombic parts. They presented graphs of 
these two parts as a function of the Goldschmidt tolerance factor t = (r A + ro) / 
[~/2(ru + to)I, but they did not discuss lanthanide or actinide perovskites, nor did 
they offer a systematic interpretation of the non-Coulombic contribution to the 
energetics of perovskites. 

The perovskites SrLnO 3 and Ba(Ln, An)O 3 are the most extensive and well charac- 
terized class of ternary oxides of the f elements. Morss and Eller (1989) characterized 
both the volume changes and enthalpy changes for the reaction 

BaO(s) + MO2(s) = BaMO3(s) (10) 

in terms of the Goldschmidt tolerance factor t. Goudiakas et al. (1990) summarized all 
available thermochemical information about these oxides. Newer data have been 
published for BaCmO 3 and BaCfO 3 (Fuger 1992, Fuger et al. 1992). Enthalpies of 
complexation of all perovskites SrMo 3 and BaMO 3 correlate very well with t, but there 
are no group distinctions between lanthanide and actinide perovskites that might 
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reflect bonding influence of 5f electrons. The enthalpies of reaction (10) of two 
compounds (BaPrO 3 and BaMoO3) did not correlate with t. BaPrO 3 appears to be 
more stable than predicted by correlation with t. There is no theoretical explanation for 
this discrepancy; Morss (1992b) has repeated the syntheses and enthalpy of formation 
measurements on both PrO z and BaPrO 3 with results essentially identical to those 
determined earlier. BaMoO 3 appears to be less stable than predicted by the correlation 
with t; this discrepancy cannot be attributed to the unusual stability of MoO 2 (through 
metal-metal bonding) because SrMoO 3 does not show a similar discrepancy. 

Although there are no comparative theoretical studies of lanthanide and actinide 
perovskites, Ball (1992) has carried out computer modeling of ternary uranates, 
specifically comparing the known perovskite BaUO 3 with the unknown CaUO 3 and 
SrUO 3. The model is ionic; however, it is to a degree self-compensating [-exaggeration 
of the ionic part of the lattice energy compensates for ignorance of the covalent part 
(Ball and Dickens 1991)]. Ball's results give enthalpies of reaction (10) for CaUO 3, 
SrUO 3 and BaUO 3 that agree qualitatively with experimental values (e.g., Goudiakas 
et al. 1990). Although this model is best for calculation of the energetics of defects, it 
does confirm that BaUO 3 is stable, and CaUO 3 and SrUO 3 are unstable with respect 
to the binary oxides. The lattice energy calculated for BaUO 3 by Ball (1992) differs by 
less than 2~o from the lattice energy derived from a Born-Haber  cycle. Although a 
small part of the total lattice energy, this difference is large in an absolute sense: 2.59 eV 
(250kJmol-l) .  Further, the calculated value for the enthalpy of reaction (10), 
BaO(s) + UO2(s ) = BaUO3(s), - 0.21 eV = - 20 kJ mol-  1, is much less than the experi- 
mental enthalpy of complexation, - 5 7  kJ mol-1 (Williams et al. 1984). Because these 
enthalpies of complexation are small with respect to the'total lattice energy, lattice- 
energy calculations for complex oxides and halides cannot provide accurate enthalpies 
of complexation. 

Fuger (1985, 1992) has summarized the experimental enthalpies of complexation of 
hexavalent actinide oxides with alkali-metal and alkaline-earth oxides in terms of the 
basicities of the alkali-metal and alkaline-earth oxides. Using Smith's (1987) acid-base 
oxide correlations (section 4.1.1), Morss and Williams (1992) placed these enthalpies on 
a quantitative scale to derive oxide acidity for UO 3. 

4.1.3. Binary and complex halides 
It has been noted (Morss 1986, fig. 17.10; this chapter, section 4.1.1 and fig. 3) that the 

actinide trihalides have less exothermic heats of solution than structurally similar 
lanthanide trihalides. 

Fuger (1979) and Fuger et al. (1983) reviewed experimental thermodynamic data on 
complex halides of the f elements, almost all of which were limited to ternary An 4+ 
chlorides. Jenkins and Pratt (1979) used an ionic model for lattice-energy calculation to 
place the energetics of formation of complex halides of d and f transition elements (from 
binary halides) 

2ACI(s) + AnClg(s ) = AzAnCI6(s ) (11) 

on a common basis. Complex halides of R 4 + and An 4 + (e.g., Cs2CeCI 6 and CszBkC16) 
had been synthesized earlier than 1979, whereas the binary halides (e.g., CeC14 and 
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BkC14) have not. Enthalpies of formation of some complex halides of An 4+ were 
known but no enthalpies of formation of complex halides of R 4+ were known. This 
situation is unchanged today. The enthalpies of reactions such as reaction (11) become 
more exothermic a s  the alkali metal A changes from Li--* Cs and as the actinide 
changes from T h ~ P u  (Fuger 1979, Morss 1986, fig. 17.12). These trends can be 
interpreted using the Lewis acid-base concept (a Lewis base donates an electron pair 
to a Lewis acid). The alkali chloride basicity scale is LiC1 (least basic) < NaCL < KC1 
< RbC1 < CsC1 (most basic) since Cs + has the largest ionic radius of alkali metal ions 
Li+-Cs +" The actinide tetrachloride acidity scale is ThC14 (least acidic) < ThC14 
< PaC14 < UCI 4 < NpC14 < PuC14 < BkCI 4 (most acidic) since Bk 4+ has the smallest 
An 4+ ionic radius of the group Th4+-Bk 4+. Unfortunately, there are no LnC14 
compounds known, not even CeC14; although acid-base stabilization makes 
CszCeCl  6 a marginally stable but easily synthesized compound, not even its enthalpy 
of formation has yet been reported. Therefore, it is not possible to make any system- 
atic comparison of lanthanide(IV) versus actinide(IV) bonding in complex halides. 

Among complex halides of R 3 + and An 3 +, the elpasolites CszNaMC16 represent the 
one class of compounds for which thermochemical measurements have been made on 
both lanthanide and actinide examples (Morss 1971, Schoebrechts et al. 1989). Al- 
though CszNaNdCI 6 and CszNaPuCI 6 have essentially identical lattice parameters, as 
do NdC13 and PuCI 3, the enthalpy of complexation of the lanthanide chloride system 

2CsCl(s) + NaCl(s) + NdC13(s ) = CszNaNdC16(s ), AH = -46.4  kJ mol-1, (12) 

is significantly more exothermic than the enthalpy of complexation of the correspond- 
ing actinide chloride system 

2CsCl(s) + NaCl(s) + PuC13(s ) = CszNaPuCl6(s ), AH = - 38.5 kJ tool- 1. (13) 

The chloride coordination number is nine in NdC13 and PuC13 but only six in Cs2Na- 
NdCI 6 and Cs2NaPuC16. The enthalpy of the reversed reaction (13) is more exo- 
thermic (less endothermic) than that of reversed reaction (12); in this sense one may 
conclude that high coordination numbers (CN 9) as found in the UC13-type (trigonal) 
trichlorides are more favored by an actinide(III) ion than a lanthanide(III) ion of the 
same ionic radius. 

It has already been noted (section 4.1.1) that the enthalpies of solution of actinide 
trihalides and elpasolites Cs2NaAnC16 are systematically less exothermic than enthal- 
pies of solution of structurally similar lanthanide compounds. This lanthanide-actin- 
ide bonding difference may be due to lattice energies that are larger for actinide 
compounds than for structurally similar lanthanide compounds (fig. 8). 

4.2. Bonding in "covalent" systems: organometallics 

4.2.1. Sigma bonding 
Systematic studies have been carried out to determine the ~-bond disruption ener- 

gies of lanthanide(III)-ligand ~ bonds in systems such as Cp'zSm-R and Cp'zSm-X 
(Cp' denotes ~/5 _ (CH3)sCs; R denotes alkyl, H; X denotes C1, Br, I) (Nolan et al. 1989). 
Although G-bonded trivalent actinide analogues are known, e.g., CpzBkC13 (Cp 
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denotes t/5 _ CsH 5) (Marks and Streitwieser 1986), their radioactivity and small sample 
size have thus far precluded thermochemical measurements. 

Beginning with the work of Bruno et al. (1983, 1986) and Sonnenberger et al. (1985), 
and most recently with the studies of Leal et al. (1992) and of Jemine el: al. (1992), 
Th(IV)- and U(IV)-ligand ~-bond disruption enthalpies in systems such as Cp'zTh-R 2 
and CpzSm-X 2 have been determined. Since there are no parallel Ce(IV) bond 
disruption enthalpies, no quantitative comparison can be made with lanthanide(IV) 
compounds. These actinide(IV)-ligand ~ bonds have strengths slightly less those of the 
lanthanide(III)-ligand • bonds mentioned in the preceding paragraph: absolute bond 
disruption enthalpies are D[(Me3SiCsH4)3U-I ] =261 (Schock etal. 1988) and 
D(Cp'zSm-I ) = 290 kJ mol-  1 (Nolan et al. 1989). 

4.2.2. Pi bondin9 
The cyclooctatetrene compounds M(CsHs) have been synthesized when M is 

Ce, Th, Pa, U, Np, and Pu. There is significant covalency in the overlap of the (5f6d) 
uranium orbitals with the highest occupied molecular orbitals of C8H8 2- in ura- 
nocene, apparently more so than in thorocene (Marks and Streitwieser 1986). The 
overall Th CsH 8 and U - C a l l  s bond disruption energies have been determined from 
combustion calorimetry to be 494 _+ 9 and 431 + 11 kJ tool- 1, respectively (Kuznetsov 
et al. 1986), making these bonds much stronger than either U - C s H  5 bonds in 
U(CsHs) 4 (247 kJ tool- 1) or Fe -CsH 5 bonds in ferrocene (297 kJ mol-  1) (Tel'noi et al. 
1979). 

4.3. Bonding in metallic systems 

Eriksson et al. (1990) performed band-structure calculations that show how the 
ratios of the orbital and spin components of the magnetic moments ttefit s of 5f metallic 
compounds differ from the three-ion values. Since the free-ion values are appropriate 
for 4f metallic compounds, Lander (1992) defined this reduction of gL/gS as "metallic 
covalency". He determined this ratio in a series of actinide compounds AnSb and 
AnFe 2 by analysis of their magnetic form factor f(Q), the angular dependence of the 
.scattering of thermal neutrons. In confirmation of the calculations, ~tL/IX s is significantly 
reduced in uranium intermetallics such as UFe 2 but less so in PuFe 2 in comparison 
with "ionic" compounds such as UO2, NpAs 2, and Pu20 3. 

High-pressure studies of f elements and intermetallic compounds have shown that 
interactions involving f electrons increase as the lanthanide or actinide atoms are 
forced closer together (Benedict 1987, Benedict et al. 1992). For example, at very high 
pressure americium metal "collapses" to a sequence of structures of the lighter actinide 
metals at lower pressure; this behavior implies that americium 5f electrons are 
becoming involved in bonding (itinerant) as the atoms are forced closer together. The 
cause of this phenomenon is that the lighter metal has more extended f orbitals, so that 
at higher pressure the hefivier metal f orbitals resemble those of the lighter element. 
These high-pressure effects are more dramatic in the actinides than in the lanthanides, 
since the 5f orbitals play a much greater role in metallic bonding than do the 4f 
orbitals. 



280 L.R. MORSS 

+3 MORE STABLE +2 MORE STABLE 

Pu,Cm Bk Nd,Dy Am,Tm Cf Sm,Es Fm Yb Eu Md No 

a, In aqueous solution: E*(Ln3+/Ln 2+) and E°(An3+/An 2+) 

+3 MORE STABLE +2 MORE STABLE 

Bk Am Cf Sm Yb Eu No 

b. Pulse radiolysis: Ln3+/Ln 2+ and An3+/An 2+ 

+3 MORE STABLE +2 MORE STABLE 

AmClx CfClx SmCIx YbClx EuClx NoClx 

c. Chlorides MCI 3 and MC12 

Fig. 9. Comparison of stabilities of 3 +/2 + lanthanide and actinide oxidation states (stable 3 + ions at left, 
stable 2 + ions at right). 

4.4. Oxidation reduction comparisons in "ionic" systems 

4.4.1. Binary oxides and halides 
It  is fairly c o m m o n  for chemists to compare  ox ida t ion - reduc t ion  stability of solids, 

e.g., MC13(s ) = MCIz(s ) + ½C12(s ), MF4(s ) = MF3(s ) + ½F2(g ) or  MOz(s  ) = MO1.5(s ) + 
1 0 2(g), using enthalpies of  fo rmat ion  and en t ropy  changes or using Knudsen-cel l /mass  
spect rometer  vapor iza t ion  measurements .  It  is also possible to est imate oxida- 
t i on - r educ t ion  relat ionships a m o n g  solids using aqueous  electrode potentials  
E°(M a + /M 3 +) and E° (Mg+/M3 +) (e,g., section 2.4.1) as a guide. Figure 9 compares  the 
stability of  M 3 + and M 2 + species in aqueous  solution, aqueous  pulse radiolysis, and 
solid chloride systems. There  are no exper imental  thermochemical  data  for actinide (II) 
solids with which to make  such a compar i son  more  quantitative.  

Table  7 is an a t t empt  to make  such a compar i son  quant i ta t ive for M 4 + - M  3+ 
reductions. Fo r  reactions involving no change of oxidat ion state, s tructural  and 
magnet ic  en t ropy  effects are the same for all reactions of  the same s toichiometry  
involving adjacent  f elements. However ,  these oxide and fluoride decompos i t ion  
reactions do involve change of oxidat ion state, and magnet ic  en t ropy  effects must  be 
considered. These effects are greatest  when compar ing  Am 4 + ~ Am 3 + and C m  4 + 
C m  3+ reactions, where the magnet ic  S =  R l n ( 2 J +  1) yields ASmag = -  1 4 . 9 J K  -1 
m o l -  1 for Am and + 17.3 J K -  1 m o l -  1 for Cm. (We use free-ion J values). G ibson  and 
Haire  (1988a) used the well-studied P u F  4 and P u F  3 as references, for which ASmag = 
+ 3.37 J K -  1 m o l -  1, so for PuF4(s)-~ PuF3(s ) + ½F2(g ) AS . . . . .  g = A S o b  . . . . .  d - -  

ASmag = 147.25 + ½(202.78) - 126.11 - 3.37 = 119.2 J K -  1 m o l -  1. The other  AG entries 
in table 7 incorpora te  this AS . . . . .  g with ASmag calculated for the specific reaction, 
assuming free-ion J values. The relative stabilities of M O  2 versus M 2 0  3 and of M F  4 
versus M F  3 are shown in fig. 10. 
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TABLE 7 
Comparison of free energies of reduction of MO 2, MF 4, and M 4 + (aq) at 298 K (all values in kJ Mol - 1 at 298 l 

estimated values in parentheses). 

M MOz(s ) ~ MO1. ~ (s) + ¼02(g ) MF,,(s) ~ MF 3 (s) + ½F 2 (g) M 4 + (aq) + e -  ~ M 3 ÷ (aq) 

AH oa AG ob AH oc AG ob AG o 

Ce 191 172 243 - 166 
Pr 44 (42) ( -  309) 
Nd ( -  473) 
Tb 39 (79) ( -  299) 
Dy ( -  550) 
U (357) (341) 413 387 + 50 
Np (313) (298) (345) (324) - 14 
Pu 228 208 260 237 - 93 
Am 86 (132) - 253 
Cm 70 (90) ( -  299) 
Bk (174) (212) - 161 
Cf 32 LRM (70) ( -  309) 

24 JF 
Es ( -  85) (54) ( -  434) 

a Morss (1985, 1986). 
b Includes AS(magnetic), see text. 
c Morss (1986), Gibson and Haire (1988c) and Grenthe et al. (1992). 

+4 MORE STABLE +3 MORE STABLE 

Th U Np Pu Ce,Bk Am Pr,Tb Cm Cf Dy,Nd,Es 

a. In aqueous solution: E*(Ln4+/Ln 3+) and E*(An4+/An3+) 

+4 MORE STABLE +3 MORE STABLE 

ThOx UOx NpOx PuOx CeOx,BkOx AmOx PrOx TbOx CfOX CmOx DyOx,NdOx,EsOx 

b. Oxides MO2 and M203 

+4 MORE STABLE +3 MORE STABLE 

ThFx UFx NpFx PuFx CeFx BkFx AmFx CmFx TbFx CfFx PrFx DyFx,NdFx,EsFx 

c. Fluorides MF 4 and MF 3 

Fig. 10. Comparison of stabilities of 4 + / 3  + lanthanide and actinide oxidation states (stable 4 + ions at left, 
stable 3 + ions at right). 
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4.4.2. Complex oxides and halides 
Sections 4.1.2 and 4.1.3 compared complex oxides and halides with the binary 

(parent) compounds. In this section we attempt to show on a semiquantitative basis 
how complex oxides and halides favor high oxidation states, primarily because they 
represent acid-base reactions in which the presence of a basic oxides (e.g., BaO) or 
halide (e.g., CsCI) donates electron pairs (Lewis basicity) to the acidic (high charge 
density) f-element ion. 

Complexation reactions of 4 + ions, reactions (10) and (11), are not oxidation- 
reduction reactions and have been interpreted above as acid-base reactions. Since 
those reactions are favorable, one may calculate the enthalpies of oxidation-reduc- 
tion reactions such as 

BaUO3(s ) + ½02(g ) ~ BaUO4(s ) AH = - 307 ___ 10 kJ mol-  1, (14) 

UO2(s ) + ½02(g)--~ UO3(s ) AH = - 139 _+ 3 kJmol -1, (15) 

CszNaPuC16(s ) + ½C12(g ) --* CszPuC16(s ) + NaCl(s) 

A H = - 9 5 _ + 1 0 k J m o l  1, (16) 

PuC13(s) + ½Cl2(g ) ~ PuC14(s ) AH = - 4 _+ 8 kJ mol-  1. (17) 

AH of reaction (17) is an estimate since PuCL(s ) has not been synthesized; 
AfH ° [PuC14(s)] = -964  kJ is an estimate (Fuger et al. 1983). The dramatic difference 
in these enthalpies [Pu(IV) is more stable than Pu(III) in this complex chloride by 
- 9 5 - ( - 4 )  = -  91 kJ or almost 1.0V, in comparison with the binary chloride] 
shows how acid-base effects influence oxidation-reduction properties. As noted 

above, there are few known lanthanide (IV) complex halides and no thermodynamic 
data on even these few halides, so no quantitative comparison can be made. Neverthe- 
less it does show how complexation effects by basic complexants make high f-element 
oxidation states attainable. Perhaps the mest dramatic evidence of the enhancement 
of high oxidation state by a basic fluoride is the existence of the Nd (IV) and Dy (IV) 
compounds such as Csz(Cs, Rb, K) (Nd, Dy)C17; these A3RF 7 double fluorides are the 
only known Nd (IV) and Dy(IV) compounds. 

4.5. Lanthanide-actinide oxidation-reduction comparisons in aqueous 
(uncomplexed, "standard-state" as well as "formal") solutions 

Aqueous reduction potentials E°(M3+/M2+) have been assessed from ther- 
modynamic measurements and estimates as described in section 2.4.2. Among the 
actinides, dihalides of Am, Cf, and Es have been characterized but no thermochemical 
measurements have been made. The synthesis conditions are consistent with the 
E°(An3+/An 2÷) values (Martinot and Fuger 1985). Within these limitations we 
compare the E°(Ln3+/Ln2+) and E°(An3+/An2+) in fig. 9. Similarly, some 
E°(M4+/M3+) have been measured electrochemically and others estimated using 
thermochemical or spectroscopic measurements. We compare E°'(Ln4+/Ln 3 +) with 
E°'(Ang+/An3 +) in fig. 10. Note that E °' refers to a formal potential (as measured in 
1 mol dm-  3 acid solution, HC10 4 if available) rather than a standard potential (as 
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extrapolated from measurements in dilute electrolyte using a model such as the 
specific-ion theory (Riglet et al. 1989). 

Johnson (1977) generalized the oxidation-reduction stability of the 2 +  lanthanides 
with respect to the 3 + lanthanides as follows, comparing adjacent lanthanides to each 
other, 

La < Ce < Pr < Nd < Sm < Eu >> Gd < Tb < Dy > Ho > Er < Tb < Yb, 

and the oxidation-reduction stability of the 4 + lanthanides with respect to the 3 + 
lanthanides as follows, again comparing adjacent lanthanides to each other, 

Ce > Pr > Nd > Sm and Gd << Tb > Dy > Ho. 

In a similar fashion we generalize the oxidation-reduction stability of the 2 + actinides 
with respect to the 3 + actinides as follows, again comparing adjacent actinides to each 
other, 

Am > Cm < Bk < Cf < Es < Fm < Md < No, 

and the oxidation-reduction stability of the 4 + actinides with respect to the 3 + 
actinides as follows, 

Th > Pa > U < Np < Pu > Am > Cm << Bk > Cf >> Es. 

Relative oxidation-reduction stability relationships, in which both the lanthanides 
and actinides are compared (stable high oxidation state on the left, stable low oxidation 
state on the right) in various media, are shown in figs. 9 and 10. 

Although several energetic factors contribute to these oxidation reduction stability 
relationships, the relationships primarily reflect dramatic changes in the third and 
fourth ionization energies (table 2) and the f ~ d  energy level differences originally 
formulated by JCrgensen (1962) and elaborated more recently by Brewer (1971, 
1983a, b), Nugent et al. (1971, 1973a) and Johnson (1977). 

To illustrate how the third and fourth ionization energies dominate the energetics of 
f-element oxidation-reduction processes, three cycles will be considered. Only the first 
cycle, scheme I, includes f ~  d transitions inherent in the sublimation of metals. Scheme 
I represents the process of oxidation of the metal to the "normal" 3 + oxidation state, 

M(s) + 3H +(aq) ~ M3(aq) + ~Hz(g ). (18) 

M(g) 

AsublH A 3Hl(g) 

-3AhydH 

M(s) + 3H+(aq) 

I1 + 12 + 13(M) I~ M3+(g) 
/ 

-31(H) ~ 3H(g) I AhydH 

-3AfH°(H,g) 

3/2H2(g) + M3+(aq) 
SCHEME I 

The prominent terms AsublH(M ) + I3(M) + AhydH(M 3 +), the sums of which are shown 
in fig. 11, are responsible for variations in the energetics of reaction (18). It is evident 
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Fig. 11. Stability cycle for lanthanide-actinide M ~M3+(aq) energetics. 

that these three terms are responsible for the trends in the stability of M 3 +(aq) with 
respect to the metal. Eu 3 +(aq) and Yb 3 +(aq) are notably destabilized because of their 
high 13 values (partly compensated by small Asu u. The actinide points (open circles) 
that lie well above the lanthanide points (filled circles), e.g., Th 3 +, Pa 3+ and No 3+, 
represent very unstable 3 + ions with respect to oxidation (Th 3 +, Pa 3 +) or reduction 
(No 3 +). 

Scheme II represents the process of reduction of M 3 +(aq) to M 2 +(aq), 
M 3 + (aq) + H + (aq) -- M 2 + (aq) + ½ H2(g ). (19) 

M3+(g) "I3(M) ~ M2+(g) 

-&hydH(M a+ ydH(M2+) 

fHO(H,g) Y dH 

I I 

M3+(aq) + 1/2 H2(g) # H+(aq) + M2+(aq) 
SCHEME II 

(This cycle neglects f ~  d transitions.) This reduction is favored for No 3 +, to a lesser 
extent for Eu 3+, and even less for other M 3+ ions as shown in fig. 9. 

The prominent terms are AlaydH(M 3+) --AhyaH(M 4+) - I 4 ,  as summed in fig. 12. 
The crossover near Gd and Cm shows that the E°(M 3 +/M z +) is unfavorable for light 
actinides but favorable for heavy actinides. 13 is the term primarily responsible for the 
lanthanide-actinide difference. 

Scheme III represents the process of reduction of M 4 ÷ (aq) to M 3 ÷(aq), 

M 4 +(aq) + H +(aq) ~ M 3 +(aq) + {He(g ). (20) 
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Fig. 13. Stability cycle for lanthanide actinide M 4 + ( aq )~  M 3 + (aq) energetics. 
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This reduction is very favorable for most of the lanthanides but not so favorable for 
some actinides as shown in fig. 10. 

The prominent terms are AhydH(M 3 + ) - A h y d H ( M  4+ ) - -  14, as summed in fig. 13.14 
is the term primarily responsible for the lanthanide-actinide difference. The much 
smaller step between Cm and Bk (as compared to the large step from Gd to Tb) shows 
that the E°(M 4 +/M 3 +) behavior is very different for the light lanthanides and actinides, 
but rather similar for the heavier halves of each series. We conclude that ionization 
energies 13 and 14 dominate the 3 + /2  + and 4 +/3 + oxidation-reduction reactions 
of the f-element ions in solutions and in compounds. 
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Symbols 

C hydride composition (H/M) 
Cp heat capacity 
AGf ° standard free energy of formation 
AHf ° standard enthalpy of formation 
ASf ° standard entropy of formation 
E a activation energy 
h Planck's constant 
M lanthanide or actinide metal 
# magnetic moment 
n exponent defining the pressure dependence 

of the hydriding rate 
v frequency 
P H z pressure 
Pù pressure below which the hydriding rate is 

controlled by the H 2 activity 
Pe equilibrium H 2 pressure in the 

metal + hydride two-phase region 
P~ pressure below which the hydriding rate is 

controlled by H z impingement 
P~ pressure above which the surface is 

saturated by H 2 

R gas constant 
p electrical resistivity 
pù, magnetic resistivity 
r hydriding rate 
T temperature (°C or K as specified) 
T c ferromagnetic ordering (Curie) 

temperature 
T1 spin-lattice relaxation time 
T 2 spin-spin relaxation time 
7~ antiferromagnetic ordering (Néel) 

temperature 
O fractional surface coverage by adsorbed 

species 
O D Debye temperature 
x hydride stoichiometry in the metal 

(c-phase) or cubic hydride regions 
y hydride stoichiometry in the 

substoiehiometric region below the 
trihydride 

1. Introduction 

The last comprehensive review and evaluation of rare-earth hydride systems was 
published as part of this series by Libowitz and Maeland (1979). This chapter gives a 
good generic description of the phase behavior expected from various systems, 
as weil as a basic introduction and explanation of the thermodynamic relation- 
ships and calculations relevant to a typical metal-hydrogen system. Methodologies 
for calculations and extensive data are presented and will not be repeated 
here. 

During the decade prior to the preceding chapter, interest in the properties of 
rare-earth alloys for hydrogen-storage purposes generated a great deal of research acti- 
vity. Preliminary data and discussion appear in the earlier chapter. Interest has since 
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lessened considerably, due in part to some of the sobering facts on reactivity, ultimate 
usefulness and costs, and also to ample availability of fossil fuels. An area of theoretical 
interest at that time was a continuing controversy as to whether hydrogens are 
"protonic", "atomic" or "hydridic" in nature, a question since laid to rest in favor of 
the latter by excellent studies. 

New directions are evident in more recent investigations. Basic work in magnetism, 
electrical resistivity, neutron scattering, NMR and Mössbauer spectroscopy are docu- 
mented by Libowitz and Maeland (1979). Since that time, solid-state physics and che- 
mistry have been extremely active areas. The latest techniques and spectroscopies are 
often employed in combination to the extent that it is sometimes difficult to catalog a 
publication according to its major focus. Centers of expertise have emerged over the 
past twenty years at the Ames Laboratory, the Institut Hydrogene et Defauts dans les 
Metaux, the University Paris-Sud, and the ETH Zürich for the rare-earth hydrides, and 
at the Los Alamos National Laboratory and the Oakridge National Laboratory for 
actinide hydrides. Surface spectroscopies add a new dimension to our understanding, 
complemented often by advanced relativistic and fully self-consistent band-structure 
calculations. A large amount of new elastic and inelastic neutron scattering data gives 
new insight and precise data to the body of literature. 

The bulk of older literature deals with structural determinations, P-C-T studies and 
heat-capacity measurements leading to thermodynamic data and phase relationships, 
but coverage of such studies is comparatively small in the present chapter. In addition 
tòafilling some gaps in the literature, most recent work confirms the results of previous 
structural and thermodynamic studies. However, as will be.noted below, new and even 
startling observations are reported in the phase behavior of some systems that 
heretofore were thought to be consistent and weil understood. The occurrence of mixed 
valence and intriguing electronic behavior in the Yb + H system deserves comment. A 
large body of literature has accumulated concerning the alpha phase (the region of 
hydrogen solubility in the metal) which, although not a "hydride" in the strict sense, is 
certainly a hydride precursor with implications for understanding higher composition 
phases. 

A combined review of the rare-earth and actinide hydrides is appropriate. A 
reasonable literature on actinide-hydrogen systems now exists with an attendant 
realization that the 5f metals form fully rare-earth-like hydrides as weil as totally 
unique hydride phases. This chapter concentrates on correlating the 4f and 5f 
metal-hydrogen systems and relies heavily on the most recent interpretations of the 
solid-state physies and chemistry. 

2. Nature of the 4f and 5f elements and hydrides 

2.1. Electronic structure 

Electronic properties are an important determinant of hydride properties. Whereas 
the rare-earth 4f electrons are considered to already be localized in 7-cerium, the 5f 
actinide series is complex and produced great puzzlement in the early days. Thorium 
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and its compounds seemed to show a regular extension of the normal tetravalent 
behavior of Ti, Zr and Hf, thus beginning a new d-electron series. Unfortunately, 
radioactive actinium provides little help; the few measurements available show this 
element to be lanthanum-like with essentially the same metallic radius as La and 
having the trivalent state characteristic of Sc, Y and La. At protactinium, the broad- 
band, diffuse 5f electrons first dip below the Fermi level and give birth to a whole new 
chemistry and physics. Although the resulting research has been new and exciting and 
is presently rather well understood, those topics are not the province of this chapter, 
except as the data might apply to hydride systems. 

In proceeding across the actinide series, two major and concomitant events occur: 
(1) more 5f electrons are added, and (2) the 5f bands narrow. As 5f electrons are added, 
they remain in the valence band and hybridize strongly with the s-d electrons. In 
contrast to their importance in the rare earths, s-d electrons contribute little to the 
chemistry and physics of the early actinide metals compared to the enormous influence 
of the 5f electrons. Narrowing of these bands as one proceeds across the series results 
finally in the onset of f-electron localization. This incipient localization produces 
a bewildering array of temperature- and structure-dependent properties at plutonium. 
Localization is percipitous and complete at americium, driven finally by spin polari- 
zation. 

As one might expect, the physicochemical properties of the alloys and compounds of 
the actinide metals are as varied as any in the entire periodic table and include super- 
conductors, magnets, heavy fermions and an array of valence states. The basic expla- 
nation is rather simple and given here because of its straightforward application to the 
hydride systems. Hill (1970) points out that most actinide compounds can be 
catalogued as to whether the 5f electrons are delocalized (bonding) or localized 
(essentially non-bonding) on the simple basis of lattice spacing. These so-caUed "Hill 
plots" are useful as a general guide; breakdowns appear for f-p bonded systems, but 
these refinements are not of concern here. Simply stated, if the lattice spacing is large, 
the 5f wave functions fall short of significant overlap and bonding reverts to much 
simpler s-d configurations characteristic of cubic or hexagonal symmetry. However, 
the 5f electrons exert influences in non-bonding areas such as magnetism, electron 
scattering and possible interaction with the hydrogen 1 s electron. In the rare-earth hyd- 
rides, the effect of magnetic ordering on the conduction electrons is well documented. 

Although the electronic behavior of the rare earths is more consistent than that of the 
actinides, important variations are encountered. The enhanced stabilities of electron 
configurations for divalent oxidation states prior to the half-filled and filled 4f 
configurations is weil known. Strong alkaline-earth-like properties are manifest at Eu 
and appear in progressively lesser extents at Yb and Sm. The increased stability of 
tetravalent oxidation states at Ce, Pr and Tb apparently do not influence hydride 
properties. 

2.2. The early-actinide hydrides 

The early-actinide hydrides are diverse and unlike those observed for their rare-earth 
analogs. Ward (1985a) has provided an extensive review of the properties of the actinide 
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hydrides, through the Am + H system; Flotow et al. (1984) review the chemical thermo- 
dynamics of these hydrides. On the basis of fragmentary information from a microgram 
sample, actinium hydride is identified by Farr et al. (1961) as having a cubic lattice 
parameter of 5.670_+0.006Ä (cf. LaH3:a o = 5.663). Thorium forms an apparently 
normal dihydride like those of Zr and Hf, but then forms Th4H 15, a totally unexpected 
and unique superconductor. Possible influences of the 5f band are not obvious, but on 
closer examination the lattice constants are 17% larger than those for HfH2, with an 
M - H  distance typical of a trivalent metal. 

The behavior of the Pa + H system is even stranger than that of Th. The hydrides of 
this element and uranium have cubic structures which have no counterparts in the 
periodic table. A study by Ward et al. (1984) provides a complete characterization of 
the P-C-T behavior of the system; a subsequent report by Haschke et al. (1985) includes 
thermodynamic values along with an interpretation of the pronounced hysteresis 
observed in P-C isotherms. At temperatures below 500 K, Pari 3 -x (0.1 < x < 1.7) forms 
the bcc «-UH 3 structure, but unlike the stoichiometric uranium compound, the phase 
exists over an astonishingly large composition range. At higher temperatures, protac- 
tinium hydride forms the C15-type AB 2 Laves structure over the composition fange 
1.2 < H/Pa < 1.8. Pa-atoms occupy both the A and B sites in the cubic lattice. As 
discussed by Ward et al. (1984), the structure is apparently stabilized by large Pa-H 
moieties on the A sublattice and small Pa atoms on the B sublattice in which major f-f  
overlap is implied by a Pa Pa distance similar to that for the metal. The C15 phase is 
magnetic with moments attributed to the large A sublattice where f - f  overlap should be 
nil and localization possible. 

Upon further addition of hydrogen at high temperatures, a third protactinium 
hydride forms with sluggish kinetics and major hysteresis. This cubic phase exists over 
the 2.2 < H/Pa_< 2.9 composition range in a defect structure derived from that of 
A15-type/%UH» but pressures approaching 100 bar do not drive the composition to 
3.0. In contrast, formation of stoichiometric/~-UH 3 is rapid and facile. Metal atoms 
again p!ay two roles (metal-hydrogen and metal-metal interactions) in the A15 
hydrides for both Pa and U. Here again, both Pari 3_x and UH 3 are magnetic. 

2.3. The "rare-earth-like" actinide hydrides 

In remarkable contrast to the behavior of the early-actinide hydrides, the physico- 
chemical properties of the transuranium phases are suddenly more rare-earth-like. As 
discussed earlier, the progressive narrowing of the 5f bands favors the stabilization of 
the fcc structure with the larger M - M  distance; attendant localization can then occur 
and the f bands become "core-like" and magnetic. However, in contrast to the rare 
earths, the 5f electrons remain near the Fermi level and one can expect that effects 
such as scattering will then influence resistivity, neutron scattering and other 
properties. 

In comparing and contrasting the rare-earth and late-actinide hydride systems, it 
should be noted that a shifted homologous relationship exists for the metals, as shown 
in fig. 1. As noted by Johansson (1975) and discussed by Ward (1985b), the heavy 
actinide metals relate to the beginning of the rare-earth series, rather than to the direct 



298 J.W. W A R D  and J.M. H A S C H K E  

[ 
Th 

r . . . .  
La ICe  ** 

I 

Ac [ Pu 
l L . . . .  t 1 

J I I E 
Pa U Np t I 

I-- = =J 
f-bonding 

Pr Nd Pm Sm E u *  i Gd Tb 

half-fil[ed shell 
Am C i  "q Bk Cf Es * Cm 

L*-  . . . . . . . . . . . . . . . . . . . . . . . . .  half-fil[ed shell 

* Divalent 

* * f bonding in the collapsed phase 

Fig. 1. Shifted homologous  relationships between the lanthanide and actinide metals. The propert ies of Am 
through Es (metals without significant f-bonding) most closely mimic those for Pr through Eu; the half- 
filled shell gives Cm some properties like Gd. After Ward et al. (1986). 

homologs. This relationship is quite remarkable and consistent, in terms of crystal 
structures, heats of vaporization and chemical properties, and extends easily to the 
divalency beginning at einsteinium compared to europium, and the ambivalence of 
both californium and samarium. It should be noted that the respective half-filled shell 
points cause an inconsistent perturbation to the model. (e.g., curium correlates to 
neodymium, but also in some ways to gadolinium). 

Bearing this correlation in mind, one can immediately say that the hydrides of Np, 
Pu and Am are rare-earth-like with wide cubic solid s01ution ranges up to H/M = 
2.7-2.8 and somewhat smaller lattice parameters. The hexagonal phase appears with 
regularity, unlike the behavior encountered for Ce, Pr and Nd. P-C-T data are not 
available for the Cm system and beyond, but relatively "normal" behavior is expected. 
As pointed out above, the large and simple lattices of the early rare earth and late- 
actinide hydride systems preclude f - f  overlap. Since the "actinide contraction" is 
delayed as compared to the rare-earth contraction, phase relationships such as those 
seen for Gd hydride and beyond are not expected for the actinides. 

It should be noted that the late-actinide hydrides react more easily and vigorously 
than any of the rare-earth counterparts. This effect, which is kinetic and not thermo- 
dynamic, is discussed in section 5. As an introduction to the new data and information 
to be presented, comparative trends for the rare-earth and late-actinide hydrides are 
summarized in table 1. It should be understood that "MH2" simply implies a value at 
or near the phase boundary and that the temperature of the measurement is not 
unambiguously defined. For most systems, the phase-boundary composition is near 

MH1.9 + ö. 

3. Phase and structural relationships 

3.1. New insights 

The rather simple view of hydride systems derived on the basis ofearly work must be 
revised. Experimental observations show that large lattiee systems (La, Ce, Pr) form 
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TABLE 1 
Comparative trends in the trivalent rare-earth and late-actinide hydrides. 
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Element MH//MH 3 phases Lattice Magnetic Minimum AH ° of 
M (ambient) constant M-H MH2 

MH 2 (Ä) distance (Ä) (kJ/mol) 

La fcc solid solution 5.66 no 2.45 - 207.5 
ce fcc solid solution 5.58 yes 2.42 - 217.6 
Pr fcc solid solution 5.52 yes 2.39 - 207.9 
Nd fcc solid solution (hexagonal) 5.46 yes 2.37 - 211.3 
Sm fcc solid solution, hexagonal 5.37 no 2.33 - 223.8 
Gd fcc solid solution, hexagonal 5.30 yes 2.32 - 204.6 
Tb fcc solid solution, hexagonal 5.25 yes 2.32 - 209.2 
Dy fcc solid solution, hexagonal 5.20 yes 2.32 - 209.2 
Ho fcc solid solution, hexagonal 5.17 yes 2.32 - 225.9 
Er fcc solid solution, hexagonal 5.12 yes 2.32 - 223.8 
Tm fcc solid solution, hexagonal 5.09 yes 2.32 - 225.1 
Lu fcc solid solution, hexagonal 5.03 no 2.32 - 204.8 

Ac fcc solid solution 5.67 (no) 2:46 - ??? 
Np fcc solid solution, hexagonal 5.34 no 2.32 - 111.6" 
Pu fcc solid solution, hexagonal 5.36 yes 2.32 - 155.6 
Am fcc solid solution, hexagonal 5.35 no 2.32 - 190.4 
Cm fcc solid solution, hexagonal 5.32 (yes) 2.32 ( - 187.0) 
Bk fcc solid solution, hexagonal 5.25 (yes) 2.32 - ??? 
Cf fcc solid solution, hexagonal 5.29 (yes) 2.32 - ??? 

* For hypothetical NpH2.o. 

CaF2-related cubic sol id-solut ion phases start ing near  M / H  = 2.0 and cont inu ing  to 
3.0; substoichiometr ic  LaF3-related hexagonal  trihydrides appear  for the later rare- 
earth and  the t r ansu ran ium systems. In  early descriptions, these extended solid 
solut ions are cited as examples of classic nonstoichiometry.  Al though the upper  phase 
b o u n d a r y  of the cubic phases vary with metallic element and  condit ions,  a general 
conceptual  model  has been applied to all systems. The tetrahedral  interstices (t-sites) in 
the ccp metal  sublattice were formerly assumed to be fully occupied at the dihydride, 
but  this is often (see below) not  true. Higher stoichiometries were viewed as part  of a 
con t inuous  solid solut ion formed by r andom occupancy of vacant  octahedral  intersti- 

ces (o-sites) in the dihydride structure. The o-site/M ratio o fone  leads to an upper  limit 
of M H  3 for the phase and  to a BiF3-type structure. The structure of the hexagonal  
hydride is derived by format ion of r andom hydrogen vacancies in the LaF3-related 
parent.  

Results of newer and more sensitive measurements  suggest that  the rare-earth and  
t r ansu ran ium hydrides are similar to other systems with extended non-s toichiometr ic  

phases. For  the cubic region, a close analogy is found to CaF2-related systems having 
cat ion altervalence. Examples are provided by the M ( I I I ) - M  (IV) oxides ofCe,  Pr  and  
Tb and  the M ( I I ) - M  (III) fluorides of Sm and  Eu are described in respective reviews by 
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Eyring (1979) and by Greis and Haschke (1982). As in the hydride systems, continuous 
solid solutions exist at high temperatures after the miscibility gap closes. In the oxide 
systems, this closure is between the CaF2-related M20 3 and the CaF2-type MO 2 
phases. A similar gap closure is observed between the CaF2-type MF 2 and LaF 3- 
related MF 3 phases. However, as discussed by Haschke et al. (1987), charge balance in 
the hydrides is apparently not accomplished by cation altervalence, but by progressive- 
ly binding conduction-band electrons as hydridic states. This process is evidenced by a 
regular change from metallic to semiconducting behavior with increasing H/M and by 
a small decrease in lattice dimension with increasing composition. 

Although the high-temperature oxide and fluoride solid solutions are readily 
obtained by quenching, equilibration of the product leads to precipitation of stoichio- 
metric intermediate compositions. In these phases the metal ions exist as mixtures of 
oxidation states with structures derived by long-range anion ordering in a lower- 
symmetry lattice related to fluorite. As described by Eyring (1979), lattice-imaging 
microscopy shows that the oxide solid solution is formed by coherently intergrown 
microdomains of the ordered low-temperature phases. Evidence for a similar process 
involving layers composed of metal-fluoride clusters are reviewed by Greis and 
Haschke (1982). Variations in the stoichiometries and ratios of the domains provide a 
mechanism by which a continuously varying composition is attained at high tempera- 
ture. Because of the intergrowth process, macroscopic properties such as ther- 
modynamic activity and lattice parameter seem to vary continuously with composition 
as anticipated for an ideal solid solution. 

A strong analogy between the hydrides and the oxides and fluorides is evident and 
suggests that the conceptual model described above should be reexamined. As outlined 
on the following section, recent measurements for the lanthanide and transuranium 
hydrides show that ordered hydride phases form in the cubic region at sub-ambient 
temperatures with various and often subtle lattice distortions and displacements of H 
atoms from so-called "normal" t-sites and o-sites. An important difference between the 
behavior of the hydrides and those of the oxides and fluorides is the temperatures at 
which order disorder transitions occur leading to closure of the miscibility gaps. Be- 
cause hydrogen mobility is high compared to that of oxygen or fluorine, hydride 
ordering is expected to occur at lower temperatures than for the oxides or fluorides. The 
extended hydride solutions existing above the disorder temperatures probably involve 
coherent intergrowth processes of domains or clusters. Closest-packed metal layers in 
both the cubic and hexagonal hydrides provide a coherent interface for intergrowth of 
those structures. 

Significant progress has been made in defining the equilibria and structures of the 
c-phase and the cubic hydrides, but the picture is far from complete. The experimental 
difficulties of determining positional coordinates for hydrogen in polycrystalline 
samples and of conducting measurements at low temperature present substantial 
obstacles. Greis et al. (1981) has demonstrated that the rate of cooling is an important 
factor in forming ordered hydride phases. Relationships are sometimes confused, and it 
is not clear whether to discuss recent observations along with relevant experimental 
teehniques or to consider each observation in a special section devoted to a technique. 
What follows is perhaps a hybrid, but topically leaning toward the latter. 
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3.1.1. Results of X-ray diffraction, elastic neutron scatterin9 and other techniques 
The phase and structural relationships of the lanthanide- and actinide-hydride sys- 

tems are outlined here with relevant corollary evidence to provide a suitable back- 
ground and preparation for some of the more esoteric discussions to follow. Histori- 
cally, the first realizations of latent structural complexities appeared with the advent of 
more precise neutron-diffraction measurements in conjunction with new low-tempera- 
ture capabilities. X-ray studies have been of limited utility because only metal atom 
positions are defined and only the near-surface regions of opaque heavy-metal hydrides 
are sampled. However, the influence of the H sublattice ordering upon the metal lattice 
can be deduced. 

Neutron studies on the Ce + D system by Cheetham and Fender (1972) and conti- 
nued by Titcomb et al. (1974) indicate that octahedral deuterium atoms are displaced 
from their ideal locations by as much as 0.3 Ä along the {111} direction toward the 
t-sites. At higher hydrogen concentrations, previously filled t-sites are found to be 
vacant while o-sites are prematurely filled. Implications regarding the contraction of 
the lattice with increasing o-site occupancy will be considered later. Although incom- 
plete occupation of t-sites at the supposed composition CeD2.oo was not observed by 
these authors, such behavior is since well established for most lanthanide hydrides. 
Their low-temperature experiments foreshadow the later discovery oflow-temperature 
ordering processes that are now well-established by a variety of experimental tech- 
niques. 

Supporting observations were reported by other workers. Libowitz et al. (1972) not 
only observed a tetragonal distortion in CED2.75 by X-ray measurements near 252 K, 
hut also documented a well-defined metal-to-semiconductor transition. Khatamian 
et al. (1980) studied YD1.96 and YD1.98 at room temperature and 11 K and found a 
reduced occupancy of t-sites, an enhanced occupation of o-sites and a diminution of the 
effect at 11 K. The implication of these observations is that thermal activation moves 
hydrogen atoms from the lower-energy t-sites to the higher-energy o-siteso Fedotov 
et al. (1982), studying the compositions CED2.26 and CED2.43 , clearly establish the 
low-temperature ordering of octahedral hydrogens and the concomitant appearances 
of superlattice lines corresponding to two tetragonal domains (space groups I4/mmm 
and I41 md), with approximate doubling of the c-dimension of the unit cell. These 
authors report nearly 3~o vacancies in the tetrahedral sublattice and displacements of 
D atoms from normal sites. In a related study, Anderson et al. (1980) used proton- 
NMR rigid-lattice second-moment measurements to show that the o-sites for YH1.98 
are already up to 15~ ococupied and the t-sites are then nearly 10~ depopulated. The 
small lattice (a o = 5.205 A) may favor this effect. 

Bashkin et al. (1979) investigated the Nd-H system by differential thermal analysis 
(DTA) in the temperature range- 140 to 100°C. As shown in fig. 2, a T - C  diagram 
constructed on the basis of their thermograms confirms the existence ,of several 
low-temperature phase fields and indicates a composition-dependent phase transition 
in the region NdH2.6»_ 2:75. The hexagonal phase was later confirmed for NdH2.82" By 
invoking comparisons with neutron diffraction and resistivity data, the authors 
conclude that their observations result from low-temperature ordering in the octahed- 
ral sublattice. The relevance of their dome-shaped maxima to later results will become 
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clear shortly. A further example is shown by the neutron-diffraction studies of 
Didisheim et al. (1980) for LaH2.9o ' Assuming that the composition determined for this 
near-stoichiometric trihydride phase is accurate, the influence of vacancies appears to 
be small, but the displacement of H atoms in the {111} directions is detected. A phase 
transition is evident near 230 K. 

Further complexities may be introduced by magnetic, electronic or even isostruc- 
tural transitions. These effects are discussed in section 6, along with metal-semicon- 
ductor transition(s) appearing at high compositions. These rather murky waters have 
recently been greatly clarified by a combination of exceUent X-ray studies and other 
techniques in the Laboratory for Solid-State Physics at the ETH, Zürich. A "generic" 
T - C  diagram from the work of Boroch et al. (1989) on the La + H system is presented 
in fig. 3. Every point defines an in-situ X-ray result; the "two-dome" system clearly 
shows two dominant tetragonal regions and well-defined two-phase regions in addi- 
tion to the normal cubic structure. With appropriate adjustments to the temperature 
and the composition scales, this diagram defines the expected behavior of the La, Ce, Pr 
systems, describes the Nd + H system to some extent, and correlates with what is 
presently known of the late-actinide hydrides. Another example is the work of Boroch 
ar~d Kaldis (1987) on the Ce + H system. Detailed studies on this system are described 
by Boroch and Kaldis (1989), and Conder et al. (1989), who added high-resolution 
differential-scanning calorimetry (DSC) to their measurements. The DSC results reveal 
a further dimension of complexity in the phase diagrams below room temperature, with 
evidence for multiple non-stoichiometric phases or solid-solution regions. 

Results for the early rare-earth systems are refined and extended with addition of 
neutron scattering results summarized by Conder et al. (1991). As shown in fig. 4, these 
incomplete measurements reveal rather complex phase diagrams with as many as nine 
microphases for La + H and more than ten for Ce + H. These painstaking studies 
were done with a precision in H/M of 0.005; thus, it is clear why earlier less-precise 
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measurements may have missed such fine detail. The neutron data obtained by these 
authors are generally in good agreement with the X-ray results and identify the I4 
and I41 md space groups for tetragonal CEH2.33 and CeH/.43, respectively. Measure- 
ments in the higher composition regions show an additional tetragonal phase near 
H/M = 2.7-2.8 and another phase that apparently results from a distortion of cubic 
symmetry near the trihydride composition. As shown in fig. 4, extra diffraction lines 
could arise from residuals of the eutechtoid transformation beginning near room 
temperature (290 K for La + H, 305 K for Ce + H). These data eonfirm earlier neutron 
work indicating tetragonal phases, but show that these systems are still not well 
understood. 

To briefly summarize the implications of this section with respect to the rare earths, 
we now realize that the low-temperature phase relationships are exceedingly complex 
and, as we shall see later, also provide a fertile area for resistivity, magnetic and crystal- 
field measurements as well as theoretical studies. The earlier papers can be drawn into 
reasonable agreement by examining fig. 4; cooling a hydride sample from ambient 
temperature at a given composition could give very different results than a similar 
experiment begun at a slightly different composition. 
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For actinide systems, Np + H and Pu + H are most thoroughly studied. Work by 
Haschke et al. (1987) on Pu + H suggest that multiple phases form in the continuous 
solid-solution region during hydrogen desorption studies at elevated temperatures. 
Stoichiometry ranges of these phases are indicated by linear regions in ln P - C  
isotherms for the 1.8 < H/Pu  _< 3.0 range in fig. 5. Except for the III + IV field defining 
the cubic + hexagonal two-phase region, each segment defines a region of constant free 
energy change expected for a composition range having a closely related structure, and, 
as discussed by Ward (1985a), these apparent structures are formed by relatively rapid 
reaction above 400°C. Haschke et al. (1980) draw an änalogy to the rare-earth fluoride 
systems of Sm and Eu, in which the phase behavior seems remarkably similar to that of 
the Pu l l  2 +x system. As outlined in the review by Flotow et al. (1984), a metastable 
cubic solid-solution region apparently forms below 400°C for H/Pu _> 2.7. The meta- 
stable region is an extension of the stable cubic phase existing at lower compositions; 
the cubic trihydride composition is approached by careful addition of hydrogen and 
avoidance of heat spikes. Reaction in the cubic regime occurs essentially without 
hysteresis and with a remarkably constant entropy change characteristic of an ideal 
solution. Haschke and Hodges (1981) propose that the low-temperature cubic modifi- 
cation occurs bec~tuse the metal atoms cannot easily move or reorder from a ccp to an 
hcp arrangement at low temperature. The question arises as to whether similar 
behavior could be induced in some rare-earth hydrides by such temperature/rate 
variations. However, none of these systems react readily at such low temperatures, and 
it would appear that the Pu + H system may be unique in this respect. 

Elastic neutron scattering studies by Bartscher et al. (1985) on the compositions 
D/Pu = 2.25, 2.33 and 2.65 show an apparent progressive depletion of t-sites (as 
compared to PuD2) at the higher compositions. A displacement of octahedral 
deuteriums by 0.4 ~ in the { 111 } direction is in agreement with observations noted 
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above for certain rare-earth systems. A conceptual model based on vacancy clusters is 
proposed by Haschke et al. (1987) for interpreting t-site and o-site occupancy factors 
observed in this work. More recent neutron studies by Goldstone (1990) at the Los 
Alamos National Laboratory indicate a highly strained lattice, but show no evidence 
for distortion or tetragonal transformation(s). However, cooling rates and annealing 
times can be major factors in interpreting low-temperature data, as will be seen in the 
resistivity and magnetism discussions below. The "freeze-in" of hydrogens in cubic 
plutonium hydride at low temperatures seen in NMR results is reported by Cinader 
et al. (1976) and is evidenced by a broad lambda-type transition in the heat-capacity 
curve presented by Flotow et al. (1984). In any case, the low-temperature structural 
behavior of the Pu + H system remains to be fully characterized. 

In contrast, the Np + H system, although unique in some ways, shows no unusual 
normal-to-high-temperature behavior. P-C-T measurements by Ward et al. (1987) are 
shown in fig. 6. These studies, using ultra-high-purity metal, resolved some discrepan- 
cies in earlier measurements and elearly defined for the first time a cubie-to-hexagonal 
two-phase region and an extremely narrow NpH3_ x phase. Most unusual for this 
system, as compared to all lanthanide systems and to the Pu + H and Am + H systems, 
is the sharp phase boundary near NpH2.13. The data imply a thermodynamic equival- 
ence of the o- and t-sites, while still in the (flat) plateau region above x = 2.0. As shown 
in table 2, cooling at this phase boundary composition produces a tetragonal phase 
similar to that shown in fig. 3, with the t-sites 11~ vacant, even at 10K. Thermal 
activation at the higher temperatures inereases the population of the higher-energy 
o-sites, as discussed by Khatamian et al. (1980). The small lattice of NpHz. 13 may favor 



306 J.W. WARD and J.M. HASCHKE 

100 

10 

1.0 

J~ 0 . 1 0  
« 

0.010 

0.0010 

I I 

I 
, / . ,  ~¢/,/ 

Torr 

(0.2945) 628<~4C 

(0.1935) 60o..~Q~_5 C 

_~_ (0.1042) 57c~.7~4 C 

\, 'Q (0.0365) 524 C 

(0.0124) 476 C ,,~ ~ ,I/ ~ f, ~ ~' .x  d j }--10 

(0.0034) 425 C 

(0.00053) 364 C o 

0.0001 I r J ~-o.I 
0 1.0 2.0 3.0 

H/Np 

Fig. 6. P - C - T  diagram for the Np + H system. Key: © hydriding, • dehydriding; temperature ramp data 
at fixed H 2 moles. After Ward et al. (1987). 

this effect because the degree of t-site depopulation for the early rare earth hydrides is 
much smaller (<  3~  for LaH2.o) than for yttrium (near 10~ for YHx.98 ) and the 
actinides. The same I4/mmm space group for NPD2.13 is also assigned to the tetragonal 
phase at the NPD2.65 composition, although there are subtle differences between these 
structures. In any case, the t-sites are nearly filled at the higher composition. 

For the Np + H system the lattice expands upon further addition of hydrogen 
beyond the 2.13 phase boundary, in contrast to all other rare-earth hydride systems. 
This is because the minimum Np-H distance of 2.32 Ä has already been reached at the 
phase-boundary composition (see table 1). The lattice parameter is smaller than that 
for SmH 2 as well as those for Pull 2 or AmH» suggesting that the "actinide contrac- 
tion" does not really begin until Pull 2. Yet, as shown in fig. 6, the hexagonal phase does 
not appear until quite late and its stoichiometry range is quite narrow. The implications 
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TABLE 2 
Neutron-diffraction data for neptunium deuterides. 

307 

Temperature Space group Lattice parameter Tetrahedral s i t e  Octahedral site 
(K) occupancy oceupancy 

Fitted values for NPD2.1 
10 I4/mmm a = 5.3337 (3) 1.778 (8) 0.352 (8) 

c = 10.6493 (7) 

100 I4/mmm a = 5.3348 (4) 1.774 (8) 0.357 (9) 
c = 10.6522 (8) 

200 I4/mmm a = 5.3349 (4) 1.75 (1) 0.376(9) 
c = 10.6557(8) 

300 Fm3m a = 5.3324 (4) 1.72 (1) 0.413 (9) 

Fitted values for NPD2.65 
10 I4/mmm a = 5.3337 (4) 1.95 (1) 0.70 (1) 

c = 10.6339(8) 

100 I4/mmm a = 5.3259 (4) 1.97 (1) 0.68 (1) 
c = 10.676 (1) 

200 I4/mmm a = 5.3352 (5) 1.95 (2) 0.70 (2) 
c = 10.465 (1) 

300 Fm3m a = 5.3361 (3) 1.95 (1) 0.71 (1) 

of  5f-electron effects on the electronic and thermodynamic  properties of  this system will 
be considered in subsequent sections. 

Neu t ron  studies of rare-earth and actinide systems suggest that  a similar ordered 
structure forms at low temperatures. A "generic" tetragonal  lattice is shown in fig. 7a. 
Order ing of the octahedral  hydrogens  first occurs in the c-axis directions, and further 
ordering at still lower temperatures can result in addit ional isostructural and/or  
electronic transitions. Figure 7b shows typical elastic neutron diffraction data  for 
NpDz.65; superlattice lines begin to appear  below 200 K. Addit ional  peaks, seen at 
10K, may  relate to the structure seen in the electrical-resistivity measurements  
discussed below. 

Available structural and P-C-T data  for the Am + H system have been reviewed and 
correlated by W a r d  (1985a). N o  solid-state proper ty  measurements  have been made for 
this system, other  than the recent resistivity measurements,  to be discussed below. As 
note  in table 1, the normal  fcc and hexagonal  phases have been identified by X-ray 
diffraction, a l though the P-C-T data  were not  sufficiently developed to delineate the 
latter phase. Note  also that  the heat of format ion for A m H  2 is nearly equal that  for a 
typical rare-earth hydride. 

For  the t rans-americium systems only X R D  data  are reported for very small samples 
having unknown  composit ions.  Nevertheless, results obtained with microgram quanti-  
ties are quite remarkable and clearly establish the anticipated rare-earth-like proper-  
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ties. Gibson and Haire (1985a) prepared oboth cubic CmH2+ x (ao=5.322Ä) and 
hexagonal CmH3_y (ao = 3.77 A, Co = 6.73 A) phases, the latter forming by a sluggish 
process typical of the earlier-actinide hydride systems. Gibson and Haire (1990) 
continued their studies on both the Am + H and Cm + H systems using Knudsen 
effusion mass spectrometry to estimate heats of formation. 

Gibson and Haire (1985b) have also prepared microgram quantities of cubic 
BkHz+ x (a o = 5.25 Ä) and hexagonal BkH3_y (a o = 3.73 A, c o = 6.66A) phases. The 
ù actinide contraction" appears to continue, although the exact compositions are not 
known for these phases. Here the hexagonal phase forms rather easily, as is the case for 
the later lanthanide hydrides. Finally, Gibson and Haire (1985c) describe a cubic 
californium dihydride with an unexpectedly large lattice parameter (ao = 5.29 Ä), but 
have been unable to prepare the trihydride. In discussing the physicochemical and 
thermochemical properties of californium metal in terms of the incipient trend of the 
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late actinides toward the divalency confirmed at einsteinium, Ward et al. (1986) draw 
an analogy to the Sm-Eu region in the rare earths, for which the trend is immediately 
broken by the stability of the half-filled shell. Gibson and Haire (1985c) propose a 
"reduced-valent" Cf to explain the expanded lattice; more likely; however, a mixed- 
valent system akin to that found recently for the Yb + H system is more likely (see 
section 6.6). In analogy to that system, the hexagonal Cf phase might form with 
sufficient hydrogen overpressure. 

Examination of the trends established by the rare earths and actinides is instructive. 
Lattice parameters for the rare-earth-like actinide hydrides are summarized in table 3. 
A comparison of the formula volumes of all the lanthanide and actinide dihydrides by 
Gibson and Haire (1990) is shown in fig. 8. From this perspective it is obvious that 
NpH 2 is anomalously small and C f H  2 anomalously large. In any case, the non-metallic 
hexagonal phases are generally regular in terms of an actinide contraction and near- 
uniform c/a ratios. 

TABLE 3 
Lattice pararneters for the late-actinide hydrides. 

M fcc M H  2 hex M H 3 x c/a 
ao(Ä) ao(Ä) Co(Ä) 

Np 5.348 3.777 6.720 1.78 
Pu 5.360 3.779 6.771 1.79 
Am 5.344 3.764 6.763 1.80 
Cm 5.322* 3.769 6.732 1.79 
Bk 5.248* 3.726 6.663 1.79 
Cf 5.285* - - - 

* Probably MH2+ «, x unknown. 
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3.1.2. Other structure-related phenomena 
As noted before, it is difficult to assess individual and combined effects of stoi- 

chiometry, temperature, and electronic transitions. Whereas the tetrahedral hydrogens 
are usually considered in the framework of a strongly bound "rigid-lattice", the less- 
strongly bound octahedral hydrogens can move more easily throughout the lattice 
until temperatures below about 200 K are reached. As the o-sites fill, diffusion becomes 
increasingly difficult. However, ordering of the octahedral hydrogens at low tempera- 
tures apparently drives various related tetragonal transformations that depend on 
composition, but not on occurrence of concomitant metal-to-semiconductor transi- 
tions. The displacement of the octahedral hydrogens in the {111} directions toward 
t-sites not only indicates the presence of attractive forces but also implies that the two 
kinds of hydrogens are somehow electronically different. This is considered again in 
more detail in section 6. In any case, filling of o-sites causes the lattice to contract until 
H/M nears 2.3-2.4 (with the exception ofNp + H, as just discussed). Beyond this point, 
the intra-o-site forces appear to become repulsive. Concomitant occurrence ofmetal to 
metal-to-semiconductor transitions adds to the confusion. 

Stalinski (1985) attempts to draw some semblance of consistency to these various 
effects in a review article. Specific-heat measurements, once the domain primarily of 
thermodynamics, are sensitive to both structural transitions, electronic transitions (e.g., 
metal-to-semiconductor) and magnetic effects. Ito et al. (1983) describes a series of 
sharp anomalies for LaH3, o and LAD3. o in the range 200-300 K, indicative of multiple 
ordering transformations, displacements, etc. 

Although NMR is primarily a tool for measuring hydrogen-diffusion rates and 
defining mechanisms, it provides a method for tracking certain structural transitions. 
For example, large effects accompany the "freezing out" or ordering of octahedral 
hydrogens, as discussed by Göring et al. (1980) for LaHa.69 and described in earlier 
work by Cinader et al. (1976) for Pull2÷ x. Applications of NMR to electronic 
structure, magnetic effects, metal-to-semiconductor transitions, and diffusion will be 
discussed in appropriate sections. 

3.2. The alpha phase 

One of the most vigorous areas of study at the moment is the behavior of hydrogen in 
the alpha phase, the region of hydrogen solubility in the metal before a hydride phase 
appears. The composition range of this region can be highly variable, ranging from 
nearly negligible for the actinide hydrides to very large for the rare earths (,-~ 21~ for 
Lu + H at 298 K). Reasons for this variability are not weil understood although it 
seems to track with the metal melting point. The locations of the hydrogen atoms, the 
kinds of diffusion, the effects on solid-state properties, etc. are subjects of intensive 
investigation and are reasonable weil understood. 

Historically, results of studies on the alpha phase show a nearly exponential increase 
in recent years. Bonnet (1976) and Bonnet and Daou (1979) show that the addition of 
hydrogen to the hcp rare-earth metals results in a smooth, near-linear expansion of the 
lattice up to the saturation limit. Whereas the cell volumes for a number of metals 
expand at a similar linear rate (A V/V = 1.0 x 103/at.~o H), the c/a ratio remains close to 
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those of the parent metals. Filling of the smaller t-sites in the lattice is postulated 
because of strain observed during thermal expansion, a result consistent with accom- 
panying neutron studies. Tetrahedral-site occupancy is confirmed in channeling 
experiments by Danielou et al. (1981). Studies on the Tm + H system by Bonnet and 
Daou (1979) show that a curious condition occurs upon cooling; instead of precipita- 
ting hydride, certain systems form temperature-independent, constant-composition 
solid solutions. The authors prophetically postulated that some sort of' hydrogen 
pairing must occur. 

As discussed by Daou et al. (1981), a large and consistent resistivity anomaly occurs 
for the alpha phases. This behavior appears in the 160-180 K range and implies an 
ordering of the heretofore randomly distributed t-site atoms by a process that reduces 
the strain energy of the system. On the basis of diffuse neutron scattering results, 
Blaschko et al. (1985) show conclusively that the hydrogens order as second-neighbor 
pairs along the c-axis, as depicted in fig. 9a. Interstitial hydrogens pair in the C and B 
(triangles) tetrahedra separated by metal atoms; occupation of positions A and D is 
then precluded by repulsive effects. 

Other observations at this and other laboratories provides strong supporting 
evidence for the existence of ordering. Neutron-spectroscopy studies of Y(H)Do.1 s by 
Anderson et al. (1986) show a soft anharmonic potential along the c-axis and a 
low-temperature splitting of the e-axis vibrational modes. Further refinements for the 
Y + H system by Anderson et al. (1988) show that hydrogen diffusion between adjacent 
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Fig. 9(a) Model for ordering of hydrogen pairs 
in the c-phase. Hydrogen occupies the C and B 
tetrahedra across the metal atom. Key: • metal 
atom; • t-site; © o-site. After Blaschko et al. 
(1985). (b) An example of the "chain" structure 
formed by H - M - H  entities oriented in a typi- 
tal lattice. © metal atom; [] unoccupied t-site; 
• occupied t-site. After Blaschko (1991) and 
Pleschiutschnig et al. (1991). 
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t-sites is an order of magnitude faster than the bulk diffusion rate. Similar results are 
reported for the Sc + H system by Udovic et al. (1990). The pairing phenomenon is now 
well-established for the Sc, Y, Dy, Ho, Er, Tm and Lu systems, which paradoxically 
have the smallest metal lattices and opt to form the stable low-temperature phase with 
short-range ordering (pairing) of the dissolved H atoms, instead of forming a hydride. A 
typical phase schematic is shown in fig. 10, for the Er, Tm and Lu systems. 

Ordering in the alpha phase is predicted by calculation. In the first comprehensive 
theoretical study, Liu et al. (1989) use the self-consistent cluster model and the local- 
density approximation to successfully model the pairing mechanism. They identify an 
unusual double-weil potential along the c-axis, with a barrier height of only 0.15 eV. 
The concept of comparatively rapid diffusion along the c-axis is consistent with a 
t o-site barrier of 1.5 eV. The authors consider the NMR work of Lichty et al. (1989), 
who observed an anomalous change in the proton spin-lattice relaxation rate and 
interpreted the apparent lack of long-range order (between paired entities) as evidence 
of a disordered "proton-glass" system. 

The French group has established a definite relation between the paired entities. 
As shown in fig. 9b, chains of hydrogen pairs form along the c-axis and become 
especially evident at the high hydrogen concentrations. Using diffuse neutron scatter- 
ing, Pleschiutschnig et al. (1991) find recognizable relationships even at low concentra- 
tions (x = 0.06 and 0.08) for the Lu + D system. For LuDo.i9 , the chain consists ofthree 
or four pairs with a periodicity of 3c, as illustrated in fig. 9b. As discussed by Blaschko 
(1991), the particular "wave" of the chain is not unique; other similar structures are 
possible and fit the data weil The observed localized intensities, intensity ridges and 
ridge curvatures are well-reproduced. These inter-chain correlations show that the con- 
cept ofa "proton-glass" in an amorphous or disordered sense cannot be correct. How- 
ever, the origin of the periodic arrangement of ¼c hydrogen pairs is not yet explained. 
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Fig. 10. Partial phase diagram for the «-sol- 
utions formed by Er + H, Tm + H and Lu + H. 
Low-temperature ordering and final composi- 
tions. After Burger et al. (1985). 
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Extension of internal-friction measurements to the alpha regions of Sc + H and 
Y + H by the French group provide evidence for ordering in other systems. Vajda et al. 
(1991) summarize this work along with earlier data on Lu + H. All three systems have a 
similar hydrogen-speeific internal-friction peak (e.g., near 200 and 210 K for H and D in 
Sc, respectively) with activation energies for relaxation in the 0.54-0.61 eV range. 
Differences in the systems correlate with stiffness in the c-axis direction (Sc is most stift) 
leading to concomitantly shorter chains. Relaxation is identified with a bulk rearrange- 
ment of occupied and vacant interstitial sites. 

Another area of strong experimental interest is that of the mechanisms and paths for 
diffusion. Whereas low-temperature motion is through t-sites, higher-temperature 
motion is via t-o-t-site migration with no residence in the o-sites. There is some 
disagreement as to whether the motion is by hopping, by tunneling or by both 
processes; all possibilities describe the dynamics well. A detailed discussion of the 
general topic of diffusion is presented in section 6.3.2. 

4. Thermochemistry 

The thermochemical properties of the lanthanide-hydride systems have been well- 
catalogued by Libowitz and Maeland (1979). Heats, entropies and free energies of 
formation have been tabulated for both the dihydrides and dideuterides, as well as data 
for the La through Nd trihydrides and also the hydrogen-deficient hexagonal phases. 
Methods are described for typical calculations and are not repeated here. Ther- 
modynamic data and thermal functions are presented by Flotow et al. (1984) and by 
Ward (1985a and b) for the hydrides of Th through Am. Newer data are reviewed here, 
and the values in table 1 reflect these updates. 

4.1. New rare-earth data 

The amount of new thermodynamic data produced since the summary of Libowitz 
and Maeland (1979) is disappointingly smaU. The values in table 1 are assembled for 
convenience and are weighted averages based on interpretations of the quality of the 
work in cases of disagreement. An example is provided by the La + H system. Uchida 
et al. (1979) measured hydrogen equilibrium pressures in the rage 10-4-101 mbar at 
temperatures from 773-1023K, but do not describe the method of temperature 
measurement. High-purity hydrogen and extended sample outgassing were employed, 
but the working vacuum was only 10-6mbar. Plateau pressures for the two-phase 
region involving hydrogen-saturated metal and hydride in equilibrium with hydrogen 
yield an average heat of formation AH ° = -214  _+ ó kJ/mol H 2 equilibrium hydride. 
This is a rather high value in comparison to older results and can be compared to the 
work of Carstens (1981) who measured a value ofAH ° = - 198.74 kJ/mol H 2 (no limits 
given). His data for three hydrogen isotopes are given in table 4a, for the relationship 
H(D, T)2 + La(sat. soln.) = LaH2(solid ) and for the solution of H(D, T) in the metal. 
However, Dantzer and Kleppa (1980) point out that heats of formation based on 
plateau pressure data cannot produce a correct AHf ° for stoichiometric MH 2 and note 
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TABLE 4a 

Entha lp ies  and  entropies  of fo rmat ion  for LaH(D,  T)2. 

I so tope  AHe ° (kJ/mol)  ASe ° (J /mol K) 

H - 198.74 - 142.25 
D - 202.92 - 148.11 

T - 208.78 - 153.13 

TABLE 4b 

T h e r m o d y n a m i c  da ta  for the a lpha-phase  region of La  + H (D, T). 

I so tope  AH°(kJ /mo l )  AS°(J /mol  K) 

H - 71.13 - 54.39 

D - 71.13 - 58.58 

T - 66.94 - 54.39 

that the correct expression is 

2/(2 - 6 - x) [LaHx(s)] + H2(g) = 2/(2 - 6 - x) [LaH2_ ~(s)], (1) 

where x is the solubility of hydrogen in lanthanum and 6 is a measure of hydride 
substoichiometry. These authors used a calorimetric-equilibrium method to measure 
the heat at 917 K. For a measured x = 0.13 and 6 = 0.1 (i.e., for LaH1. 9 at the phase 
boundary), they calculate AHf ° = -  98.75kJ/mol for the plateau region, AHf ° = 
-68 .20kJ /mol  for the c-phase, and for the integration from LaH1. 9 to LaH2. o, 
AHf ° = -28 .35  kJ/mol. The results for the c-phase compare favorably with values 
reported for the hydrogen isotopes in table 4b. By summing all experimental heat 
effects or by a complete Gibbs-Duhem integration of all the data, the average AHf ° for 
LaH 2 in both cases i s -  191.21 _+ 1.26 kJ/mol. 

Comparison of the measured pressures at 917 K for the three groups gives reason- 
able agreement; therefore the errors, if any, are not obvious. Several reasons are offered 
by Ward et al. (1987) who point out that hydrogen is no longer a good heat-transfer 
medium below about one torr pressure. In this pressure ränge, an internal ther- 
mocouple essentially imbedded in the sample may be as much as 30 ° cooler than that in 
contact with the pressure vessel. Thus, the mode of temperature measurement can be 
critial for pressures as low as those for the La + H system, and the resulting least- 
squares fit of the apparent plateau pressures can be skewed. Although hysteresis is 
probably not serious for the La + H system, slow diffusion and hindered movement of 
metal lattice atoms to equilibrium positions can be a factor at low temperatures. The 
nature of hysteresis has been considered in detail by Flanagan and Clewley (1982). 

Another interesting example is the Sm + H system studied in the same laboratory by 
Uchida et al. (1979) and by Ohki et al. (1984) over the temperature ranges 773-1023 
and 423-923 K, respectively. Ohki et al. (1984) extended earlier measurements to 
examine the cubic-hexagonal transition region and the hexagonal SmH3_y phase. 
Whereas these authors found considerable hysteresis in the two-phase region 2.3 < H/- 
Sm < 2.8, more recent work by Wang et al. (1990), using ultra-high-purity material, 
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found a six-fold lower hysteresis effect. Their studies, over the temperature range 
448-623 K in a UHV system, show the cubic-hexagonal plateau to extend from 
2.5 < H/Sm < nearly 3.0; i.e., the hexagonal phase is very narrow, as shown in fig. 11. 
Furthermore, the hexagonal phase seems to disappear at higher temperature as it does 
for the Np + H system in fig. 6. Wang and co-workers attribute differences to less- 
than-accurate composition values by Ohki et al. (1984), and point out that their plateau 
pressures are lower at 573 K, but higher at 523 K, indicating some sort of systematic 
error and reemphasizing the importance of accurate temperatures for Van't Hoff plots. 
Their log P versus 1/T equation for the cubie-hexagonal region involving sub- 
stoichiometric SmH 3_y is 

log P(bar) = - (3400 _ 200)/T + 5.90 + 0.20. (2) 

These authors discuss briefly the importance of sample purity and the manner in 
which the reaction is carried out, particularly in terms of the activation and subdivision 
of the sample. As shown by the comparison of thermodynamic values in table 5, the 
preferred dehydriding values of Ohki et al. (1984) are considerably different from those 
of Wang et al. (1990) who supply a detailed thermodynamic analysis showing that the 
system obeys regular solution theory. 

Newer measurements for the early-lanthanide hydrides include those by Ohki et al. 
(1984) on the Ce + H system over the range 823-1023K. Relatively sharp phase 
boundaries are observed up to 973 K for the metal-hydride plateau. Partial molar 
enthalpies for the CeH3_ r solid-solution region decrease rapidly with composition 
above the fell2.  7 composition and tend toward zero at CeH 3. The suggestion that 
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TABLE 5 
Comparison of enthalpies and entropies for the reaction forming substoichiometric 

SmH3 r from the hydrogen-rich cubic phase. 

- AH°(kJ/mol H) - AS°(J/mol K) Temp. region (K) Rel. 

65.3 __+ 4.0 113.0 + 4.0 448-573 Wang et al. (1990) 
74.6 + 3.7 136.2 + 6.8 523 623 Ohki et al. (1984) 
79.6 + 4.0 133.2 + 6.7 523-623 Ohki et al. (1984)* 

* Dehydriding. 

sluggish kinetics observed for CeH3_y arises from low reactivity of semiconductors 
with hydrogen is not supported by other measurements; rather, the rate is apparently 
limited by slow H transport through a lattice in which nearly all hydrogen sites are 
filled, a process that holds for both rare-earth and actinide systems. 

The remaining early rare earth systems have also been investigated. Work published 
by Chernikov et al. (1987) for Ce + H, as well as for the Y + H and Er + H systems 
discussed later, does not show sharp phase boundaries, implying low sample purity. 
The calculated heat and entropy of formation for CeH 2 (AH ° = - 204.5 kJ/mol and 
AS ° = - 147.1 J/mol K) are in good agreement with results quoted in table l. More 
recent work is reported by Ohki et al. (1989) on the P r H / +  H and N d H / +  H systems. 
For the first time, an incipient plateau observed during dehydriding of PrH 3_y implies 
existence of a phase change. Distinct plateaus found upon dehydriding of NdH 3_y 
confirm the earlier work of Mintz et al. (1974). Typical hysteresis appears with the 
dehydriding step providing faster kinetics, better-defined plateaus, and larger partial 
molar heats than the hydriding step. Calculated enthalpies and entropies are listed in 
table 6. 

As noted earlier, the later lanthanide hydride systems generally have a broad 
cubic-hexagonal plateau region driven by the small cubic lattice and the need to 
accommodate additional hydrogen as the composition increases. Chernikov et al. 
(1987) measured plateaus for Er + H up to the dihydride composition, and report AH ° 
for Er Hg = - 203.3 kJ/mol (A Sf ° = - 137.0 J/mol K), a value considerably lower than 
the average of earlier results shown in table 1. The presence of highly curved phase 
boundaries indicate impure samples. Müller and Knappe (1982) report lattice para- 
meters for the Tm + H and Tm + D systems, but supply no thermodynamic values. 
During dehydriding at 300°C, the cubic-hexagonal plateau extends from an H/M near 
2.0 to 2.93. 

TABLE 6 
Enthalpies and entropies for the reaction forming MH a _y phases 

of Pr and Nd from the hydrogen-rich cubic phase. 

M H  3 _r AH ° (kJ/mol H2) AS ° (J/mol K) 
hydr. dehydr, hydr. dehydr. 

PrH 3 y - 6 2 . 8  - 8 8 . 6  - 1 5 7  - 1 8 1  
N d H a - r  - 54.5 - 89.9 -- 129 - 170 
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As shown by results for the Lu + H system from Subramanian and Smith (1982) in 
fig. 12, the metal-cubic hydride plateaus become very short for the later elements. Lu 
forms the smallest of all the rare-earth hydrides and has the highest solubility in the 
c-phase, as noted in section 3.2. Pressure-composition isotherms are reproducible 
between runs, with minimal hysteresis except at the lowest temperature of 824°C. Phase 
boundaries and pressure equations thus determined are in excellent agreement with 
earlier work. Gibbs-Duhem integrations of the measured data and a small extrapola- 
tion to the LuH 2 composition give A H f  ° = - -  204.8 ___ 1.9 kJ/mol and A S f  ° --= - -  136 ___ 
2 J/mol K. 

A recent study of the Y + H system by Chernikov et al. (1987) over the range 
873-1273 K confirm an apparent inflection in the In P- 1IT data at about 1100°C. Data 
for the low-temperature range agree very weil with the earlier work of Yannopoulos 
et al. (1965) and with that of Lundin and Blackledge (1962) for high temperatures. For 
the dihydride, they report AHf°=-224.5kJ /mol  and A S f ° = -  149.2J/molK at 
873-1073°C and AHf°=-192.7kJ /mol  and ASf  ° =  - l l 9 . 4 J / m o l K  for 1173- 
1273 K. The origin of the slope change is not yet understood. The boundary of the 
c-phase is at H/Y = 0.37_ 0.02 and that for the substoichiometric dihydride is at 
1.90 _ 0.02. Results of an interesting series of experiments involving gradual oxygen 
contamination from 0.15 to 1.66 mass ~o Y203 shows that the hydrogen pressure rises 
in a regular manner until an oxide layer forms on the hydride surface and remains 
constant thereafter. 
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4.2. New actinide data 

Work on actinide-hydrogen systems through 1984 are assessed in detail by Ward 
(1985a). Additional relevant work has been published for the "rare-earth-like" tran- 
suranium systems of interest here. Ward et al. (1987) describe a new study on Np + H 
from 0.0005 to 70 bar pressure using doubly electrorefined Np metal. The P-C-Tda ta  
are discussed above and are shown in tig 6. This experimental study resolved serious 
differences between two earlier reports, as reviewed by Ward (1985a) and by Flotow 
et al. (1984). For the reaction 0.94 Np + H 2 = 0.94 NpH2.13 , the data are described by 
the equation 

In P(bar) = 13.53 - 13421/T(K), (3) 

giving AH ° (NpH2.13) = - 118.8 kJ/mol (AH ° = - 111.6 kJ/mol of H•) and AS ° (Np 
H2.13 ) = -119.7J /mol  K. Since the plateaus are flat and the phase boundaries are 
extremely sharp, the considerable population of o-sites below the odd phase boundary 
(see section 3.1.1 and table 2) implies a thermodynamic equivalence of o- and t-sites. 
Partial molar enthalpies and entropies are nearly constant over the cubic range; 
integral values calculated for the entire system are given in table 7. An anticipated 
maximum in 5f-electron effects observed for uranium and neptunium intermetallic 
compounds arises from the interplay of the number of 5f electrons versus bandwidth 
(see section 6). However, the unusually small heat of formation for NpH 2 and the 
extended plateau imply some 5f-electron infiuences, probably in Np(5f)-H(ls) interac- 
tions, but the N p - N p  bond distance is large compared to 5f wave-function overlap. 
Note that the heat of formation for uranium hydride is even smaller ( -  84.6 kJ/mol Hz) 
than that for the neptunium phase. 

The first truly rare-earth-like hydride behavior appears at plutonium. The dihydride 
exhibits a classical localized 5f 5 magnetic moment (see section 6.4) and the lower phase 
boundary is near H/Pu = 1.9. However, other factors, such as the electrical resistivity, 
appear totally unrelated to the rare-earth hydrides (see section 6.3.1). A detailed 
publication by Haschke et al. (1987) summarizes the most recent understanding of the 
physicochemical and thermodynamic properties of the Pu hydrides. Data based on 
dehydriding studies lead to the revised high-temperature phase diagram shown in 
fig. 13. As noted in section 3.1.1, a metastable cubic modification apparently exists 
above Pull2. 7 at lower temperatures, along with the higher temperature results shown 
in figs. 5 and 13. Haschke (1981) and Flotow et al. (1984) thoroughly discuss and eval- 
uate data for this metastable cubic modification, with values for PuHa. 9 corrected to 

TABLE 7 

En tha lp i e s  a n d  en t rop ie s  o f  f o r m a t i o n  for  n e p t u n i u m  hydr ides .  

P r o d u c t  T ( K )  A H  ° (kJ /mol  p r o d u c t )  ASf ° ( J /mol  K p r o d u c t )  

N p H z  743 - 111.6 __+ 0.7 - 112.4 __+ 1.0 

N p H  2 875 - 122.9 _+ 1.9 - 125.5 + 2.2 

N p H 2 .  6 650 --  138.5 + 1.3 - -  144.1 __+ 1.9 
N p H  3 650 --  153.9 _ 1.4 - -  174.0 + 2.2 
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298 K using experimental thermal functions. They also derive integral results for the 
higher compositions, commenting on the difficulties and approximations involved. 
For the plateau region, the composite equation for dehydriding is 1.11 Pu = 1.11 
PuHo. 1 + H 2, assuming the H/Pu limit for the c-phase is 0.1 (see below). The plateau 
pressures for H z and D 2 a r e  defined by eqs. (4) and (5), respectively, 

In P(H 2, bar) = 16.34 + 0.80 - (18975 4- 175)/T(K), (4) 

lnP (D2,  bar) = 15.70 + 0.02 -(17800 _ 70)/T(K). (5) 

Enthalpies and entropies of formation for the extended-cubic-phase composition are 
given in table 8. For the stable high-temperature phases, Flotow et al. (1984) also derive 
thermodynamic data for compositions up to the trihydride by integrating the partial 
molar free energy data in fig. 5. For the phases identified in fig. 13, the average ASf ° per 
mol ofH 2 is - 136.8 4- 6.7 J/mol K for the cubic phase III and - 182.4 + 1.7 J/mol K for 
phase IV (hexagonal) and phase V, indicating a high degree of ordering. Integral values 

TABLE 8 
Enthalpies and entropies of formation for cubic plutonium 

hydrides at a median T = 550 K. 

Product AHf (kJ/mol product) ASf (J/mol K product) 

PuH1.9o - 155.6 + 10.9 - 138.5 + 10.9 
PuH2.5o - 190.4 + 5.0 - 175.7__. 8.4 
PuH3.oo* - 205.9 ___ 4.6 - 211.7 _+ 11.7 

PuD1.9o - 141.8 +__ 1.7 - 125.1 _+ 3.8 
PuDz.5o - 174.5 + 4.2 - 160.2 ± 7.5 
PuD3.oo, - 189.1 ___ 11.7 - 188.3 4- 8.4 

* Based on extrapolated partial molar free energy data. 
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for the hexagonal-related PuH3.oo are AHf°=-240.6kJ/mol and AS°= 
- 271.5 J/mol K at a median temperature of 461 K. These data may be compared with 
values for the high-stoichiometry cubic phase in table 8. 

Heat capacities are measured by Oetting et al. (1984) for Pull 1.9 from 8 to 350 K and 
for Pull2. o from 340 to 670 K, using the 242 isotope. The low-temperature data join 
smoothly with the higher-temperature values and are described by the following 
equation (J/mol K), 

Cp(PUH2.o)  = 47.307 - 0.1763(T, K) + 7.231 x 10-4(T, K) 2 
- 5.845 x 10-7(T,K) 3. (6) 

Tabulated results and a detailed discussion are given in the paper. 
A recent study on the narrow c-phase solubility region of Pu + H by Allen (1991) 

sheds interesting light on what may actually be occurring in these phases and related 
systems. Solubility data for hydrogen in solid and liquid Pu metal and solid delta-phase 
alloy complement earlier studies that defined equilibrium pressures and solubility 
limits summarized for the rare earths by Mueller et al. (1968) and Libowitz and 
Maeland (1979), and for the actinides by Ward (1985a and b). Detailed pressure- 
composition isotherms for the 475-825°C range show that H/Pu for the upper 
boundary of the solid and liquid solutions is continuous and varies exponentially with 
temperature. Observations are consistent with earlier results indicating markedly 
lower solubility limits for actinides than for rare earths. Extrapolation of the results 
shows the H/Pu values for the phase boundaries at 25 500 and 1000°C are 10 -9, 0.003 
and 0.1, respectively. Data for the delta-phase alloy (1 mass % Ga) shows a hlgher 
solubility limit (H/Pu = 0.008 at 500°C) and a lower temperature dependence than for 
the unalloyed metal. 

Integral thermodynamic values are derived for the c-phase by Allen (1991). The 
pressure-composition data are unanticipated and raise questions about the nature of 
the solution. Enthalpies of formation for the solid and liquid solutions are comparable 
with changes ofabout - 84 J for each 0.01 mol ofH dissolved in the metal. As evidenced 
by the absence of a resolvable temperature dependence for the In P versus H/Pu 
isotherms, the derived entropies of formatiom for the solutions are essentially zero. This 
result is inconsistent with a ASf ° value near - 130_+ 20 J/mol K H 2 observed for con- 
densed hydride phases (see tables 4a, 7 and 8) and implies that the disorder of H atoms 
in solution with plutonium is comparable to that for gaseous H 2. 

5. Kinetics 

5.1. General observations 

Kinetic studies of hydride formation are somewhat limited for both the rare earths 
and the actinides. Early work for the rare-earth elements is reviewed by Libowitz and 
Maeland (1979); work for the actinides is described in a recent review by Haschke 
(1991). In comparison to work on the acinides, kinetic studies on rare-earth hydriding 
are at present a dormant area. Only the U + H reaction is extensively investigated to 
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date, and definition of this system in this chapter should establish a foundation for 
future work with other reactions. 

Results of kinetic studies suggest that the formation reaetions of the rare-earth and 
actinide hydrides are similar multi-stage processess occurring with formation of 
adherent product layers on the metal surfaces. The reaction rate, r, is dependent on the 
surface area of the reacting metal, the hydrogen pressure P, and the temperature T. The 
value of r may be influenced by a variety of seeondary parameters, including surface 
conditions, the process history of the metal, gas purity and the sample geometry. 

Multi-stage reactions are described for the rare earths by Libowitz and Maeland 
(1979) and for the actinides by Hasehke (1991). The four sequential stages are: (1) 
induction or nucleation, (2) acceleration, (3) bulk and/or linear reaction, and (4) 
deceleration to termination. The induction stage is associated with initiation or 
nucleation of microscopic reaction sites on the metal surface. During the ac, celeration 
stage, nucleation sites grow until the entire surface is covered by hydride. The bulk 
stage is typically a constant-rate process that generates the largest fraction of hydride 
and is frequently identified as the linear stage because the extent of reaction versus time 
curves are usually linear. However, data for both rare-earth and actinide systems at 
conditions for which the surface is highly activated suggest that the bulk stage is a 
two-step "paralinear" process in which the linear regime is preceded by a parabolic 
time-dependent region. The terminal stage is, of eourse, characterized by a steadily 
decreasing rate, as either the metal or the gas is consumed. 

5.2. Kinetics of bulk hydriding 

Similarities between the 4f and 5f elements are seen in their behavior during bulk 
hydriding, the only stage of the reaction that has been extensively studied. Data for 
both series of elements show that the area-normalized hydriding rate varies with T and 
P as shown by the following equation, 

r (H 2 consumed/unit area of metal)= k e-I~a/RTp ". (7) 

The temperature dependence is described by the Arrhenius term and the pressure 
dependence is defined by the pressure exponent n. Kinetic observations may appear 
inconsistent if r is simultaneously altered by both temperature and hydrogen pressure. 

An understanding of the temperature-pressure interdependence is essential for 
interpreting the kinetics of bulk hydriding. Sufficient data for defining these relation- 
ships are available only for the U + H system; an in-depth analysis of this system can 
provide an example for the behaviors to be anticipated for other systems. Although 
numerous rate studies of U + H are described, this evaluation is based on reports by 
Bloch and Mintz (1981) and Powell et al. (1991). Experimental rate data from these 
studies are presented in fig. 14 as log r versus log P isotherrns. Correlations of results 
from the two reports is, however, complicated by small differences in experimental 
temperatures and in observed rates. These differences are resolved in fig. 14 by 
combining data sets for 21 and 25°C and for 80 and 90°C into single isotherms for 23 +__ 2 
and 85 _+ 5°C respectively, and by incorporating a five-fold inerease in the values of r 
reported by Bloch and Mintz (1981). This modest adjustment in rate lies within the 



322 J.W. WARD and J.M. HASCHKE 

E 
~ - 2  
ö 
E 

2-4 
õ 

, J  

10 -8 
2 

P(bar) 
10 -6 10 -4 10 -2 1 10 2 

I ~ I ~ I J I ~ I 
ù.- 

Pe (85°C) Pe (200°C) Pe (380°C)/" 7/ 380° 6 
', I I " ,, ,, ~ , , - ' ~  
I I / i 
I I / ,, ,, ~ 

~ ~°.~oo~._. 

I o),It.,~~, _ . . - < , "  i/ 

f 'I/ ' Ps : 
! 1  I i 

I I I I I I J i I i 
-2 0 2 4 6 

Log P(P in Pa) 

Fig. 14. logr versus logP isotherms for the 
U + H  2 reaction. Vertical lines show the 
equilibrium hydrogen pressures for the 
U + UH» two-phase region at the indicated 
isotherm temperatures. Data points meas- 
ured by Bloch and Mintz (1981) are shown by 
open symbols; those derived from Powell 
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bounds of the fifteen-fold ehange induced in r by Condon (1975) in studies where the 
annealing temperature of the metal was varied. Data points obtained from the study by 
Bloch and Mintz (1981) are indicated by open symbols and those derived from Powell 
et al. (1991) are shown as solid symbols. 

The isotherms log r versus log P in fig. 14 show three regions with different pressure 
exponents defined by the slopes of the isotherms. At hydrogen pressures greater tban a 
few bar, n = 0, showing that r is independent of P and dependent only on Tas shown by 
the spacing of the isotherms. At low pressures the curves converge to a single line with 
n = 1 and r depends only on P. At intermediate pressures the values of n are in the 
0.5_ 0.1 range, and r depends on both T and P. The differences in pressure exponent 
imply that r in each of the regions is controlled by a different kinetic process. 

A fourth region of kinetic behavior is shown by the isotherms for 85, 200 and 380°C. 
In each case, r approaches zero as a limiting value of P is reached. As indicated by the 
vertical dashed lines, each limiting pressure is Pe, the temperature-dependent equili- 
brium pressure for the two-phase region in which hydrogen-saturated uranium coexists 
with the trihydride. Po values are based on the equilibrium pressure equation recom- 
mended by Flotow et al. (1984). In all the temperature regimes, log r deviates from its 
pressure-related slope if P < 10Pc 

Each of the four kinetie regions observed in fig. 14 corresponds to control of the bulk 
hydriding rate by a separate process. The decrease in r as P approaches Pe is clearly 
thermodynamic in nature because r approaches zero as  the thermoehemical activity 
gradient driving the reaction approaches zero. As deseribed by Haschke (1991), the 
approach to equilibrium gives rise to the rate decreases observed at high temperature in 
Arrhenius data for the U +  H system under isobaric conditions. Unlike the U - U H  3 
system, equi]ibrium pressures for the metal-hydride systems of the lanthanides and 
transuranium actinides are not in the 0.1 to 1 bar fange frequently employed in hydride 
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preparation. Consequently, thermodynamic control may not be readily encountered 
with 0ther elements. 

The three kinetic regions with different pressure exponents correlate with the 
concentration of hydrogen on the surface of hydride-coated metal as defined by 
Langmuir adsorption theory. The dependence of the bulk rate on the hydrogen 
pressure parallels that of O, the fractional surface coverage. By varying P over many 
orders of magnitude as in fig. 14, the value of O for H 2 is forced to successively enter 
three regions of surface coverage described by a Langmuir isotherm: (1) a regime of 
negligible adsorption or bare surface at low pressure, where n = 1 and Ois proportional 
to P, (2) a regime of moderate adsorption at intermediate pressures, where n assumes 
fractional values and O is proportional to P", and(3) a regime of complete coverage 
where n = 0 and O = 1. These Langmuir regions correspond directly with the regions of 
pressure dependence in fig. 14 and facilitate their interpretation. 

In the low-pressure region the effective surface concentration of hydrogen is zero and 
the hydriding rate is determined by the impingement of H 2 o n  the surface. According to 
kinetic theory the molecular collision frequency is proportional to T -  1/2p. The inverse 
square-root temperature dependence of r is imperceptible over a range in which T 
varies by a factor of two or three. As indicated by line Pi in fig. 14, the first-order 
pressure dependence is evidenced by coalescence of data for all isotherms as a 
temperature-independent set with unit slope. The observed rate for the U + H 2 reaction 
is, however, substantially less than the impingement frequency and shows that only one 
collision in 104 leads to product. Within the n = 1 region, the rates of all kinetic 
processes occurring in the solid phase are faster than the rate of effective collision with 
the surface. In addition to the concentration of active collision sites on the surface, the 
hydrogen pressure determines the collision frequency and r is independent of the 
Arrhenius term in eq. (7). 

At high pressures, where n = 0 and O = 1, the solid surface is saturated by H 2 and the 
hydriding kinetics are unaltered by changes in pressure. The rate is then controlled by a 
process occurring within the solid and depends only on temperature, as defined by the 
Arrhenius term. As fixed by the pressure-independent isotherms beyond the saturation 
boundary indicated by Ps in fig. 14, E a for the rate-controlling process in the solid phase 
is 29 kJ/mol as determined by Bloch and Mintz (1981). 

In the intermediate kinetic region between Pi and Ps, n and O assume fractional 
values and the bulk rate for U + H2 is determined by a combination of condensed- 
phase and gas-phase properties. Both the Arrhenius and pressure terms in eq. (7) are 
required to define r and their combination leads to a complex situation. Values of n 
increase systematically with T from 0.40 at - 10°C to 0.61 at 200°C, and measured E a 
values increase regularly from zero at Pi to 29 kJ/mol at Ps. O and r increase with 
increasing P along an isothermal section, but their behavior is divergent along an 
isobaric section. Although increasing Tat constant P increases the rate, that increase is 
attenuated by a concurrent decrease in O. As discussed by Wicke and Otto (1962), the 
square-root pressure dependence indicates that hydride formation proceeds by a 
dissociative process involving formation of H atoms at the gas-solid interface. 

Although the existence of four kinetic regions for the bulk stage of the U + H  2 
reaction presents a somewhat confusing picture, the regions and their relationships are 
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delineated by the log P versus T kinetic diagram in fig. 15. The boundary lines in the 
diagram are defined using log P versis 1/Tequations for Pe from Flotow et al. (1984), by 
those derived for Pi and Ps in fig. 14, and by Pa = 10Pc Ultimate thermodynamic 
control (no reaction) exists in the region where P is less than Pc The equilibrium 
condition is bounded on the high-pressure side by a region of activity control at all 
temperatures. At pressures greater than P the rate-controlling process depends on T 
and P. Gas-phase (impingement) control occurs at low pressures and at temperatures 
less than 175-200°C. Reaction control by the condensed phase appears only at high 
pressures. Combined control by both gas-phase and condensed-phase behavior is 
confined to temperatures less than 400-425°C and pressures between Pi and Pc 

An understanding of the competition between gas-phase and condensed-phase 
properties for rate control is essential for correctly interpreting kinetic data. As 
discussed by Haschke (1991), measured Eù values for U + H 2 span a range from 8 to 
33 kJ/mol and include several intermediate results. One must be concerned about the 
origin of such behavior and about identifying the correct value for E a. In light of the 
preceding discussion, a range of activation energies between zero and about 30 kJ/mol 
is expected for measurements in the region of combined control. An excellent correla- 
tion is found between observed Eù values and experimental pressures. Although each E a 

defines the temperature dependence for the test condition, only the pressure-indepen- 
dent value obtained for the saturated condition correctly defines E~ for the rate- 
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limiting process of the solid phase. A value of E a should not be adopted for a 
mechanistic interpretation of reaction control unless the measurement is in a region 
where n is zero. 

Results of Uchida et al. (1991) for the La + H 2 reaction also show pressure behavior 
consistent with Langmuir adsorption. Measurements at - 196 and 25°C show that n is 
zero for bulk hydriding and imply that the solid surface is saturated a t  H 2 pressures as 
low as the 10- lo bar. Pressure exponents are also reported for dissolution of hydrogen 
in the clean La metal, and for metal with a preadsorbed oxygen film. As P increases, n 
for the reaction of oxide-coated metal changes from 1 to 0.5 across the miscibility range 
of the metal, and ultimately to n = 0 as the metal + hydride (bulk stage) region is 
entered. 

Recent measurements of hydriding kinetics for plutonium power (0.2 to 0.3 m2/g) by 
Stakebake (1992) show that the reaction is adsorption controlled at low pressures and 
reaction controlled at high pressures. Results for wide ranges of temperature ( -  41 to 
350°C) and pressure (0.05 to 200Torr) are consistent with earlier observations by 
Stakebake (1981) for a powdered delta-phase alloy. In addition to confirming that the 
rate is independent of temperature, the combined data show three regions of pressure 
dependence with n = 1, ½ and 0 at low (< 0.5 Torr), intermediate and high (P > 7 Torr) 
pressures, respectively. 

The kinetic regions identified for the bulk stage ofU + H 2 a r e  also anticipated for the 
bulk hydriding reactions of all the rare earths and later actinides. However, the pressure 
and temperature conditions at which these regions appear are expected to differ from 
element to element. At temperatures of interest, the Pe curves for other metal- 
hydrogen systems generally lie well below those for U + H. The locations of the various 
kinetic regions in P -  Tspace also depend on other system-specific properties such as H 2 
adsorption, physical state of the hydride, and the bulk reaction rate. Extensive data are 
needed to define the regions for each system, and certain areas may be experimentally 
inaccessible with normal procedures. 

5.3. Mechanisms 

Mechanistic evaluations of the hydriding process appear primarily in the actinide 
literature and the conclusions reached by various workers are diverse. Some investiga- 
tors attempt to describe the entire multi-stage hydriding process using a model with a 
single rate-controlling step. Valid interpretations can only be based on extensive P - T  
data for a single kinetic region of a specific reaction stage. 

Extent-of-reaction versus time isotherms are primary indicators of the reaction stage 
and mechanism. General observations for the rare earths by Libowitz and Maeland 
(1979) agree well with those reported for the actinides by Haschke (1991). Extent versus 
time curves frequently have sigmoidal shapes at low temperatures, but are parabolic or 
paralinear at high temperatures. Such observations are addressed by Gerard (1987), 
who concludes that the two shapes appear because of differences in nucleation beha- 
vior. A sigmoidal reaction isotherm is generated by nucleation and growth of isolated 
reaction sites on the metal surface. A parabolic curve is observed for a process in which 
the reaction initiates instantaneously on a totally activated surface. 
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The nucleation and growth processes are poorly characterized. Owen and Scuda- 
more (1966) observed that nucleation of the U + H z reaction occurs at grain-boundary 
inclusions and at a second type ofisolated surface site. Bedere and Sans (1983)present a 
mechanism for nucleation and growth. Recent work by Bloch et al. (1989) shows that 
initiation of U + H 2 is strongly dependent on thermal pretreatment of the sample, and 
involves desorption of hydroxyl groups and oxygen segregation. 

A bulk gas-solid reaction typically forms an adherent product layer on the reactant 
surface and the rate is frequently controlled by diffusion of reactant through that layer. 
The rate of such a reaction decreases with increasing layer thickness and the integral 
rate equation for the process has a parabolic time dependence. Paralinear behavior is 
observed if spallation of the product initiates after the layer reaches a certain thickness. 
A region of linear time dependence is entered because the spallation process maintains 
a constant average thickness of product layer and results in a constant average rate. As 
discussed by Haschke (1991), a parabolic curve is not observed for a diffusion-còntrol- 
led process if the reaction nucleates at isolated sites. Diffusion control occurs at the 
centers of the sites, but the parabolic dependence is masked by the accelerating kinetics 
of site growth and thus results in a sigmoidal reaction-extent versus time curve. 

The rate ofbulk hydriding in the pressure-independent kinetic region may be limited 
by any of the successive processes occurring in the condensed phase during reaction. 
Major steps include accommodation and dissociation of hydrogen at the solid-gas 
interface, transport of the atomic species through the surface layer of hydride, and 
formation of product at the hydride-metal reaction interface. The review by Haschke 
(1991) ofrate-controlling steps proposed for U + H 2 by various workers shows a lack of 
consensus because each of the steps listed above is identified by one or more 
investigators as rate-controlling. Empirical and theoretical models are described and 
used to predict rate behavior beyond the experimental ranges, and as a basis for 
validating mechanistic interpretations. The results obtained using several such models 
to fit log r versus log P isotherms are compared by Powell et al. (1991). 

Although the rate-controlling step for the bulk hydriding stage cannot be definitively 
identified and may differ from system to system, the appearance of parabolic curves for 
many elements suggests that hydriding is controlled by diffusion through the product 
layer. Rate versus time data presented by Powell (1989) for several rare earths and 
actinides show pronounced decreases in rate prior to attainment of the constant value, 
and strong evidence is found for diffusion control of U + H 2. Metallographic data 
presented by Bloch and Mintz (1981) show that a coherent hydride layer is present on 
the uranium surface during reaction. Activation energies of 26 and 35 kJ/mol meausred 
by Spalthoff (1961) and Grunzweig-Genossar et al. (1970), respectively, for hydrogen 
self-diffusion in uranium hydride, are in good agreement with the E a derived for the 
pressure-independent kinetic region by Bloch and Mintz (1981). In evaluating Th + H z 
and U+  H 2 kinetics, Haschke (1991) suggests that bulk hydriding of thorium is also 
controlled by diffusion and notes that the observed Ea for hydrogen self-diffusion 
depends on the stoichiometry (i.e., hydrogen-vacancy concentration) of the hydride and 
must be measured for the substoichiometric composition that coexists with the 
hydrogen-saturated metal during bulk hydriding. 
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5.4. Rate data 

As shown by the results in table 9, the bulk hydriding rates of the rare earths and 
actinides lie in a range spanning four orders ofmagnitude. The rate for Pu is from Allen 
(1992) and the remaining values are derived by Powell (1989), who notes that the rates 
correlate well with the tendency of the metals to react with oxygen. Although other 
systematic trends are not evident, the highest rates appear for the early rare earths and 
the transuranium elements. 

Results of rate measurements for certain elements in table 9 are described in other 
studies. Data for the Th + H, U + H and Pu + H systems are reviewed by Haschke 
(1991). The rate estimated for Th by extrapolating Arrhenius data to 25°C is a factor ten 
lower that measured by Powell (1989). Recent work includes the study of La + H 2 by 
Uchida et al. (1991); the pressure-independent rate observed by these authors for bulk 
reaction on clean metal films with a hydrogen-saturated (n = 0) surface at 25°C is a 
factor of 104 less than that in table 9. 

The discrepancy in the measured hydriding rates of La + H may originate from 
differences in the behavior of massive metal versus thin-film samples. Kinetic results are 
reported by Atkinson et al. (1976) for the reactions of several rare-earth metal films with 
hydrogen at low pressures (10- lo to 10- 7 bar) and low temperatures ( -  196 to 100°C), 
conditions similar to those employed by Uchida et al. (1991) for the La + H 2 reaction. 
The initial sticking probabilities approach unity and the corresponding rates for Ce, Pr, 
Nd, Gd, Dy, Ho and Er are comparable to those reported for La, but a r e a  
thousand-fold larger than that for Sm. After remaining essentially constant across the 
metal-dihydride two-phase regions, the rates decrease sharply beyond the dihydride 
stoichiometries. Results reported for P u + H  2 by Haschke et al. (1980) show that a 
similar decrease in r is not observed across the PuH2.o-PuH2. 6 range. Differences 
observed between the hydriding kinetics of massive and powdered actinides are 
discussed by Haschke (!991). 

TABLE 9 
Bulk hydriding rates for rare earth and actinide elements at 

0.10 bar hydrogen pressure and 25°C. 

Element Rate, mmol  H / m  2 s 

Pu 500 _+ 60 
Ce 22 + 3 
Nd 13 + 2 
La 5.0 _ 0.5 
U 1.00 -t- 0.05 
Gd 0.7 __+ 0.1 
Y 0.5 _+ 0.2 
Th 0.040 _+ 0.005 
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6. Solid-state chemistry and physics 

As noted in the introduction, the majority of new work for the rare-earth and 
rare-earth-like actinide hydrides has been in the exciting areas of solid-state physics 
and chemistry. New and more precise techniques, especially in the area of surface 
science, improved low-temperature capabilities, and powerful computers for sophisti- 
cated electronic structure calculations, have encouraged many researchers to enter the 
field of hydride studies. 

6.1. Surface and near-surface properties 

Although the early and fundamental band-structure studies by Switendick (1970, 
1971) (see also section 6.2) preceded the bulk of photoemission research, the major 
understanding of the electronic structure of hydrides, especially with regard to core- 
level effects, comes mostly from surface-science experiments. However, many of these 
experiments have also included parallel computational studies. 

The basic concepts are well-illustrated by a series of studies performed at the 
University of Wisconsin Synchrotron Radiation Center to take advantage of both the 
tuneability and resolution of the synchrotron. Weaver et al. (1979b) published photo- 
electron spectra for ScH2, YH 2 and LuH2, comparing these results with an earlier 
optical absorption study by Weaver et al. (1979a) and a concomitant KKR self- 
consistent calculation by Peterman et al. (1979). In these optical absorption studies, 
carried out over the range 0.2 < hv < 5 eV at 4.2 K, a consistent sharp rise in absorptiv- 
ity appearing above 1.4 eV is interpreted as a screened-plasmon effect. Interband 
absorption becomes predominant above 1.5 eV. The photoelectron spectra agree with 
the early calculations by Switendick (1970, 1971) and show hydrogen-derived bonding 
bands from approximately 3 to 10 eV below the Fermi level, with a concomitant drastic 
decrease of d-band intensity in the conduction band. For LuH 2 the sharp 41"5/2, 7/2 levels 
superimpose at - 7.75 and - 9.15 eV. 

Studies of the LaHx(1.9 < x < 2.9) and NdH x (2.01 < x < 2.27) systems by Peterman 
etal. (1981) explore the effect of o-site filling. Photoelectron spectra for LaH1.98, 
LaH2.4s and LaH2.89 are shown in fig. 16. Progressive depletion of the metal d- band 
with increasing composition is evident and nearly complete for the 2.89 (semiconduct- 
ing) composition. For the so-called hydrogen-bonding band, a gradual shift to higher 
binding energy can be seen, along with a blurring out of structure at the lower photon 
energies. These peaks are attributed to low-angular-momentum states. Discussion of 
prior and concomitant band-structure calculations will be reserved for section 6.2. The 
spectra shown in fig. 16a, b and c are considered representative for most metallic 
dihydrides, with the caveats that the La + H system is single-phase cubic all the way to 
the trihydride, and that f-electron levels are superimposed for most of the other 
rare-earth and actinide systems. 

Peterman et al. (1981) also extend optical spectroscopy measurements to include the 
LaH x (x = 1.9, 2.04, 2.15, 2.36, 2.45, 2.63, 2.67 and 2.87) and NdHx (x = 2.01, 2.21 and 
2.27) systems. In addition to the sharp rise near 1.4eV noted earlier, an octahedral 
feature appearing at about 0.4 eV increases steadily with increasing x and dominates 
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hydr ides .  After  P e t e r m a n  et al. (1981). 

the spectrum at x = 2.6 as can be seen in fig. 17. Interband features also shift with 
concentration. Whereas a free-electron model  fits the spectra for ScH 2 and YH 2 rather 
weil, the fit is poor for LaHt.9o because many o-sites are already occupied at the 
expense of t-sites, a phenomenon c o m m o n  to many rare-earth and actinide systems (see 
section 3.1). Optical absorption results are analyzed in great detail, but are beyond the 
scope of this chapter. 
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Fig. 17. Optical absorptivity data for several compositions in 
the La + H system. The rise of the o-site feature at about 0.4 eV 
is already evident at the phase boundary (x = 1.90), indicating a 
considerable occupancy of o-sites. After Peterman et al. (1981). 

An extensive series of papers on photoelectron spectroscopy has come from 
Schlapbach and co-workers at the Laboratorium für Festkörperphysik ETH, Zürich. 
The first core-level data reported by Schlapbach and Scherrer (1982) for cleaved LaH 3 
samples in UHV at 150 K show intense satellites on the low binding energy sides of the 
3d5/z and 3d3/2 peaks. These phenomena are explained as charge transfer shake-down 
screening of 3d core holes produced by the photoionization from the hydrogen-derived 
bonding band(s), with transfer of charge to a 4f 1 level pulled below the bonding band. 
This explanation agrees with the observed data that include a chemical shift of about 
3 eV relative to La metal as expected for charge transfer from La to hydrogen. Studies 
on the Ce + H system by Schlapbach and Osterwalder (1982) also show the disappear- 
ance of conducting states for CeHz.9, as weil as the intense 3d core-level satellites like 
those described for LaH 3. In addition, the Ce 4f peak is now superimposed about 2 eV 
below the Fermi level. More detail is supplied in a companion paper by Schlapbach 
et al. (1982). 

A review paper by Osterwalder (1985) on the photoemission (both XPS and UPS) 
and inverse photoemission (BIS) results for Y, La, Ce, Pr and their hydrides includes 
extensive references. XPS valence-band spectra for the metals and hydrides are shown 
in fig. 18. The common features for all the systems are clear; however, XPS instruments 
cannot resolve the f-peaks as weil as UPS spectrometers. A very important point 
discussed by Osterwalder is the concept of hybridization, particularly with the suppos- 
edly localized 4f states. The overlap of appropriate symmetries and energies can result 
in a complex picture, particularly in the generation of low-lying stares that are 
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Fig. 18. Valence-band spectra for the La, Y, Ce and Pr and for their 
phase boundary and trihydride compositions. Data for the metals are 
shown by dotted lines. After Osterwalder (1985)• 

sometimes unexpected, but energetically favorable. Resonant photoemission experi- 
ments on LaH a by Peterman et al. (1983) show clearly a strong 4f-conduction band 
hybridization, in contrast to La metal. The effect becomes weaker as the 4f states 
become less extended at Ce and beyond. Influences on magnetic behavior are also 
important. For both the La + H (f bands initially above the Fermi level) and Ce + H 
(first and still fairly extended 4f level) systems, the screening just described is shown by 
Fujimori (1982) to involve strong hybridization of 4f levels with hydrogen ls ligand 
orbitals, as mirrored in the enhancement of the photoemission satellites. This effect has 
major implications for the behavior of the actinide-hydride systems where the 5f levels 
are much broader and have energies in the midst of the conduction band. 

Osterwalder (1985) introduces a very interesting and fascinatingly simple two-level 
hybridization model that readily explains observed spectra for both the metallic 
dihydrides and the semiconducting MH3_ r phases. The scheme, which is outlined in 
mathematical detail in two appendices, relates charge transfer to the position of the 
hydrogen-derived bonding band and considers the center of gravity of the metal d- 
band in relation to the position of the doublyoccupied H ls level. Since this separation 
is normally large, hybridization produces little mixing of states and a considerable 
amount of charge must be transferred from the metal to fully occupy the H ls level, 
especially in approaching the trihydride composition. Alternatively, a smaller separ- 
ation with more mixing from hybridization reduces the Is character of the lower level 
and reduces the degree of charge transfer. The author notes that, while the levels are 
actually much broader than predicted, this simple model works rather weil because the 



332 J.W. WARD and J.M. HASCHKE 

actual selected states must have the proper symmetry. Although the real situation is 
rather complex, the qualitative success of the model is quite gratifying and provides a 
physically understandable picture of the processes in relation to band-structure 
calculations. 

Photoelectron data are also reported for other early rare-earth hydrides. An 
extensive photoemission study ofPr, PrH2.1 and a composition near PrH 3 is described 
by Fujimori and Osterwalder (1984) and in references cited by these authors. Initial 
versus final state effects and possible complications introduced by varying photoioni- 
zation cross-sections are explored in detail. A large chemical shift between Pr and 
PrH2.1 is related to major charge transfer from the metal to t-site hydrogens, but 
transfer is not detected for the trihydride. This observation agrees with the energy-band 
calculations of Misemer and Harmon (1982), which show the absence ofcharge transfer 
to o-site hydrogens. The two-level model of Osterwalder (1985) discussed above is 
relevant. 

As an interesting sidelight to the properties of the early rare-earth hydrides, 
Schlapbach et al. (1986b) use UPS photoemission to show conclusively that a semicon- 
ductor-to-metal transition occurs at the surface of LaH2. 7 and CeH2. 7 below about 
70 K. Significant d-electron charge reappears in a rather sharp peak near the Fermi 
level. The implication is that of a reduced concentration of H atoms in surface sites 
allows reconstruction to a more metallic configuration; i.e., the 5d states return from 
the bonding band to the conduction band. The effect seems to be independent of 
f-electron participation and proceeds in the direction of depopulating the higher energy 
o-sites upon cooling, as discussed in sections 3 and 4. Results by Schlapbach et al. 
(1987) for GdH/. o and TbHz. z in fig. 19 show a major low-temperature enhancement in 
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Fig. 19. UPS photoemission data for hydrides of La, Ce, 
Gd and Tb at binding energies near the Fermi level. 
Surface enhancement of d-character is seen (see text). After 
Schlapbach et al. (1987). 
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d character at the Fermi level, even for the dihydride. Since, as is discussed several times 
earlier, a considerable population of o-sites already exists in many systems at the 
dihydride composition, cooling tends to empty o-sites and refill t-sites (e.g., see table 2), 
making the material more metallic, irrespective of whether hydrogen moves from 
surface to bulk as the authors suggest. 

Extensive photoemission data are not reported for the later-actinide hydrogen 
systems. Although nothing is available for Np + H, results are presented for Pu + H and 
Am + H. As shown in fig. 20, Ward et al. (1992) report valence band and 4f core-level 
spectra for Pu l l  x prepared by hydrogen implantation and with a presumed composi- 
tion near x = 2. The huge 5P peak dominates the valence band spectrum and all but 
obscures the H-derived bonding band and any d or s contributions, even though the 5f 
electrons are apparently fully localized. In contrast to Pu metal where the 5f peak is 
pinned at the Fermi level, the peak for Pul l  2 is shifted by over 2 eV to a higher binding 
energy. It should also be noted that the high XPS photon energy greatly enhances the 5f 
peak due to a favourable cross-section. UPS data do not exist for this system. In 
contrast to the highly asymmetric metal spectra, the core-level spectra are quite 
symmetric and similar to those for simple trivalent Pu compounds. The change is, 
however, quite remarkable, implying a radical transformation from 5f screening for the 
metal to primarily 6d screening for the hydride. Data  are not reported for higher 
compositions. 
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Fig. 20. Valence (upper) and core-level (lower) XPS 
spectra for plutonium hydride. A valence band shift 
of over 2 eV toward higher energy is seen relative to 
the metal. The symmetric core-level 4f peaks are 
characteristic of the Pu • 3 ion with concomitant 6d 
screening. After Ward et al. (1992). 
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Fig. 21. Valence-band XPS spectra for Am 
metal and AmH 2 showing trivalence for both 
systems. Positive chemical 'shifts indicate 
electron transfer from metal to hydrogen. 
After Cox et al. (1992). 

In a recent publication, Cox et al. (1992) presents photoemission data for Am metal 
and AmH 2. Both materials are expected to exhibit fully localized rare-earth-like 
spectra; nevertheless, as shown in fig. 21, the 5f 6 peak distribution is still dominant with 
its centroid about 3 eV from the Fermi level. As with the rare earths, a reduced 
conduction-band intensity can be seen quite clearly. Positive chemical shifts for all the 
metal levels (4f, 5p, 4d and 3d) indicate electron transfer from the metal. As expected, the 
6P3/2 binding energy for AmH 2 increases by about 0.6 eV, an amount similar to that 
found for Ce and Pr. Although the peak maximum for AmH 2 appears to shift to lower 
binding energies, the centroid is actually coincident with that for Am metal. In spite of 
these complications, cross-section effects and initial-final state considerations, the 
A m + H  system is clearly the first unambiguously rare-earth-like actinide-hydride 
system. These observations are corroborated by resistivity measurements described in 
section 6.3.1. 

6.2. Electronic-structure calculations 

Even after years of study, the nature of the hydrogen atom and how it might change 
with hydride composition is not fully understood. Although the "protonic-versus- 
hydridic" controversy has been laid to rest (hydrogen is certainly not "protonic"), the 
question of "how hydridic?" remains and the details of charge transfer are still being 
discovered. The high metallic conductivity of the rare-earth hydrides (but not NpH 2 
and PuH2) is usually attributed to an enhancement ofd  character at the Fermi level as 
the non-conducting (scattering) d states are pulled down to form hydrogen-derived 
bonding bands. What happens as the o-sites begin to fill is, however, still a subject of 
much discussion. 

As noted in section 6.1, the basic electronic structures of the metal hydrides are rather 
weil delineated by the various photoemission studies. The abilities of various calcula- 
tional methods to reproduce experimental data or even now to predict new results are 
remarkably good. One puzzlement has been at least partially removed by the realiza- 
tion that some artifical band-broadening must be introduced to better simulate 
experimental data, either because of intrinsic (i.e., real) electronic effects or because 
instruments have limited resolution. 
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A variety of calculational models have been used, and in general their sophistication 
and flexibility has increased steadily with time. A description of the methods is, 
however, beyond the aegis of this chapter. The initial use of self-consistency and 
subsequent introduction of relativistic effects and spin-orbit coupling resulted from 
increased computer power and from the codes themselves. In general, the existence of 
the low-lying hydrogen-derived bonding bands is identified by all calculations, al- 
though not necessarily with the correct energies and usually with insufficient broaden- 
ing. The d-eleetron population in the metal conduction band, and its depopulation as 
hydrogen is added, are rather well-simulated. The ability to forecast the electronic 
structures of the empty states above the Fermi level is particularly valuable, especially 
in conjunction with the newer inverse photoemission capabilities. Results indicate that 
the empty states are mainly of d eharacter. 

Since most of the salient features concerning structure, electronic structure, bonding, 
and charge transfer are addressed earlier, particularly in section 6.1, emphasis hefe is 
placed on some of the more unique and perhaps still controversial results provided by 
theoretical calculations. Adequate referenees are, however, provided for the interested 
reader. 

Results of early self-consistent calculations by Gupta (1978) on ErH 2 and by 
Peterman and Harmon (1979) on ScH 2 and YH z identify the major features noted for a 
dihydride. These include the typical overlapping metal-hydrogen bands, the concomi- 
tant diminution of the conduction band population with increasing hydrogen concen- 
tration, and the transfer of charge toward the t-site hydrogens. Sen Gupta and 
Chatterjee (1983, 1988) provide information on LaH2, NdH 2 and more recently on 
SmH2, showing the influence of the antibonding F 1 band. In the smaller lattice of 
SmH2, this band begins to overlap the metal d states and results in a lower cohesive 
energy than for LaH2, where the lower state is nearly filled. The authors use SmH 2 as an 
example to predict possible behavior for the later lanthanide dihydrides. See again the 
two-level hybridization model of Osterwalder (1985). 

The first calculations for higher composition hydrides are presented by Gupta and 
Burger (1980), by Fujimori et al. (1980) and by Fujimori and Tsuda (1981). In detailed 
self-consistent calculations for both LaH 2 and LaH3, Gupta and Burger (1980) 
recognize that the t-site and o-site hydrogens are non-equivalent, that the character of 
the complex hydrogen-derived bonding bands is not just H ls-like and that the rigid- 
band model of charge transfer is only qualitatively applicable. Fujimori and Tsuda 
(1981), using the LCAO method, make computations on the CeH2-CeH 3 system, 
promulgating the coneept that the dihydride can be eonsidered almost like a pseudo- 
metallic "element", with enhanced conductivity provided by "left-over" d-like conduc- 
tion eleetrons. The concept, although overly simple, provides an understandable 
picture, including large eharge transfer to t-site hydrogens, low resistivity, etc. The 
authors find shallow bonding levels between the third (o-site) hydrogen state and the 
remaining conduction electrons for CeH 2 as hydrogen is added, creating a new band 
between the valenee and conduction bands. The implication is that the t-site, and o-site 
hydrogens have sharply different properties. A band gap thus formed eventually leads 
to semieonducting properties with the composition range above CeH2. 7 being an 
n-type semieonductor as a result of hole-type donors in a defect band. [A somewhat 
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similar argument is offered by Libowitz et al. (1972) on the basis of resistivity measure- 
ments.] To a first approximation, calculations for CEH2.75 i n either a tetragonal or 
a cubic symmetry show that the gross electronic structure is basically unchanged. 
However, the calculated defect band seems too broad to support the Libowitz 
interpretation that the (narrow) defect band breaks up into localized states with the 
accompanying tetragonal distortion. Instead, an order-disorder transition is postu- 
lated at a critical defect concentration (H/Ce > 2.7), where electrons are localized in 
a higher-temperature disordered phase. A defect band forms in the lower-temperature 
ordered phase, giving rise to metallic conduction as postulated in the model by 
Anderson (1958). 

In contrast, Kulikov (1982) calculates the band structures of LaH 2 and LaH» using 
self-consistent local=density functional theory. He stresses the importance and sensi- 
tivity of the choi9e for' the crystal potential, finding incipient overlap between the 
conduction and valence bands for LaH3. The concept leads to an excitonic insulator 
phase at low temperatures. The low-temperature phase is semiconducting, and the 
higher-temperature phase is metallic; i.e., the interpretation is opposite from that of 
Fujimori and Tsuda (1981). 

Is LaH»_y a semimetal or a semic0nductor? A series of calculational studies 
undertaken by Misemer and Harmon (1982) attempt to provide more accurate insight 
into this problem. Their self-consistent calculations include relativistic corrections and 
spin-orbit coupling and confirm a large charge transfer to or towards the t-site 
hydrogens, with almost no transfer to the o-site hydrogens. The preferred coupling of 
the t-site orbitals (t/g symmetry) in the {111} direction (tetrahedral symmetry) is well 
defined. In contrast, the o-sites are along the { 100} direction that geometrically couple 
best to the eg symmetry orbitals. In terms of bonding bands generated, both the 
geometric and electronic natures of these respective states become clear. The addition 
of the third band for LaH3 partakes of the La eg character, in agreement with the results 
of Fujimori and Tsuda (1981). The band structures and composite densities ofstates are 
shown in fig. 22. These calculations still do not define whether or not a true band gap 
develops for the trihydride (for the same complex reasons just discussed), but in any 
case the predicted gap should be quite small. Thus, the~ three sets of extended 
calculations for the La + H system presented here, although similar, result in at least 
semantic differences in the final interpretations, and the area remains one of con- 
siderable-c-onj ect ure. 

Mota (1985) and Mota and Borges da Costa (1987) take a radically different appr- 
oach to~rmation of the third band appearing as the LaH3 composition is approached. 
A model Hamiltonian is invoked to include major hybridization between metal d and 
hyd~o~'en-derived s bands and to form the third band that appears in approaching the 
trihydride. Aband gap that appears between the upper and the lower hydrogen-derived 
bonding bands ~provides an explanation for the metal/non-metal transition. Results 
published on Ce+H by Gilson et al. (1989) involve the same Hamiltonian and 
ar~guments as for La + H. However, the interpretation is in direct conflict with the work 
of Misemer and Harmon (1982) shown in fig. 22, and with photoemission results 
discussed in section 6.1. It is difficult to imagine that sufficient hybridization can occur 
to produce such a drastic change for these very large lattices. Unfortunately, little work 
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Fig. 22. Results of self-consistent band-structure calculations for LaH z (bottom) and LaH 3 (top). Depletion 
of conduction electrons at the Fermi level and large charge transfer toward t-site hydrogens is clearly seen in 
the LaH» curves. After Misemer and Harmon (1982). 

has been done on the heavier (and smaller) lanthanide hydrides, other than that 
presented by Sen Gupta and Chatterjee (1988) for the Sm + H system, where significant 
overlap begins to be seen. 

To date, only one relevant calculation is published for an actinide system. Eriksson 
et al. (1991) use the so-called "film linearized" mutfin-tin orbital method (FLMTO) on 
Pu + H and Pu + O. Electronic structures of surface versus bulk configurations are 
addressed by this self-consistent method. The calculated density of states for Pull  2 
shows strong hybridization of the metal 6d and H ls states to form a broad bonding 
band about 7 eV below the Fermi level; i.e., in similar fashion to all the rare-earth 
systems discussed earlier. (The 5f electrons are considered to be localized, and do not 
appear in the densities of states.) In contrast to the results of Fujimori and Tsuda (1981) 
for Ce + H, these authors find little charge transfer to the hydrogen atoms. Although 
appreciable charge is lost by the Pu atom, the resultant charge distribution is 
concentrated in the interstitial region between the hydrogen atoms. This possibility was 
also proposed by Misemer and Harmon (1982) as an alternative interpretation for the 
observed spectra. The charge-density contour maps derived by Eriksson et al. (1991), 
using the latest and most sophisticated calculational codes, seem to confirm this 
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picture. Significant hybridization with ligand valence electrons is also seen and 
interpreted as giving rise to some covalency. Magnetic implications drawn from their 
spin-polarized results are considered in section 6.4. 

6.3. Transport properties 

Some of the most interesting and esoteric recent research is on low-temperature 
electrical resistivity. Measurements are frequently coupled with NMR, EPR and other 
newer experimental techniques. In combination with the phase, structural, surface and 
electronic results discussed earlier, results of these studies should give the reader a more 
clearly defined picture of hydride properties and their temperature dependence in the 
M H 2 - M H  3 composition range. 

6.3.1. Electrical resistivity and related properties 

6.3.1.1. Rare earths. Most earlier resistivity studies were performed on thin metal 
films as they were progressively "titrated" with hydrogen. The results show changes 
from highly metallic properties for dihydrides to semiconducting behavior in ap- 
proaching the trihydride. Since the resistivity rises steeply upon filling of the o-sites and 
random occupation supposedly begins to perturb the crystal field of the metal, the 
technique provides a method that equals or exceeds precise P-C-T measurements for 
defining the first hydride phase boundary, especially if kinetics are sluggish. However, 
as discussed in some detail earlier, sorting out the effects of phase transitions and/or 
various ordering phenomena as a function ofcomposition and temperature is a difficult 
task. A recent and valuable addition is the ability to perform precise resistivity 
measurements down to liquid helium temperatures. Magnetic transitions (see sec- 
tion 6.4) intertwined in the data must be identified in resistivity studies. Finally, low- 
temperature specific-heat measurements provide valuable information and detail, and 
are included as needed in discussions of both resistivity and magnetism. 

An excellent paper by Surplice and Kandasamy (1982) is recommended for those 
interested in phase boundary studies. Thin-film data are presented for Sc + H, Er + H 
and Yb + H, and comparison is made to earlier bulk studies and P-C-T measurements. 
The increases in resolution and in interpretation are quite revealing. 

As noted previously, recent interest has concentrated on the MH 2 -MH 3 region and 
especially on those effects seen as the temperature is lowered. As an introduction and 
brief overview, the study on Th, Er, Dy and Gd and their dihydrides by Burger et al. 
(1984) serves to delineate the comparison between the patent metal and the hydride at 
the beginning of the single phase region. It is particularly instructive to note the clear 
separation achieved between the (lower-temperature) acoustic-phonon coupling para- 
meter and (higher-temperature) optical-phonon effects, which are both much smaller in 
the dihydrides than in the metals. Through comparison of the hydrides and the 
deuterides, the authors show that a well-defined (although small) coupling occurs with 
the optical phonons. This separation is possible, except for GdH2, because the 
magnetic-ordering transition is drastically lowered for the dihydrides due to the 
reduction of condution electron-to-4f spin coupling. Comparative values, expected to 
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TABLE 10 
Elec t ron-phonon  coupling parameters for rare-earth metals and their dihydrides. 
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Tm Er Dy Gd 

A2 a~ (Itf~ cm/K) l-metall 0.175 0.19 0.125 - 
OE(K ) M H  2 1508 1485 1438 1392 

M D  2 1066 1050 1017 984 
A~. ac (~t~ cm/K) [MH2] 0.055 0.052 0.046 0.044 
A2°P(ixf~cm/K ) [MHz]  0.0162 0.0172 0.0155 0.0143 

be typical for most of the lanthanide dihydrides, are given in table 10, where p(T)  = 

A 2 t T  and OE is the calculated Einstein temperature. 
For the following discussions, the results are conveniently presented according to the 

interests or emphases of a particular laboratory effort. Much recent work has come 
from various authors while at the Ames Laboratory. A wealth of information is 
available for the simplest rare earths (La and Ce) that have no high-temperature phase 
changes. The reader is directed to an excellent summary of work on the CeH 2 +« system 
up to 1985, by Schlapbach et al. (1986a). In early NMR studies by Barnes et al. (1980), a 
clear transition at about 210 K is attributed to a metal-to-semiconductor transition. 
Also, a narrow band gap (~  0.01 eV) appears below that temperature, as discussed at 
some length in sections 6.1 and 6.2. The authors also identify the off-center displace- 
ment of o-site atoms. 

Heat-capacity studies on LaH x and LaD x (2.5 < x < 3.0) are described by Ito et al. 
(1982) and by Ito et al. (1983). Although mixed behavior is noted for intermediate 
compositions, four sharp anomalies at 211,230.5, 233.5 and 274 K for LaD 3 indicate 
the existence of five phase modifications. Two broad peaks are observed for LaH 3 at 
241 and 270 K; whereas the lowest transition for both LAD3. o and LaH3. o is assigned 
(but see below) to a semiconductor-to-metal transition upon warming, the others are 
attributed to location changes, ordering, structural transitions, etc. Puzzlement over 
the lack of peaks expected for cubic-to-tetragonal distortions at certain compositions 
are resolved by the work of Boroch et al. (1989) and Conder et al. (1989) as shown in 
figs. 3 and 4. The electronic specific heat coefficient for LaDx (2.76 < x < 3) is essentially 
zero and indicates (as expected) a near-zero conduction-band population. 

Shinar et al. (1988) measured the resistivities of LaH~ and CeH~ (x > 2.70) by an 
indirect Q-factor technique over the temperature range 120 < T < 500 K. Composite 
data for LaH2.9o, LaH2.8o and LaH2.7o are shown in fig. 23. Because this method is not 
absolute, a resistivity ratio is used to normalize values to that for 295 K. A peak that 
becomes increasingly sharp at high compositions shows a transition from weakly 
metallic to semiconducting behavior with increasing temperature. This result is reverse 

of that normally expected, and opposite to what was derived by Ito et al. (1983) from 
heat-capacity data. At compositions above LaH2.93 and CeH2.8» the phases are 
semiconducting at all temperatures. The observed transitions clearly coincide with the 
structural ordering of o-site hydrogens described earlier. Whether or not a tetragonal 
distortion accompanies this ordering is sensitive to composition, as shown by fig. 3. 
The room-temperature resistivity increases rapidly with increasing x, as indicated in 
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Fig. 23. Q-factor indirect resistivity data for the LaH x system 
(x = 2.70, 2.80, 2.90), ratioed to 295 K. Transition from weakly 
metallic to semiconducting behavior is seen with increasing 
temperature. Note: symbols indicate data  taken at various 
frequencies, over the range 4 to 44 MHz; all data are frequency 
insensitive. After Shinar et al. (1988). 

fig. 23, and agrees with the disappearnce of d-like conduction electrons, as discussed in 
sections 6.1 and 6.2. Due to the extreme sensitivity of electronic properties near the 
trihydride composition, it is not known whether a small band gap appears (especially 
for Cello) or whether a gap-less but disordered metallic state is formed. 

In the continuing series of reports from the Ames Laboratory,  Kai et al. (1989) 
discuss more extensive and refined heat-capacity studies on LaD x and LaH x 
( 1 . 9 < x < 3 . 0 ) .  Measured electronic specific heat coefficients (mJ /molK '2) are 

= 0.81 _ 0.01 for LaH2(D2) and 0.038 _ 0.01 for LaH»(D3), with Debye temperatures 
of 6) D = 348 _+ 2 and 381 _ 2K,  respectively. As in the work of Ito et al. (1982, 1983), 
four sharp peaks are observed for LAD2.9», but at slightly different temperatures. 
Similar results were also quoted for samples at x = 2.65, 2.75, 2.80 and 2.90 where the 
cubic-to-tetragonal transition occurs, and all have a common peak at 250 K. These 
results and the lack of an observed cubic-to-tetragonal distortion for x = 2.53 correlate 
with the X-ray data in fig. 3. On the basis of the variation of the electronic specific heat 
coefficient with composition, special stabilities are proposed for compositions with 
x = 2.25, 2.50 and 2.75. For  x = 2.25, the proposal seems somewhat nebulous because of 
the broad/ / -phase  shown in fig. 4, but a positive relation is evident for the ~ and t/ 
phases. Whether the 5 and e phases, near 2.62 and 2.66, respectively, should appear is, of 
course, a matter  of conjecture. The authors present entropies of transition and provide 
an extensive discussion that includes comparisons of their experimental results with 
band-structure values. 
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Fig. 24. Resistivity ratio results for LaH x (2.80 < x < 2.90) showing the 
I i I rapid localization of band states and concomitant drop in conductivity 
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with increasing temperature. See note, fig. 23. After Shinar et al. (1990). 

Recent work from the Ames Laboratory  includes a resistivity study by Shinar 
et al. (1990). Measurements made over the 100 to 700 K range are intended to further 
investigate and elucidate the curious semiconductor-to-metallic transition that occurs 
with warming. According to a suggested mechanism, low-temperature ordered (o-site) 
states give rise to a defect band arising from the vacant o-sites and the associated 
electrons produce metallic conduction, as in the model by Anderson (1958). As 
discussed in section 6.2, the transition to more disordered o-site hyd ogens at high 
temperatures localizes these band states and the conduction drops dramatically as 
shown in fig. 24. This interpretation agrees with the conclusions of Fujimori and 
Tsuda (1981) and Misemer and Harmon  (1982); however, neither those studies nor 
that of Boroch et al. (1989), who present conflicting structural interpretations, are 
cited by the authors. 

In the region where magnetic effects must be considered, a resistivity study on 
CeH2+ x (0 < x < 0.01) by Vajda et al. (1990) shows that the appearance of low-tem- 
perature anomalies related to magnetic transitions depends on whether the system is 
cooled slowly enough for ordering to occur. Both heavy-fermion and Kondo-lattice 
behaviors are inferred from the low-temperature results ( T < 2 0 K )  and a close 
competit ion between magnetic order and the Kondo effect is revealed by data from 
quenched versus slow-cooled samples. 

Numerous  and extensive studies on hydrides of the magnetic lanthanides are 
reported by the French group. Electrical-resistivity measurements for the PrH2+ x 
system (0 < x < 0.75) by Burger et al. (1988) show the strong reduction in carrier 
density with increasing x discussed earlier, and the authors identify both short-range 
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(x < 0.01) and long-range (x > 0.2) ordering. Effects of rapid versus slow cooling are 
again delineated. Metallic magnetic ordering is completely quenched by hydride 
formation. In agreement with earlier observations, the mobility of o-sites hydrogens 
increases with increasing x up to the point where site blocking dominates. 

Studies of the NdH 2 + x system by Daou et al. (1992) explore in detail the effects of 
quenching versus slow cooling and give valuable insight into the relative weights of 
structural and magnetic ordering. Whereas a ferromagnetic transition occurs for 
NdH 2 + x at 6.8 K, measurements for Nd metal by Senoussi et al. (1987) show an anti- 
ferromagnetic transition at 19 K. The transitions for all other rare-earth hydrides are 
antiferromagnetic and their magnetic transition temperatures are more than ten times 
smaller than for the pure metals. Since magnetic ordering produces a significant drop in 
spin-disorder resistivity, a minimum is also seen as the temperature is lowered toward a 
magnetic transition. The authors report detailed results on the quench-induced 
resistivities for various compositions, the dependence of these resistivities upon tem- 
perature and activation energies for hydrogen diffusion. Measurements were only 
made up to x = 0.65, because of sample instabilities implying appearanee of the cubic 
NdH a +~ plus hexagonal NdH 3_y two-phase region at higher compositions. The 
existence of a high-composition plateau beginning near H/Nd = 2.6 is now eonfirmed 
by Ohki et al. (1989); a transition near PrH2. 8 is suggested. Since the resistivity of 
Nd2.oo is only 0.18 gf~ cm, the magnetic resistivity term pm and the onset of phonon 
scattering are well tracked. As the o-sites begin to fill, a more complex picture emerges 
in the form of short-range as well as long-range ordering, crystal-field effects, loss of 
symmetry, subtle phase transitions and distortions. At high x the complexity is of 
course magnified. Although further details about magnetic effects are given in sec- 
tion 6.4, this chapter provides a detailed analysis of how a rare-earth system with 
magnetism might behave and is recommended to the reader desiring a well-presented 
discussion. 

Resistivity data are also reported for later rare earths. Data for the Sm + H system 
show again that short-range structural ordering begins as soon as o-sites begin to be 
occupied. Vajda et al. (1989a) have measured electrical resistivities up to  8 m H 2 . 2 6  , and 
Daou et al. (1989) report concomitant lattice parameter and low-temperature thermal- 
expansion studies. The sharp magnetic transition seen at 9.6 K begins to diminish at 
x > 0.16, because the crystal-field levels of cubic symmetry are seriously perturbed by 
the random occupation of o-sites. The spin-disorder resistivity in the heavier hydrides 
ofGd, Tb, Dy, Ho and Er has been systematically evaluated by Daou et al. (1988a, b, c), 
and the Sm + H system is compared with Gd + H, where no crystal-field effect is 
expected (Gd +3 has only a pure spin moment). It is concluded that the so-called 
exchange integral term F is perhaps larger for the lighter rare earths, but measured 
values for Tn (9.6 K) and for the magnetic spin-disorder resistivity pm (12 mf~ cm) are 
both larger than the expected values (6 K and 5.26 mf~cm, respectively). The lattice 
parameter is a minimum size at about SmH/.4», which is taken to be the beginning 
of the two-phase plateau leading to the hexagonal phase. However, this contraction 
is observed in all rare-earth-like MH2+ x systems, exeept for NpH2+ ~, and 
signals that the minimum M - H  distance of 2.32 A has been reached. In any case, 
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the phase transition begins in this area, due to the strains produced by forcing more H 
atoms into the lattice. The NMR studies of Zogal and Drulis (1989) show two proton 
resonances, indicative of two phases with different hydrogen diffusion ratesù Based on 
the analysis of the NMR and accompanying X-ray diffraction data, the two-phase 
boundaries are placed at 2.35 _ 0.05 and 2.95 _-4- 0.03. 

The phase relationships defined for Sm + H by other techniques provide other bases 
for comparison. Results of X-ray diffraction studies by Greis et al. (1981) show that 
phase boundaries at high temperature are 2.35 and 2.76. These authors identify a 
tetragonal Sm3H 7 (SMH2.33) compound that forms upon slow cooling (a similar phase 
has been postulated for Pu + H). However, as shown by the data in fig. 11, the recent 
P-C-T  studies by Wang et al. (1990) place the lower phase boundary at 2.55, in 
agreement with earlier studies; the upper boundary appears above H/Sm = 2.9. These 
discrepancies, although perhaps not major, show that the interpretation of electrical 
resistivity measurements can be difficult and highly dependent upon the temperature 
fange, the method of cooling, and the accuracy and precision of the hydride composi- 
tion. Since the span in H/Sm of the two-phase region is approximately 0.4 in several 
studies, composition errors seem likely. The best focus of a resistivity measurement 
might be to delineate magnetic transitions, a topic discussed in section 6.4. 

Extensive work on the Tb + H system by the French group may serve as a model 
for the more magnetically complex late rare-earth hydrides. Resistivity data obtained 
on the TbH1.93 +x phase by Vajda et al. (1985) show that an anomaly at about 150K 
becomes more prominent with increasing x. This phenomenon is attributed to short- 
range ordering of H atoms on the o-sites, rather than to (or perhaps in addition to) a 
possible structural transformation. Analogy is drawn to ordering like that in the 
c-phase (see section 3.2) at similar temperatures; the introduction of hydrogens on 
o-sites is viewed as dissolution of hydrogen in MH 2 + ~ solid phase. The work is 
extended by Daou et al. (1986), who explore in detail the technique of quenching in 
defects by rapid cooling, the effects of electron irradiation and the consequences of 
annealing by various paths. They suggest that ordering may occur in the {100} 
directions; i.e., across an intervening metal atom. Other resistivity work from this 
laboratory relates to magnetic transitions and the paramagnetic spin-disorder resistiv- 
ity pm, and is discussed later. 

An interesting study by Daou et al. (1988b) explores the resistivity behavior of 
LuH2 + x. The insulating phase occurs already for x near 0.2, and large increases are 
observed in the residual resistivity and in the temperature contribution to the total 
resistivity as this composition is approached. Normalization of the data for various 
samples shows that the large difference observed with x as a function of temperature 
arise mainly from the phonon contribution to the resistivity. The variations in the 
residual resistivities are ascribed by the authors to admixture of the insulating phase 
possibly along grain boundaries of the metallic cubic phase. A so-called "percolation 
model" describes the process ofconduction through and/or around the various paths in 
the two-phase mixture. 

A recent paper by Vajda and Daou (1991) on the non-magnetic Y + H system shows 
for the first time a metal-semiconductor transition for YH2.1o at 230K. As in the 
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rare-earth systems, hydrogen ordering is again observed by applying the quench versus 
slow-cool technique. A further transition in the 60-80K range is identified as very 
narrow-gap semiconducting behavior in this weakly metallic system. 

6.3.1.2. Actinides. Resistivity studies on the Np + H, Pu + H and Am + H systems 
are summarized by Ward et al. (1992). Measurements were carried out on NpH2.a3 (the 
phase boundary composition), NP2.3a and NpHz.6o. As shown in fig. 25a, NpH2.13 and 
NpH2.33 are rather poor conductors, but quite obviously metallic, although the 
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Fig. 25. Electrical resistivity data for the Np + D and Pu + H systems. (a) NpD x (x = 2.13, 2.33 and 2.60); 

(b) PuHx(x = 1.93, 2.42, 2.65). After Ward et al. (1992). 
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amount of scattering introduced by the somewhat higher composition is quite large. In 
contrast, the 2.60 composition exhibits strong semiconducting behavior (see sec- 
tion 3.1.1) and has a cubic-to-tetragonal transition near 170 K, plus an as-yet unquanti- 
fied semiconductor-to-metal transition in the neighborhood of 70 K. As noted earlier, 
this may correlate with the extra reflections seen in the neutron diffraction data at 10 K 
(see fig. 7b). Since the ground states of Np a+ and the neptunium hydrides are 
non-magnetic, the presence of a magnetic effect is doubtful. Proximity to the cubic- 
hexagonal two-phase region may also be a factor, as just considered in the Lu + H system, 
where a spectacular rise is observed; however, the relative curves for the Np and Lu 
hydrides do not correspond at all. 

Based on the trend in the actinides towards more rare-earth-like behavior, the 
Pu + H system is expected to be more "normal". As discussed in sections 6.1 and 6.2, 
and alluded to in the discussion of early rare-earth hydride systems, Np (or Pu) 
(5f)-H(ls) interactions should be large, both due to the energy superposition and 
spatial distribution of the 5f band. However, the effect of 5f spatial extension should be 
small in the large Np (or Pu) + H lattices, and indeed plutonium hydride exhibits the 
classical 5f 5 moment characteristic of a localized system. Nevertheless, as shown in 
fig. 25b, Pull1.93 (phase-boundary composition) is less metallic than NpH2.13 , the 
sharp ferromagnetic transition at 60 K notwithstanding. Ordering of the o-site hydro- 
gens is clearly evident for H/Pu at 2.42 and especially at 2.65 compositions. The higher 
composition exhibits a very high resistivity at room temperature and apparent semi- 
conducting behavior, although not as spectacular as that for NpH2.6o. Again, proxim- 
ity to the two-phase region may complicate the issue. As discussed below, magnetic 
transitions are sharply defined for all compositions including Pull 2.,,2, but are masked 
for PuH2.65. The puzzling, and as-yet unexplained, observation is the very sharp 
transition for the 2.65 composition at about l l0K.  The process has no magnetic 
component, and is not seen in neutron data. Satisfactory explanations are not given for 
the behavior ofeither Np + H or Pu + H. Although f-s scattering may be invoked, it is 
inconsistent with the complexity of Pu + H, a system which in theory should be 
simpler. 

Excitement arises for the Am + H system because rare-earth-like behavior is finally 
seen. The 5f electrons finally become truly core-like, but remain relatively close to the 
Fermi level. Resistivity data for AmH2.o6 in fig. 26 shows that the hydride is more 
metallic than the parent metal at low temperatures and reaches a value less than 
7 gf~ cm below 40 K. A well-defined but as-yet unexplained change of slope at 150 K 
implies some sort of transition that does not involve o-site hydrogens. Resistivity data 
are not available for any other transuranium hydride systems. 

6.3.2. Other transport-related properties 
Nuclear magnetic resonance (NMR) has been the major tool for assessing hydrogen 

motion in hydrides, because the t-site and o-site hydrogens exhibit markedly different 
diffusion rates, hopping frequencies and ordering temperatures. A good basic dis- 
cussion of the technique is given by Seymour (1982). A more recent technique, 
quasi-elastie neutron scattering (QENS), enhances the ability to quantify hopping rates 
and diffusion paths. 



346 J.W. WARD and J.M. HASCHKE 

I I I I I 
~k (PuHl~3,527) J 

160 - 

140 -- 
_ PuHI»3 

120 / NpH213 

/ 
~~, 

/ Oot °°° 

~'~-- 68 . . . . .  1 . . j  t -  
. . ~ ' 2 f  ~0 ~ z« ~:~'~«~~ii~'i~~i 

ù0 _ ~ - - ~  ~,3 ~ j - "  . . ' . .  
~.~ ...." AmH2os 

/ "  
. ~  ,oOO 

- 1 ..~" ~ PrH197 (Ref 13) 

20 - / /  ,:.. ~ j 

j ~ • oo I t  

. . . .  ° ° . ~ , ~ - - 7 . 3  

I I I I I 
0 50 100 150 200 250 300 

Fig. 26. Comparison of electrical resistivity data for AmH2.06 (data points) with values for Pull 1 93 
NpH2J3 and PrH1.97. After Ward et al. (1992). 

lOO 
E 

-« 

6.3.2.1. Rare earths. Most of the diffusion data measured by NMR are for the 
hydrides and «-phases of the simpler, non-magnetic elements (La, Sc, Y and Lu). 
Kashaev et al. (1978) measured the proton magnetic relaxation for compositions near 
LaH 2 and LaH 3 over the -180  to 400°C range. The temperature dependence of the 
spin-lattice T 1 and spin-spin T 2 proton relaxation times show that the major 
c0ntribution was from hopping diffusion, as evidenced by the modulation of 
dipole-dipole interactions. The contribution arising from interaction of protons with 
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the conduction electrons show that LaH 2 is metallic. For LaH 3, the conduction 
electrons are essentially gone and a very different relationship characteristic of a 
semiconductor is observed. Belyayev and Stepanov (1982) measured T 2 values for both 
LaH x and NdH x (2 < x < 3) over the range 150-400 K. The low-temperature ordering 
of o-site hydrogens causes non-uniform diffusion up to a temperature where the 
so-called t - o - t  (tetrahedral-through-octahedral-to-tetrahedral) jumping mechanism 
begins. At this point diffusion becomes uniform; for LaH2.29 the process appears above 
380 K and has an activation energy of 0.107 _ 0.005 eV. Although similar qualitative 
results were seen for the Nd + H system, the data cannot be quantified, due to severe 
magnetic broadening. Borsa et al. (1982) look specifically at LaD 3, taking advantage of 
a deuterium electric quadrupole moment that couples to the electric-field gradient of 
the crystal. They postulated the existence of both hopping diffusion among the (newly 
discovered at that time) off-center o-site atoms and vacancy diffusion involving an 
estimated (but perhaps questionable) 3~ vacancy concentration. The same activation 
energy is reported for both processes; the data show a large perturbation in T~ data near 
200K, where electronic and/or structural transitions are seen (see section 6.3.1). It 
should be noted that the NMR work just discussed was completed during the times 
that lattice and electronic transformations (e.g., tetragonal distortions and 
metal-semiconductor transitions) were being discovered and catalogued. 

A recurring anomaly is the apparent diminution of the jump rate at high tempera- 
tures. Richards (1987) postulates that increased vibrational amplitudes result in H - H  
repulsions that interfere with some diffusion paths. However, in discussing high- 
temperature NMR studies, Barnes (1989) points out that recent QENS studies such as 
the work on YH 2 by Stuhr et al. (1989) and by Barnfather et al. (1989) do not indicate 
any slowdown in diffusion. An excellent short review of the NMR technique as applied 
to diffusion is given, and a number of references are included. A two-state model similar 
to that for superionic conductors is proposed for the high-temperature anomaly. The 
model includes correlated motion of the H ions in the superionic state and a larger 
correlation time than classical diffusion. The existence of hydrogen clusters in the 
superionic mode is inferred but not proven. Some comparative hopping frequency 
values are given in table 11. 

TABLE 11 
Comparative hopping frequencies F«- 1 at the critical tempera- 

ture for some hydrides and superionic conductors. 

System Critical temperature (K) F d- 1 (10- lO s- 1) 

S&H1.88 1080 1.4 
458cH1.88 790 4.6 
Sc2D1.82 950 0.20 
Y1H1.98 950 0.20 
LalH2.26 800 0.32 
pba9F2 700 2.5 
7Lio.sAlo. 5 430 0.14 
~-45ScHo.27 670 0.60 



348 J.W. WARD and J.M. HASCHKE 

NMR data are presented for both the c-phase (YHo.18) and the dihydride of yttrium 
in the study by Barnes (1989). For the c-phase, 89y signals are not found below 350 K, 
even though low-temperature ordering and pairing occurs in chains along the c-axis 
(see section 3.2). Although Blaschko et al. (1985) postulate three-dimensional ordering 
between chains, the NMR results imply inter-chain disorder that spreads out 89y and 
tH shifts and masks the 89y signal, even at 150K. For the dihydride, a 89y doublet 
shows that the metal exist in two types of surroundings. Postulation of a hitherto 
unreported phase is supported by very recent work of Vajda and Daou (1991), who 
report for the first time several metal-to-semiconductor transitions and low-tempera- 
ture ordering (see section 6.3.1.1). 

Other studies of the c-phase are reported by Anderson et al. (1990) for the ScH« 
system and by Barnes (1991) for the SCHx, YH x and LuHx systems. The QENS analysis 
by Anderson et al. (1990) identify a fast hopping rate ( ,~ 1012 s-1) involving a popula- 
tion of labile interstitial hydrogens; i.e., hydrogens not involved in short-range 
H - M - H  low-temperature pairing (see fig. 9a). The behavior is attributed to a Kondo 
mechanism for rapid proton motion between nearly symmetric double wells between 
the metal atoms. Temporary puzzlements and disagreements arose during the last 
decade because such motion is too fast for NMR detection. This problem is recognized 
by Barnes (1991), who reports that Iocalized motion occurs in Sc or Lu at hopping rates 
of the order of 108 s- 1 in the temperature range 10-100 K, as illustrated in fig. 27. Since 
the hydrogen concentration is so low, the dipolar field at the proton sites is dominated 
by the metal nuclei; the apparent divergence of the full curves identifies an electronic 
structure change between 160-200 K. Conversely, Y has a very small nuclear moment 
and localized motion rate is very small and barely distinguishable from the electronic 
contributions. Barnes (1991) discusses differential thermal analysis (DTA) results in 
terms of a classical over-barrier hopping, or possibly tunneling, process with a 
distribution of barrier heights. As postulated by Torgeson et al. (1991), the latter 
approach is relatively successful; however, close similarities to results observed for 
amorphous and disordered systems ("proton glasses") are also considered because they 
are examples of oscillating system involving two states. 
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QENS measurements on single crystals of the yttrium «-phase by Anderson et al. 
(1989) provides information on long-range and local diffusion rates. Fast hopping 
between neighbor t-sites are confirmed and an excellent discussion of data handling 
and interpretation is included. 

6.3.2.2. Actinides. The only NMR work reported on a transuranium hydride system 
is that by Cinader et al. (1976) for Pu + H with H/Pu = 1.78, 2.35, 2.65 and 2.78, 
over the temperature range 7 7 -  300 K. For a composition in the plateau region 
(H/Pu = 1.78), a normal rigid lattice signature is observed near 90 K, as is the case for 
the higher compositions. At lower temperatures inhomogeneous broadening set in, 
characteristic of paramagnetic broadening. Both tetrahedral and octahedral line 
broadening are observed, with a much faster diffusion rate (as expected) for the o-site 
hydrogens. A new broad line observed for PuH2.78 at 91 K is attributed to magnetic 
ordering. However, as noted by Ward et al. (1992) and discussed in section 6.3.1.2, the 
sharp resistivity inflection near 100 K (probably a related effect) shows no magnetic 
counterpart. Cinader et al. (1976) interpret their results in terms of a transferred 
hyperfine interaction model, rather than the more normal RKKY interaction model. 
They suggest that narrow-band d-type conduction electrons couple in normal fashion 
to the localized magnetic moments; i.e., the interpretation is consistent with the 
calculations presented by Eriksson et al. (199t). 

6.4. Magnetism 

Again, the problem is how to present a large amount of data taken by several tech- 
niques, upon a variety of systems. The choice has been made to review the techniques, 
considering the elements in row order, or in groups, as necessary. 

6.4.1. General magnetic behavior 

6.4.1.1. The rare earths. Most of the traditional magnetic measurements on rare- 
earth hydrides were made prior to the summary by Libowitz and Maeland (1'979). 
Magnetic susceptibilities, moments, Weiss constants and ordering temperatures are 
well-catalogued. The reduction in ordering temperature upon withdrawal of coupling 
to the spins by the conduction electrons and upon forming the higher hydrides is 
well-understood. Recent refinements are in the categories of "why and how" and are 
primarily a consequence ofnewer and more sophisticated techniques and higher-purity 
materials. A large body of new information has accumulated. 

Very little general magnetic work has been published during the last twenty-five 
years. Osterwalder et al. (1983) made both AC and high-field susceptibility measure- 
ments on the CeH x (1.8 < x < 3.0) system over the 1.3-300 K temperature range. No 
ordering is observed for the 1.93 composition, but a sharp and very strong signal 
appearing at 4.2 K for the -2.43 composition is ascribed to ferromagnetism. CeD3. o is 
ordered at 2.4 K, and comparison neutron-diffraction measurements at 1.3 K showed 
this composition to be antiferromagnetic (AF) and to have long-range ordering of o-site 
deuteriums. The magnetic moment (/~ce = 0.64/~B) is oriented in the { 111} direction. The 
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low value with this orientation is imputed to be due to crystal-field effects. The expected 
tetragonal distortion near 290 K is shown by neutron results. The 2.43 composition is 
ordered ferromagnetically with a saturation moment of about 1.21PB, a value near that 
for a classical 4f 1 electronic configuration. The introduction of o-site deuteriums is 
expected to produce more spherical symmetry and reduces the (strong) crystal-field 
splitting seen initially for the dihydride. A F 8 ground state is suggested for the Ce + 3 ion. 

Measurements are reported for the NdH 2 + x system, which also forms the cubic 
hydride to high compositions. Carlin et al. (1982) clear up some discrepancies in older 
data by performing both AC susceptibility and DC magnetization measurements on 
the NdH 2 composition. They report a T c of about 5.8 K, suggestive of long-range 
ferromagnetic order and confirmed by magnetization results. Onset of coercivity 
occurs near the same temperature. Curie-Weiss behavior is noted with an infinite field 
extrapolation moment value of 1.9 PB. Senoussi et al. (1987) extend measurements from 
x = 0 to 0.75 over the temperature range 1.5 < T(K)<  15 at fields less than 15kOe. 
Ferromagnetism is also reported for NdH 2, which also exhibits strong coercivity 
effects. At higher compositions, the long-range ferromagnetic ordering diminishes until 
spin-glass-like behavior appears at the highest composition. The authors attribute 
much of the results to local fluctuations in hydrogen concentration, resultant magnetic 
anisotropy and general random behavior influenced also by crystal-field effects. 

Carlin et al. (1980) observe antiferromagnetic ordering in GdH a at 1.8 K. Since the 
metal orders near room temperature, this result demonstrates again the major change 
that occurs as conduction electrons are bound. Carlin and Krause (1981) also studied 
the DyH 2 and DyH 3 systems below 30 K by the AC mutual inductance method. DyH a 
orders antiferromagnetically at 3.2 K. The data are consistent with extensive short- 
range antiferromagnetic ordering and agree reasonably well with earlier work and with 
more recent Mössbauer and specific-heat measurements, but disagree with reports 
describing long-range order. 

Flood (1978) has measured the magnetization and magnetic susceptibility of ErH 3, 
finding Curie-Weiss behavior from 4.2 to 2 K and evidence for an antiferromagnetic 
transition. The low-field effective moment is 6.77 _ 0.27pB. 

6.4.1.2. The actinides. Aldred et al. (1979) has measured magnetic susceptibilities for 
the compositions H/Np = 2.04, 2.67 and 3.0 at temperatures between 4 and 700 K. 
Evidence is not found for magnetism or magnetic ordering; however, a weak tempera- 
ture dependence on the susceptibility is interpreted as a Np +3 (5f 4) non-magnetic 
ground state. The large N p - N p  distance should preclude f - f  overlap and the 5f 
electrons should be at least quasi-localized. 

Quasi-localization becomes very clear for the Pu + H system. Ward (1983) has 
shown the Pu ion to be normally trivalent, with a nearly classical 5f » moment. All 
compositions show sharp ferromagnetic transitions in contrast to earlier work on 
powders. The ordered moment (# = 0.4#B) determined with neutron scattering by 
Bartscher et al. (1985) seemed a bit puzzling, but is now readily explained by Eriksson 
et al. (1991) as the result of anti-coupling of the d moments against the f moments. 
Magnetization data do not exist for actinide systems beyond Pu + H. 
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6.4.2. Relationship of  electrical resistivity and magnetism 
A large body of data has been accumulating in elucidating magnetic transitions via 

low-temperature resistivity measurements. Although this situation is already noted in 
section 6.3.1, a brief and more specialized addendum is given hefe. Where possible, 
results are presented in elemental order. 

Burger et al. (1990a) compare the magnetic and related structural properties of 
several systems studies by low-temperature resistivity measurements. CeH 2 + x is a 
special case due to conduction-electron hybridization, which modifies the exchange 
interaction F and leads to Kondo behavior. (In contrast, results for PrH 2 are more 
ùnormal".) Crystal-field effects can also introduce anomalies that may be superim- 
posed on the expected reduction of the magnetic ordering temperature T N by depopu- 
lation of the conduction band during formation of the hydrogen bonding bands at 
high compositions. As discussed previously, this corresponds to diminution of the 
RKKY interaction. However, this proeess, although the dominant one, is only one 
dimension of the fundamental changes that can occur with increasing x. Burger et al. 
(1990a) point out that the nature of the conduction electrons must also change from 
spd character in the metal to mostly d character for the hydrides. 

The general relation of magnetic to structural ordering was already well-defined by 
earlier work. Studies on the TbH2+ x system by Vajda et al. (1987) show that a rather 
spectacular variation in p(T)  occurs for even small (0.045) values of x. The behavior is 
attributed to an incommensurate antiferromagnetic transition in addition to the 
expected commensurate one. This incommensurate transition is now co:nfirmed by 
Arons and Schweizer (1982), using neutron-diffraetion measurements. Additional 
effects of incommensurate ordering (apparent decrease of T N with H disordering) are 
described in terms of modifications of the electronic structure by the opening of a new 
' superzone" boundary gap; e.g., by general modification of the electronic structure 
and the shape of the Fermi surface. The reader is referred to this paper for additional 
details. 

In studying the DyH 2 +x system, Vajda and Daou (1992) relate observed magnetic 
behavior to the effects of short-range or long-range ordering. For x near zero, 
well-defined magnetic transitions appear at 3.3 and 5.1 K, in agreement with earlier Cp 
work. Whereas the lower temperature is T» the point of normal commensurate 
antiferromagnetic ordering, the 5.1 K value is identified as an incommensurate antifer- 
romagnetic ordering. These transitions are rapidly smeared out with increasing x, as 
short-range ordering appears in the hydrogen sublattice. However, as x increases 
further, a minimum appearing in the resistivity for x > 0.3 leads to a new magnetic 
feature at about 10.5 K and signals the appearance of longer-range ordering and 
attendant modification of both the magnetic and physical structures. The authors 
suggest a possible tetragonal modification, which agrees with the extensive information 
on such ordering discussed earlier. These results, summarized in fig. 28, illustrates the 
special sensitivity of resistivity measurements toward magnetic effects. 

Another review paper by Daou et al. (1988a) considers the MH2+ ~ systems of 
Gd, Tb, Dy, Ho and Er in terms of magnetic properties and structural ordering. The 
order-disorder phenomenon at x > 0 becomes increasingly complex and begins to 
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Fig. 28. Low-temperature electrical-resistivity data 
for DyH2+ « at several compositions. At x = 0.13, 
results for both rapid-cooled (curve Q) and slow- 
cooled (curve R) sarnples are shown. Magnetic con- 
tributions seen at low cornpositions are "smeared 
out" for x > 0.10; a new magnetic feature character- 
istic of longer-range ordering is seen at x = 0.13 
(curve R). After Vajda and Daou (1992). 

involve crystal-field theory, Kondo effects, etc. This appears to be the area and 
direction of the most recent research. 

Finally, magnetic effects in the c-phase are also quite complex. The most interesting 
examples are in the high-solubility systems, such as Lu, Tm and Er. Tm, with a 
maximum solubility of 11 a tom %, also exhibits magnetic transitions. Vajda et al. 
(1989b) present a detailed analysis, identifying earlier work with the later realization of 
the H - H  pairing along the c-axis that occurs across the metal atoms with cool- 
ing/ordering. Whereas increasing the amount  of dissolved hydrogen lowers T N in a 
regular way by diminishing the contribution of the R K K Y  mechanism, a spectacular 
difference exists between the b-axis versus the c-axis resistivities. The b-axis data show 
the expected temperature and composition dependencies and a reasonably defined T N. 
For the c-axis data, the residual resistivity increases so strongly with increasing H 
concentration that the expected resistivity drop due to magnetic ordering below 35 K is 
swamped for H /Tm > 0.05, and Pm is not seen. The c-axis data are shown in fig. 29. The 
authors successfully fit the body of data with exponential and/or polynomial express- 
ions, from which residual, magnetic and phonon resistivity components can be dedu- 
ced, and from which a rationale for the spin-disorder resistivity behavior is derived. In a 
related paper, Daou  et al. (1988a) show that earlier heat capacity studies were probably 
made on H-contaminated (c-phase) Tm metal and that the c-phase exhibits an 
increasingly complex magnetic structure as the H content increases. 

6.4.3. Low-temperature heat capacities 
A reliable tool for detecting magnetic behavior is measurement of heat capacity. 

Many other phenomena, such as phase transformations, ordering, etc. are also seen. 
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Fig. 29. c-axis resistivity data for c-phase 
LuH x (x = 0.030, 0.050, 0.078 and 0.100). Sym- 
bols are identified on the figure. After Vajda 
et al. (1989a, b). 

Crystal-field effects are sometimes detected, and thus it is difficult to place specific-heat 
studies in a single category. The references cited here are the more important ones 
related to magnetism, although overtones into other areas are evident. 

Most of the specific heat work on the rare-earth hydrides has come from one 
laboratory, in the Institute of Low Temperature and Structure Research, Wroclaw. An 
early work with good references is that of Bieganski and Stalinski (1976), who 
summarize data for the dihydrides ofTb, Dy, Ho, Er and Nd, over the range 1.8-22 K. 
The Cp of non-magnetic and isostructural LaH 2 is subtracted from experimental data 
to highlight magnetic and crystal-field splitting effects. Exceptionally sharp 7-type 
anomalies corresponding to antiferromagnetic ordering appear for all systems except 
N d H »  which orders ferromagnetically. Additional anomalies observed for the Tb and 
Dy dihydrides were not understood, but later identified by Vajda and Daou (1992) as 
incommensurate magnetic ordering. These results sometimes differ sharply from those 
of earlier magnetic susceptibility measurements, which seem to have missed these 
low-temperature transitions. The Neel temperatures are 16.06_+ 0.01, 3.30_+ 0.03, 
5.2 _ 0.2 and 2.12 _ 0.03 K for the Tb, Dy, Ho and Er dihydrides, respectively. 

The Sm + H system is studied by Opyrchal and Bieganski (1978) and by Bieganski 
and Drulis (1979), who find antiferromagnetic transitions at 6.75 +_ 0.05 K for SmH 2 
and at 25.8 +_ 0.5K for SmHz.84.. In both cases, crystal-field splitting (Schottky 
contributions) are noted and discussed. Drulis et al. (1984) describe an interesting study 
on the TbH2+ x system (x < 0.1), finding sharp y-type magnetic transitions at about 
16K for TbHI.93 and TbHz.01, but observing a radically different behavior for 
TbH2.06. The 16 K transition is gone and new transitions appear at 36 and 42 K. These 
results may be compared with the electrical-resistivity measurements by Vajda et al. 
(1987) (see section 6.4.2) who find a large variation in p at x = 0.045. Drulis et al. (1984) 
analyze their TbH x data in terms of crystal-field effects, calculating multiple level 
sequences to best fit the expected Schottky heat contribution. For the x -= 0.06 data, a 
case is made for two non-equivalent Tb +3 ions; 70~o see cubic symmetry, while the 
remainder are influeneed by the o-sites and experience axial symmetry. In this scheme, 
a major fraction of the Tb + 3 ions remain in the paramagnetic state and fit the observed 
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Schottky function. However, Vajda et al. (1987) have proposed an additional incom- 
mensurate antiferromagnetic transition to explain the large variation in resistivity. 

The Polish group has reviewed the properties of the Ce, Pr and Nd higher hydrides 
and attempted to fit crystal-field parameters to the expected Schottky curves. For 
CeH2.v o and PrH2.6 », Drulis and Bieganski (1979) observe specific heat anomalies that 
are attributed to possible metal-semiconductor transitions. Later work by Drulis and 
Stalinski (1982) recognizes the low-temperature cubic-to-tetragonal transitions seen 
with other methods, but still associates the structural changes with metal-semiconduc- 
tor transitions. As discussed in detail above, these two effects are complex and extensive 
and may not be concurrent. In any case, the reduced crystal-field symmetry of the 
higher hydride compositions is recognized, with the observation that cubic symmetry 
again reappears near the stoichiometric trihydride compositions of the early rare 
earths. A detailed analysis of the PrH~ system (x = 2.20, 2.25, 2.41 and 2.50) by Drulis 
(1985) confirms early predictions that the Pr +3 ions exhibit a singlet ground state and 
thus explains the lack of magnetism in this system. 

Only one specific-heat measurement is reported for a late actinide. Data presented by 
Oetting et al. (1984) for PuH1.9o show a sharp magnetic inflection at 36.4 K. The result 
is in reasonable agreement with the transition seen at 44 K for the 1.93 composition in a 
magnetic study by Ward (1983), considering the observed sharp dependence of 
transition temperature on composition. 

6.5. Miscellaneous property measurements 

A host of special techniques are employed to study hydride systems (NMR, 
EPR/ESR, inelastic neutron scattering, etc.) and many have diverse applications and 
capabilities. Although it is almost impossible to catalog or even group techniques into 
specific disciplines, important data and interpretations of hydride behavior are found 
in several of these areas. A short review is included to present recent findings. Little, if 
any, Mössbauer work has been published since 1979, and that topic is not addressed. 

6.5.1. Inelastic neutron scattering 
Inelastic neutron scattering is a vital and developing field of research, spurred by the 

availability of the high-resolution pulsed neutron sources at several facilities. Applica- 
tions of the technique inelude establishment of accurate crystal-field levels, analysis of 
optical phonons and differentiation of these lattice vibrations from crystal-field effects, 
as well as evaluation of certain magnetic phenomena. 

The literature on hydride phonon spectra deduced from inelastic neutron scattering 
is well-documented and fairly consistent both in results and interpretation. The 
scattering technique is a most useful and unique tool for studying hydrogen vibration. 
A compilation of experimental phonon dispersion curves and phonon densities of 
states is published by Kress (1987). A well-defined optical t-site peak appears in the 
100-120 meV range for most dihydrides. Acoustic data appear below 50 meV and are 
often not measured or not measurable in many experiments. Filling of o-sites produces 
a second optical peak near 80 meV. Substitution of D for H results in a consistent shift 
according to the square root of the H/D ratio. The increasing complexity of spectra at 
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high composition is probably due to increased interaction of t-sites and o-sites, to the 
effects of inhornogeneity, to vacancies, etc. A typical example of phonon spectra for all 
hydride systems is shown by results of Goldstone et al. (1989) for the NpH(D) system in 
fig. 30a, b. 

Numerous crystal-field studies are reported for the rare-earth hydrides. The time- 
of-ftight inelastic scattering experiments by Vorderwisch et al. (1979) on CeD x 
(1.9 < x < 2.74) show three distinct peaks attributed to crystal-field transitions (5.6, 12.6 
and 18.5meV) and provide evidence for t-site vacancies and non-cubic resultant 
symmetries. However, Glinka et al. (1979) and also Rowe and Rush (1978), using a 
CED2.12 single crystal, find only a single well-defined transition at 20meV, in agree- 
ment with the expected F v doublet/F 8 quartet ground state. The apparent diagreement 
may be due to the more perfect stoichiometry of the single crystal as suggested by 
Vorderwiseh et aL (1979), or to the presence of metallic eerium or contaminant causing 
angle-dependent structure in the time-of-flight data as proposed by Glinka et al. (1979). 
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Other crystal-field determinations include a study by Shamir and Shaked (1979) on 
DyD2 that confirm the predicted 1" 7-I" 8 transition (8 meV), and several studies on the 
Pr + D system. Earlier work by Knorr et al. (1978) clearly define the crystal-field 
splitting into FI, F3, 1,4 and F 5, states, with major peaks at 21 and 41 meV among 
a host of phonon energies. Arons et al. (1987) used polarized neutrons to distinguish 
between crystal-field levels and phonon effects and showed that the 20meV peak 
arises from the ground state at low temperatures. The 20 to 41 meV transitions are 
possible at room temperature, and thus increasing the observed intensity for the 
20meV peak. Finally, Burger et al. (1990b) used this crystal-field information to 
quantify the observed resistivity minimum in PrH 2 on the basis of a transition from 
the magnetic 1,» ground state to a non-magnetic 1,1 excited state. The observed 20 and 
41 meV peaks correspond to F s - F  4 and F s - F  3 transitions, respectively. It should be 
noted that this assignment for PrH2. 0 differs markedly from the incommensurate 
magnetic transitions found in the MH 2 + x systems of Sm, Gd and Tb with x > 0. 

The only scattering results for an actinide system are those measured by Goldstone 
et al. (1989) for the NpH(D) system in fig. 30a, b. The o-site peak at 74eV is quite 
prominent because the lower phase boundary for the hydride is high (x = 2.13) and the 
o-site population is augmented by depletion of t-sites (see section 3.1.1). In addition to 
the two peaks corresponding to hydrogen on o- and t-sites, data for NpH2.6» also show 
a third intermediate peak found for many high-composition rare-earth hydride sys- 
tems. The third peak is persistent, but unexplained, and many authors suggest that it 
must be due to interaction of t-sites and o-sites. However, modeling by Vorderwisch 
et al. (1991) shows that the H o - H  t interaction parameter must be increased by an 
unreasonably amount to account for the additional intensity of the third peak. 
Goldstone et al. (1989) suggest that the peak is due to the close proximity to the 
cubic-hexagonal two-phase region. 

Considerable work is described on properties of c-phase solutions. Whereas the 
study by Anderson et al. (1986) on ct-YHx shows a single local-mode vibrational peak, 
results by Blaschko et al. (1988) reveal that a three-level structure persists even up to 
300 K for the «-LuD~, indicating that an appreciable amount of deuterium remains 
ordered even at room temperature. A large anisotropy of local-mode potentials at the 
tetrahedral interstice is found for both systems. A follow-up study by Pleschiutschnig 
et al. (1991) on the ct-LuD~ system at lower concentrations (x = 0.06, 0.08) confirms the 
c-axis chain-like arrangement found at higher concentrations (see section 3.2). A1- 
though the chains are much shorter and the split level is missing (also for «-YHx), diffuse 
neutron scattering clearly indicates that pairing persists, whether or not the local mode 
splitting is observed. Indications that a component of isolated or "labile" H atoms 
exists at high concentrations is confirmed in a recent and extensive study by Berk et al. 
(1991) on c-ScH x and «-YHx, where a fast local t-site hopping mode is observed. The 
authors develop a Kondo model of quantum hopping to describe the weak interactions 
ofprotons with the host-metal conduction electrons. The reader is referred to this paper 
for more detail. 

6.5.2. NMR and EPR/ESR 
Although application o fNMR methods to magnetic and other non-diffusion studies 

such as spin-lattice mechanisms is not currently a major area of work, interesting and 
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TABLE 12 
Crystal-field symmetry changes with site occupation for Er + 3 in Lalle. 

Hydride composition (x) Field symmetry (point charge model) 

2.00 cubic 
2.16 axial or tetragonal 
2.33 tetragonal or axial 
2.50 cubic or orthorhombic 
2.66 tetragonal. 
2.83 tetragonal 
3.00 cubic 
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fundamental data are reported on the Van Vleck paramagnet, TmH2, by Winter et al. 
(1990) and Shaltiel et al. (1991a and b). For this unusual singlet ground state material, 
observed paramagnetic defects are attributed to deviations from ideal stoichiometry 
(rather than to impurities) or to damaged or strained areas. However, the influence of 
defects is supported by clear evidence that t-sites are unoccupied near MH 2 for many 
systems, with a concomitant slight early population of o-sites. Furthermore, results for 
Pu l l  x and NpH~ show a considerable depopulation of t-sites and anomalous filling of 
o-sites occurs at high compositions. 

Electronic paramagnetic resonance (EPR), sometimes also defined as electron-spin 
resonance (ESR) is a particularly sensitive method for determining hydrogen site 
locations. Usually a small magnetic impurity (e.g., Er +a) is introduced into a non- 
magnetic host lattice such as ScHx, YH x or LaH x to probe the fields and the structure 
surrounding the impurity ion. A review of early data is published by Venturini (1981). 
In almost every case, the occupation of an o-site gives a clear signal in the form of an 
observed axial distortion; however, depletion of a t-site can complicate the interpreta- 
tion. Although this story is well-established by other techniques such as neutron 
diffraction, ESR/EPR is especially sensitive in regions of low site occupancy. An 
interesting study by Drulis and Hoffmann (1985) on Er-doped LaHx (1.96 < x < 2.67) 
shows a host of changing field symmetries during addition of hydrogen. Some of the 
data and assignments are given in table 12. In a companion piece to the NMR workjust 
discussed, Shaltiel et al. (1991b) use the ESR method to confirm the NMR results for 
the Tm + H system and present an extensive discussion of possible exchange reactions 
and complexities in spin dynamics. 

6.6. Anomalous rare-earth systems 

Unlike the other rare earths, EuH 2 and YbH 2 form in the same orthorhombic 
(Pnma) structure as the alkaline-earth dihydrides. Only this dihydride is known for 
europium, but YbH x can be driven, with sufficient hydrogen pressure, to form a cubic, 
metastable phase with a composition near YbH2.25 (a o = 5.192 A). Disagreements in 
the earlier literature and the realization that this phase apparently exhibits some very 
unusual properties at high compositions led to a flurry of studies during the past 
decade. In focusing on these phenomena, all results and techniques are condensed in 
this section. 
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The high-temperature behavior of ytterbium dihydride is unique among the rare 
earths and actinides. Studies by Haschke and Clark (1972) show that YbH 2 vaporizes 
to the gaseous elements by a congruent process like those observed for MgH 2 and 
CaH2. This behavior stands in sharp contrast to the incongruent reactions of the other 
rare earths and actinides that form H 2 and condensed metal. Derived thermodynamic 
values (AHfo  = - -  179 kJ/mol and AG~o = -143 kJ/mol) for YbH 2 are consistent with 
those of the alkaline earths. 

Other unique properties are encountered at high H/Yb ratios. Bischof et al. (1983) 
prepared pure YbH2.56 at 300°C and 120 atm, and point out that the unusually large 
lattice constant (see fig. 8) does not fit the rare-earth pattern and implies the coexistence 
of both Yb ÷ 2 and Yb + 3 in the lattice. This constitutes the first occurrence of mixed 
valence in a rare-earth hydride. Accompanying optical emission measurements showed 
the material to be metallic, implying an unusual homogeneously mixed valence. 

In an NMR and magnetic sysceptibility study, Zogal et al. (1984) confirm that the 
higher-composition phase o beys the Curie-Weiss taw with/~«f = 3.16#B, a value about 
70% of that for the Yb +3 ion. The assumption of an equimolar yb+2/yb +3 ratio 
satisfies the observed data. The mixed-valence concept is fully confirmed by Büchler 
et al. (1987) from photoemission data. The experimental and calculated Yb 3d5/2 
spectra in fig. 31 clearly show the two valence states. 

Using a diamond anvil cell, Staun Olsen et al. (1984) found a first-order phase 
transformation to a hexagonal phase at 15 GPa, with an accompanying 5.2% decrease 
in volume. The bulk modulus was found to be B = 138 GPa. Using a high-pressure 
method involing decomposition of AIH3, Wakamori et al. (1986) synthesized hexa- 
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Fig. 31. Yb 3d5/2 XPS spectrum for YbH2. 6. The two electronic 
configurations (4f ~3 and 4f 14) correspond to the two valence 
states (3 + and 2 + ) of Yb in this hydride. After Büchler et al. 
(1987). 
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gonal YbH2.96 by maintaining 250°C under 4.0 GPa for 30 min. Here almost the fully 
trivalent Yb ÷ 3 magnetic moment (#of = 4.37#B) is realized. 

Further improvements in experimental techniques and capabilities have also allow- 
ed several intermediate phases to be synthesized and characterized. H. Drulis et al. 
(1988) found a shoulder in the P - C  isotherm at 235°C, corresponding to a rather 
narrow composition at H/Yb = 2.27-2.29, which confirms the existence of the fcc fl' 
phase. M. Drulis et al. (1988) performed specific-heat measurements on YbH2.2» 
YbH2.37 and YbH2.41, and analyze the data in terms of possible Kondo and crystal- 
field effects. For YbH2 37, as an example, the electronic specific-heat reaches a value 
7 = 589 m J/mol K at 2148 K, making these legitimate heavy-fermion compounds. Data 
for the high-temperature cubic hydride obey the Curie-Weiss law with #of = 3"82#B 
and a paramagnetic Curie temperature of 68 K, the latter a clear indicator of a Kondo 
effect. 

Although the unusual Yb + H system has yielded a wealth of experimental informa- 
tion and a fuller understanding of hydrides in general, little has been gained from 
studies of the Eu + H system. Attempts to prepare higher phases than the dihydride 
have been unsuccessful. However, Wortmann et al. (1986) were able to form Eu ÷ 3 in a 
matrix of SmH 2 +x at low temperatures, following the radioactive decay of 15asm" The 
presence ofhydrogen on more than three neighboring octahedral sites forces europium 
into the trivalent stare. 
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1. Introduction 

The lanthanide and actinide halides remain an exceedingly active area.of research; 
since 1980 they have been cited in well over 2500 Chemical Abstracts references, with 
the majority relating to the lanthanides. Lanthanide and actinide halide chemistry has 
also been reviewed numerous times. The binary lanthanide chlorides, bromides, and 
iodides were reviewed in this series (Haschke 1979). In that review, which included 
trihalides (RXa), tetrahalides (RX4), and reduced halides (RX,, n < 3), preparative 
procedures, structural interrelationships, and thermodynamic properties were dis- 
cussed. Hydrated halides and mixed metal halides were discussed to a lesser extent. The 
synthesis of scandium, yttrium and the lanthanide trihalides, RX3, where X = F, C1, Br, 
and I, with emphasis on the halide hydrates, solution chemistry, and aspects related to 
enthalpies of solution, were reviewed by Burgess and Kijowski (1981). The binary 
lanthanide fluorides and mixed fluoride systems, AF - RF 3 and AF 2 - RF3, where A 
represents the group 1 and group 2 cations, were reviewed in a subsequent Handbook 
(Greis alad Haschke 1982). That review emphasized the close relationship of the 
structures of these compounds to that of fluorite. 

Additional areas of lanthanide halide chemistry that have been reviewed include the 
synthesis, phase studies, and structures of complex lanthanide halides - compounds 
formed between one or more group 1 cation and lanthanide element halides (Meyer 
1982). Halides in combination with lanthanide elements in the II, III, and IV oxidation 
states were considered with the chemistry of the heavier halides being emphasized. 
More recently the reduced ternary lanthanide halides (Meyer 1983) and the reduced 
halides of the lanthanide elements were reviewed (Meyer 1988). The latter review 
considered lanthanides in which the formal oxidation state of the cation was < 2 and 
included hydride halides, oxide halides, mixed-valence ternary halides, and reduced 
halide clusters. Corbett et al. (1987) discussed the structures and some bonding aspects 
of highly reduced lanthanide halides and compounds stabilized by a second-period 
element bound within each cluster, e.g., Sc7CllaB, ScsC16B, Y2C12C. 

The synthesis of lanthanide and actinide compounds is the topic of a book edited by 
Meyer and Morss (1991). Topics that relate to halides, with the author(s) in brackets, 
include: "Lanthanide fluorides" [B.G. M~Jller], "Actinide fluorides" [N.P. Freestone], 
"Binary lanthanide(III) halides, RX3, X = C1, Br, and I" [G. Meyer], "Complex lan- 
thanide(III) chlorides, bromides and iodides" [G. Meyer], "Conproportionation 
routes to reduced lanthanide halides" [J.D. Corbett], and "Action of alkali metals on 
lanthanide(III) halides: an alternative to the conproportionation route to reduced 
lanthanide halides" [G. Meyer and T. Schleid]. Meyer and Meyer (1992) reviewed 
lanthanide halides in which the valence of the lanthanide was considered unusual, with 
unusual being defined as compounds in which the "localized" valence of an atom 
differs from its oxidation number. A metallic halide such as LaI 2 [oxidation number 
(O) = + 2; valence (V)-- + 3, since the 5d 1 electron is delocalized in the conduction 
band] or a semiconducting halide such as PrzBr 5 (O = + 2.5; V = + 3) is "unusual" by 
this definition, but TmI 2 (O = + 2; V = + 2) is not. In this review synthesis, properties, 
and calculated electronic structures are considered with emphasis on praseodymium 
halides and hydrogen intercalation into lanthanide dihalides and "monohalides". 
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Comparable recent detailed reviews of the actinide halides could not be found. The 
structures of actinide fluorides, both binary fluorides and combinations of these with 
main-group elements with emphasis on lattice parameters and coordination poly- 
hedra, were reviewed by Penneman et al. (1973). The chemical thermodynamics of 
actinide binary halides, oxide halides, and alkali-metal mixed salts were reviewed by 
Fuger et al. (1983), and while the preparation of high-purity actinide metals and 
compounds was discussed by Muller and Spirlet (1985), actinide-halide compounds 
were hardly mentioned. Raman and absorption spectroscopy of actinide tri- and 
tetrahalides are discussed in a review by Wilmarth and Peterson (1991). Actinide 
halides, reviewed by element, are considered in detail in the two volume treatise by 
Katz et al. (1986). The thermochemical and oxidation-reduction properties oflanthan- 
ides and actinides are discussed elsewhere in this volume [-in the chapter by Morss 
(ch. 122)]. 

The goal of this chapter was to consider interrelationships, comparisons, and 
contrasts between lanthanide and actinide halide chemistry. Since the predominant 
oxidation state of the lanthanides is III with the IV, II, and lower oxidation states stable 
only in the solid state, while those of the actinides vary from II through VII, the region 
of commonality is limited to the III, the II, to cluster compounds, and to a lesser extent, 
the IV oxidation state. Reactions associated with higher oxidation states, some 
of which are mentioned at the end of this chapter, clearly contrast with lanthanide 
chemistry. The ionic radius plays an important role in the solid-state chemistry of the II 
and III oxidation states. Thus the phases observed in solid-state reactions, whether 
they involve a lanthanide or actinide cation, are determined predominantly by ionic 
size relationships. Since the (CN VI) radii for Ac(III) ions vary from 112 pm for Ac 3 + to 
95pm for Cf 3+, while the (CNVIII) radii for R(III) vary from l l6pm for La 3+ to 
97.7pm for Lu 3+ (Zi6~kowski, 1985), lanthanide/actinide solid-state divalent and 
trivalent halide chemistry must at times become almost indistinguishable. 

All divalent, trivalent, and tetravalent chlorides, bromides, and iodides are hygro- 
scopic and an appreciable solution chemistry has been characterized, but only aspects 
of solution chemistry that relate to hydrates are considered here. The solid-state 
chemistry of the lower oxidation states (to IV) of cations in combination with the F, C1, 
Br, and I atoms, and combinations of these with main-group cations is considered. The 
numerous reactions some of these halides undergo with organic reagents and solvents 
are considered only to the extent they relate to solid-state chemistry. 

The high level or radioactivity associated with the heavier actinides and the con- 
sequent micro quantities of reactants on which experiments must be made require 
special techniques for identification, and in some cases preclude use of a technique so 
commonly used for solid-state studies, X-ray diffraction. Thus spectroscopic tech- 
niques have played a more important role in the characterization of actinide solid-state 
chemistry than of lanthanide chemistry. 
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2. Trivalent halides 

2.1. Synthesis 

Although anhydrous lanthanide halides have long been synthesized from oxides by 
the ammonium halide/hydrohalic acid route (Taylor 1962), only recently has the 
reaction mechanism for halide synthesis been established definitively. 

Lanthanide and actinide oxides react with NH4HF 2 by different mechanisms and 
yield different reaction products. The greater stability of the higher oxidation state of 
the lighter actinides strongly influences the reaction mechanism. Patwe et al. (1989) 
note that NH4HF 2 reacts with RO1. s and CeO2, mixed in a 3 : 1 molar ratio, at room 
temperature. Sesquioxide reactants yielded (NH4)3RF 6 • 1.5H20; CeO 2 yielded (NH4) 4 
CeF 8. Although the reaction required three days for completion at room temperature, 
only 10 min was needed at 100°C. Upon heating, the fluorocomplexes decompose to 
RF 3. For R--La,  the 1.5H20 is lost initially, then between 150-225°C the 
(NH4)3LaF 6 intermediate decomposes first to NH4LaF 4 and subsequently to LaF 3. 
For R -- Ce, two intermediates are identified, (NH4)2CeF6and NH4CeFs, the latter of 
which decomposes to the trihalide with the Ce 4÷ oxidizing the fluoride ion to F2(g ). 
The R -- Y specimen, on the other hand, decomposed to YF 3 in a one step process. 
Intermediate phases were characterized only by thermal techniques. Rajeshwar and 
Secco (1977) had examined the lanthanum system previously and obtained comparable 
results; they did not examine the Ce system. These researchers utilized NH4F as the 
fluorinating agent instead of NH4HF 2 and examined the decomposition mode of the 
heavier lanthanides by thermal and X-ray powder diffraction techniques. They found 
that while the R ~ Pr, Nd, Sm-Tb specimens decompose through the intermediate 
NH4RF 4, the R = Y, Dy-Lu  follow a different mechanism in the presence of sufficient 
NH4F. Two intermediates were reported: (NH4)3R2F 9 and NH4R2F 7, the latter of 
which decomposed to RF 3. ARF 4 and AR2F 7, where A denotes a group 1 cation such 
as Rb ÷, are well characterized compounds (Meyer 1982), but the nanofluoride inter- 
mediate must be viewed with suspicion. 

Wani et al. (1989) examined the mechanism whereby NH4HF 2 reacts with UO 2, 
U30 8, and ThO 2 (mixture of 4 NH4HF 2 : 1 g-atom actinide). Again, intermediates were 
determined only by thermal techniques. UO2, like CeO2, formed an (NH4)4UF8 crys- 
talline fluorocomplex upon being heated at 100°C. However, the subsequent decompo- 
sition mechanism differs from that found for cerium. The (NH4)4UF8decomposes first 
to (NH4)3UF 7, an intermediate not observed in the cerium reaction, and then to the 
expected NH4UF 5 intermediate which decomposes to the ultimate product, UF 4. 
This reaction illustrates the much greater thermal stability of uranium tetrafluoride. 
The oxide, U30 8, yielded the oxidefluoride, UO2F 2. On the other hand, ThO 2 reacted 
at room temperature with NH4HF 2 to yield (NH4)4ThF8.2H20. Upon heating 
intermediates (NH4)2ThF 6" 2H20 and ThF 4" 2H20 were obtained. The ultimate 
product was ThO 2, indicative that the H20 remained continuously in the inner 
coordination sphere of thorium. This reaction shows the greater similarity of thorium 
to the group 4 rather than to the lanthanide elements. 
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Takashima et al. (1992) synthesized RF 3 from small powdered (400mesh) RO x 
specimens and F2(g ) and studied the reaction by thermogravimetric analysis under 
different gas pressure and heating conditions. La203, "Pr6Ol1", and "Tb4OT" react 
violently at room temperature and upon heating to 555°C yield pure RF3; the remain- 
ing R begin to react at ,,~ 260°C. Products of the R = Ce, Sin, Y, and Ho-Lu reaction 
contained oxidefluoride. The rapid reaction rate of Pr and Tb is attributed to the 
mixed-valence state; that for La to the fluorination of hydroxide present on the oxide 
surface. Trivalent fluoride results from tetravalent oxide because of the thermal 
instability of the tetrafluorides. The fluorination of Nd20 3 is studied in detail and a 
mechanism is proposed. Adsorbed F2(g ) is assumed to dissociate into free radicals 
which substitute for oxide ions on the surface to form a NdF 3 surface layer. After the 
surface is coated with NdF3, the mechanism becomes diffusion controlled. 

Korczak and Miko~ajczak (1983) emphasize that good lanthanide trifluoride crystals 
can only be obtained from oxide- and water-flee reactants in a furnace with a large tem- 
perature gradient at a slow growth rate. They suggest purification of RF 3, R = La Nd, 
by heating specimens confined in graphite crucibles in He 5 h at 90°C and 1 h at 550°C. 
They report low-temperature thermal-expansion coefficients, e (temperature range 

90- 291 K). Greis and Cader (1985) also emphasize the impact of impurities, especial- 
ly oxide impurities, on trifluoride properties. They synthesized very pure trifluorides by 
effecting dehydration under a stream of HF/N 2 at gradually incremented temperatures 
and confirmed resultant purity by analysis. They then determined phase-transition 
temperatures by DTA and map in a temperature-atomic-number plot the structure 
types exhibited by RF3: P3cl and Pnma at low temperatures, P6a/mmc at T > 1025°C 
for the RF3, R = L a - N d ,  Sm, and P3ml above T >  1300K for the RF 3, R=Y,  
Er-Lu. The R = Sm, Eu, and Gd specimens transform from space group P3c 1 to 
Pnma at elevated temperatures. Synthesis of specific lanthanide divalent, trivalent, 
and tetravalent fluorides, and some mixed fluorides is discussed by Mfiller (1991). 

Gibson and Haire (1988a) used Knudsen effusion-mass spectrometry to study the 
congruent vaporization of each component in a mixture of lanthanide trifluorides. By 
working with mixtures they could determine relative vapor pressures and enthalpies of 
vaporization more reliably than such values could be determined from independent 
measurements on the individual trifluorides. From these data they determined the 
enthalpies of vaporization relative to that of LuF 3. Their third-law derived data sug- 
gest a gradual increase in the enthalpy of vaporization with increasing size (,decreasing 
Z), i.e., at 1225°C A(AH °) [GdF3(/)-LuF3(I)] ~9kJmo1-1 and at 1125°C A(AH °) 
[LaF3(/)-LuF3(I)] ~ 33kJmo1-1. Petzel et al. (1992)determined the enthalpies of 
vaporization of LaF 3 and LuF 3 by the Knudsen effusion mass-loss techniques and 
confirmed the trend reported by Gibson and Haire, obtaining at 1225°C A(AH °) 
[LaF3(/)-LuF3(/)] = 25 kJ mol- 1. 

Wilmarth et al. (1988a) synthesized AcF3, Ac = Am, Cm, and Cf, by precipitating the 
insoluble trifluorides with HF from an aqueous solution of the trichloride ions. The 
hydrated trifluorides, cgnfined in Ni boats, were first heated in a monel furnace at 
300°C in one atmosphere of F/(g) to remove oxideftuoride impurities and HzO and 
then heated in vacuum to 600°C to decompose the tetrafluoride formed by reaction 
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with the F2(g ) to the trifluoride. Synthesis of specific actinide fluorides, and some mixed 
fluorides is discussed by Freestone and Holloway (1991). 

Holsa and Niinist3 (1980) studied thermochemically the reaction of selected lanthan- 
ide sesquioxides (La, Gd, and Lu) with NH4Br and of Y203 with NH4 X (X = F, C1, Br, 
and I) and concluded that the reactions proceed in three stages. The first stage involves 
loss of water and the next two release of equal amounts of ammonia. They thus postu- 
lated formation of two intermediate compounds, RX 3 • 3INCH 3 and RX 3 • 1.5NH 3, with 
the reaction becoming endothermic at 200-300°C and with oxidehalide formation 
being complete at 340-470°C. In contrast to the fluoride, chloride, and bromide 
reactions, that of Y203 with NH4I yielded one endotherm and hence must proceed via 
simultaneous reactions. 

Meyer and Ax (1982) verified the two-step reaction for chloride synthesis and 
determined the composition of the two intermediates by single-crystal X-ray diffrac- 
tion. The first step of this reaction involves formation of the complex chloride, 
(NH4)3RC16, which is independent of the size of the R(III) ion. The second step involves 
decomposition of this complex ion to anhydrous RCI3 through intermediates (NH4) 2 
RCI 5 for R = La-Eu, and NH4R2C17 for R = Gd-Yb, Y. Polonskii et al. (1982) also 
examined the NH4CI-La20 3 reaction by various thermochemical techniques and 
arrived at the same mechanistic scheme. 

Gunsilius et al. (1987) used a different procedure to synthesize lanthanide chlorides 
from the oxides. They grew single crystals of the lanthanide chlorides- including 
EuC13 - by reaction of A12CI 6 with the oxide and subsequent purification and crystal 
growth by chemical vapor transport. In this metathesis reaction A12C16 is converted to 
A1OC1. The synthesis procedure worked equally well with the tetravalent lanthanide 
oxides, CeO2, "Pr6011", and "Tb4OT". In these cases RC13, A1OC1, and C12(g ) are the 
products. Although the procedure was not tested with actinide oxides, its versatility in 
reducing tetravalent lanthanides to the trivalent state suggests comparable success for 
actinides which do not have a tetrachloride thermodynamically stable at the synthesis 
temperature. The purification process involves vapor transport by the well-known 
vapor species, RA13Cl12(g ) and RA14Clls(g ). The structures of RA13Cl12, R = Tb, Dy, 
and Ho, were determined from single crystals and their decomposition to RCI 3 was 
followed in the high-temperature Guinier camera (Hake and Urland 1990); the 
transition occurred at ~ 250°C. 

Various synthesis procedures for anhydrous lanthanide bromides have also been 
investigated (Meyer et al. 1987). As with the chloride, the reaction proceeds via an 
intermediate complex ammonium salt when the haliding agent is NH4Br. For R = La 
to Nd this salt is (NH4)2RBr 5, while for R = Eu to Lu, Sc, and Y it is (NH4)3RBr 6. The 
decomposition behavior of these salts varies with R; for R = Nd, Sm-Dy a second 
intermediate, NH4R2Br7 forms in the 400-500°C temperature range; remaining R 
decompose directly to NH4Br and RBr 3. These studies demonstrate that the reaction 
mechanism- the intermediates formed- depends principally upon cation size. Thus 
the reactions should proceed as well with heavier actinides as with lanthanides. 

Single-crystalline LaBr 3 was also prepared by chemical vapor transport with A12Br 6 
(Kramer et al. 1989). In this process, as with A12C16, A12Br 6 reacts with La20 3 in a 
sealed tube under vacuum. When reaction is complete, the tube is moved to a twozone 



LANTHANIDE AND ACTINIDE HALIDES 371 

furnace and the LaBr 3 product is deposited at the cooler end as single crystals. Zvarova 
(1979) reported that the tribromides of Lu, Yb, Tm, Gd, Eu, Sc, Ce, and the dibromides 
of Sr and Ba, were transported by AI2Br 6, suggestive of the general applicability of this 
crystal growing procedure. 

Meyer et al. (1985b) demonstrated the versatility of the ammonium halides as 
reactants for converting not only lanthanide and actinide oxides, but also the elements, 
a sulfide, or a phosphide, to the anhydrous halide at relatively low temperatures. The 
triammonium hexahalo-lanthanide or actinide complex can also be used as a reagent 
with R20 3 to give ROX, with R2S 3 or H2S(g ) to give RSX, or with LiC1 to give complex 
ternary halides. They cite numerous examples of diverse reactions that can occur with 
NH4X and (NH4)aRX 6 complexes as reactants at temperatures between 250 ° and 
--~ 500°C: redox, acid-base, decomposition, and metathesis reactions. 

Wilmarth et al. (1988d) also synthesized previously unreported PmI 3 by reaction of 
HI with the trichloride or tribromide at .-~ 400°C. They indicate that direct reaction 
with the sesquioxide always produced triiodide specimens containing oxideiodide 
impurities. Moyer (1978) compared some different triiodide synthesis routes for 
preparation of ScI 3 and DyI 3 and 'concluded that reaction between the element and 
iodine or mercuric iodide provided the highest yields under the conditions used. 
Iodination of ytterbium was examined by DTA by Molodkin et al. (1984) who found 
YbI 2 to form by direct combination of the elements at 738-778°C; and YbI 3 to form at 
776-820°C. 

Bonding in some lanthanide and actinide iodides was examined by t29I Mossbauer 
spectroscopy. The spectra of ThI4, UI4, Npla, and PuI a were compared (Karraker 
1987); M3ssbauer parameters among the actinide iodides did not differ significantly. 
Comparison with 237Np Mossbauer measurements on NpI 3 suggests that the 5p~ 
orbitals of the iodide ions contribute to the Np 6d orbitals. However, isomer shifts 
differed unexpectedly from those reported previously for LaI3, GdI3, and ErI3; the 

= +0.25 and 0.35mm/s values for NpI 3 and PuI3, respectively, compare to 
.-~ - 0.25 mm/s for RI 3. 

2.2. Structural modifications at normal and elevated pressures 

2.2.1. Structure types preparable at normal pressures 
The structures of lanthanide and actinide trihalides at room temperature and 

pressure have been known for many years; six different modifications have been 
characterized. These modifications, together with coordination number, symmetry, 
and space group, are listed in table 1. The space group of the lighter RF a remained 
controversial with two different space groups proposed for LaFa, primarily because of 
the inability to grow untwinned single crystals suitable for structural analysis. From a 
single-crystal neutron-diffraction structural analysis of LaF 3, Gregson et al. (1983) 
concluded that the correct space group was P6acm and indicated further that this space 
group was retained upori heating to at least 650°C. However, Zalkin and Templeton 
(1985) recalculated the neutron single-crystal data of Gregson et al. (1983) in space 
groups P63cm and P3cl with a structural model that accounted for the effects of 
twinning. They obtained the lower R factor in space group P3cl. Maximov and Schulz 
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(1985) collected both X-ray and neutron single-crystal data on an LaF 3 specimen and, 
like Zalkin and Templeton, considered twinning. They also concluded that the correct 
space group is P3cl. Radaev et al. (1991) examined by neutron diffraction a large 
twinned single crystal of tysonite-type Lao. s 5 Sro.15F2.85 and achieved optimal refine- 
ment in space group P3c 1. They found the F-atom sites in the plane of the cations of this 
mixed-cation specimen (labeled F3) to be fully occupied, those sites that in LaF 3 are 
displaced slightly from the cation layers to be split into two sites whose combined 
occupancy is unity, and the vacancies in the (F~) tetrahedral anion sites to equal the 
nonstoichiometry as given by the formula. 

Schubert (1989) points out that radius ratio considerations in LaF 3 would suggest 
coordination near LaF s, and the LaF 3 structure should therefore be homeotypic with 
CaF 2. He then relates the LaF 3 structure to that of CaF2, compares the displacements 
to those of related structures, e.g., C a F z - Y F  3 superstructures, and discusses crystal 
energetics. LaF 3 crystals were examined by DSC from 100-500 K; an anomaly which 
occurs in the Cp versus T curve is related to a phase transition in which the fluoride 
sublattice "fuses" (Aliev and Fershtat 1984). This phenomenon appears related to the 
high ionic conductivity of the tysonite-type fluoride phases. 

A high-temperature polytype of TbC13, designated h-TbCl3, was characterized by 
Gunsilius et al. (1988). This hexagonal modification, which is stable above ~ 520°C, 
was obtained upon heating PuBr3-type TbC13. In this high-temperature structure the 
Tb 3 + ions are coordinated octahedrally. The cell volume per Tb 3 + ion is but slightly 
less than that of adjacent DyC13 which crystallizes in the rather inefficiently packed 
A1Cl3-type structure (see fig. 1). These authors also synthesized TbC13 in the UC13 
modification. This apparently metastable modification forms when the oxide reacts 
with A1C13 and crystals are formed by vapor transport at ~ 300°C; if the temperature is 
increased to 400°C, the PuBr 3 modifications always results. The UC13-form transforms 
irreversibly to the PuBr 3 modification upon heating. In similar fashion, PuBr3-type 
DyC13 results upon low-temperature vapor transport when A1C13 reacts with Dy203; a 
dysprosium analogue of h-TbC1 a was not found (Urland and Hake 1989). L6chner 
(1988b) prepared the UC13 modification of NdBr 3 at temperatures between 110-115°C 
by carefully dehydrating a finely crystalline slurry of NdBr 3 • 6H20 under a dynamic 
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Fig. 1. A structure-field map of the 
lanthanide and actinide trihalides. 
Packing efficiency, determined from 
the sum of the (assumed spherical) 
volume calculated from the anion 
and cation radii divided by the ac- 
tual volume derived from the lattice 
parameters, is plotted against radius 
ratio. Only those trihalides that 
mark the limits of the structure field 
are indicated. 
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vacuum. This metastable modification begins to transform into the normal PuBr3-type 
modification at ~ 140°C. As expected, this hexagonal modification could not be 
prepared under high ( ~ 3.0 GPa) pressures. 

Interrelationships among the various structural types have been discussed by 
Haschke (1979); transitions among modifications can generally be understood from 
radius-ratio considerations. Beck and Gladrow (1979) present a plot of space filling of 
lanthanide, actinide, and first-row transition-element trichlorides, tribromides and 
triiodides versus radius ratio. This plot demonstrates that the A1C13-type structure is 
packed least efficiently. A similar plot of packing efficiency versus radius ratio is 
presented in fig. 1. To construct this figure, cation radii were calculated with the second 
approach data of Zi6~kowski (1985) for the coordination number of the cation in the 
structure-type assumed. Anion radii were held constant: C1, 180 pm; Br, 191 pro, and I, 
213 pm. The packiing efficiency (ordinate) was determined from sum of the (assumed 
spherical) volume calculated from the anion and cation radii divided by the actual 
volume derived from lattice parameters taken from literature cited herein, Brown 
(1968), or the CRYSTDAT database. Lanthanide and actinide trihalides (Ac Es) for 
which lattice parameters could not be located are: AcBr 3, AcI 3, BkBr 3, BkI 3, CfBr 3, 
CfI 3, EsI 3, EuI 3, PaBr 3, and PaI 3. The abscissa was computed from the radii used in 
the calculations. Only those trihalides located either at or near the limit of the phase 
region are indicated in the figure. Note that two structural modifications of the same 
compound will have different radius ratios. Clustering of the different structural types is 
apparent; the figure illustrates the dominant effect of radius ratio in determining lan- 
thanide and actinide halide structure types. 

Igarashi and Mochinaga (1987) determined the melting points and molar volumes in 
the liquid state for RCI 3 compounds, R = La Nd, Gd, Dy, and Y. They found the 
volume increase on melting of the hexagonal (UC13-type) chlorides to be more than 
20%, while that for the monoclinic (A1C13-type) DyC13 and YC13 was less than 1%. 
These volume changes can be understood from the data presented in fig. 1. Atoms in the 
UC13-type structures with packing efficiencies of ~ 85% must expand due to thermal 
motion, whereas those in the A1Cl3-type structures with packing efficiencies of ~ 65% 
can rearrange upon fusion and more efficient packing compensate for increased 
thermal vibrations. Melting points of the chlorides studied are also compared with 
previously reported values. Mochinaga et al. (1991) studied the RC13 melts, R = 
La -Nd ,  Sm, Gd, and Dy, by X-ray diffraction and report in addition Raman spectra 
and electrical conductivity data. They conclude that in every melt six chloride ions, in 
octahedral coordination, surround the lanthanide cation. The average R 3+-C11- 
R 3+ angle of about 130 ° estimated from the X-ray diffraction results suggests the 
presence of dimers or more complex polymeric anions in the melts. 

Peterson et al. (1986a) showed that PuBr3-type BkC13 and CfC13 could be prepared 
by quenching molten specimens; these are high-temperature modifications with transi- 
tion temperatures near the melting points. In like fashion, slowly cooled PrBr 3 crys- 
tallized in the UC13-type structure, but molten PrBr 3 upon quenching yielded the 
orthorhombic PuBr3-type modification (Wilmarth et al. 1989a). Both UC13- and 
PuBr3-structural modifications of BkCI 3 preserve symmetry upon transformation to 
CfC13 through/~- decay, consistent with the behavior of PuBr3-type BkBr 3. 
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Like its neighbors NdI 3 and SmI3, PmI 3 is dimorphic (Wilmarth et al. 1988d). The 
as-synthesized product always exhibited the rhombohedral FeC13-type structure, but, 
as expected from packing efficiencies (fig. 1), heating this modification at a low tem- 
perature (275°C) converted it to the more dense PuBr3-type modification. Lattice 
parameters for both modifications are presented in table 2. 

2.2.2. Pressure-induced structural transformations 
Since the structural modification adopted by the trihalides changes systematically 

with ionic radius and since the relatively "soft" halide ions undergo compression rather 
easily, lanthanide halide structures are pressure sensitive. Most lanthanide, numerous 
actinide, and several mixed lanthanide/actinide systems have been examined under 
elevated pressures, the typical effect of which is transformation to a more densely 
packed structure. 

Peterson, Haire, and co-workers have demonstrated in a series of papers that by 
comparing the transitions observed for cations in an unknown structural modification 
to those of related ions in known structural modifications both absorption and Raman 
spectra can be used to determine the crystal structure off-block element compounds. 
Their spectral technique is particularly utilitarian for those 5f elements for which either 
small specimen size or high levels of radioactivity preclude normal structural analysis 
by X-ray diffraction. Of course, they normally make spectral assignments in addition to 
determining crystal symmetries. Spectrophotometric and X-ray powder ,diffraction 
methods were used to demonstrate that the Cf daughter of 249Bk in 249BkBr3 has the 
same structure as the parent phase. Thus six-coordinate AIC13-type BkBr 3 generates 
upon /3- decay six-coordinate CfBr 3. In like fashion eight-coordinate PuBr3-type 
BkBr3 generates eight-coordinate CfBr3, a structure-type that cannot be obtained by 
direct synthesis (Young et al. 1980). Subsequent synthesis of CfBr 3 specimens for 
calorimetric measurements by reaction of Cf20 3 with HBr also yielded specimens 
identified by both X-ray powder diffraction and spectroscopy as the raonoclinic 
A1C13-form (Fuger et al. 1990), consistent with the previous report. 

Beck and Gladrow (1983a), using high-pressure techniques, transformed the A1C13- 
type lanthanide trichlorides, ErC13-LuC13 into a quenchable (R3c) RhF3-type struc- 
ture. At higher pressures of 1.5-4.0 GPa and temperatures of ,-~ 500-750°C, Beck and 
Gladrow (1979, 1983b) were able to convert the FeC13-type halides, SmI3,GdI3, 
TbI 3, GdBr 3 -HoBr  3, DyC13 -TmC13, and YbC13 into quenchable PuBr3-type halides. 
They present both a structure-field diagram of the lanthanide chlorides, bromides, and 
iodides and plot against cation radii the temperature at which the high-pressure phases 
convert to the normal-pressure phases. Beck and Gladrow suggest the following order 
of packing efficiency with increasing pressure: AIC13 (C2/m)-type (least efficient space 
filling) < FeC13 (R3)-type < UC13 (P63/m)-type < PuBr 3 (Cmcm)-type (most efficient 
space filling). The data presented in fig. 1 substantiate this arrangement. Consistent 
with this arrangement, Peterson et al. (1985) demonstrated that monoclinic (AIC13- 
type) 249CfBr3 transformed irreversibly to the orthorhombic (PuBr3-form) at pressures 
of 3.4 GPa. At a pressure of ,-~ 2 GPa, FeCla-type AmI 3 transforms irreversibly to the 
PuBr3-type modification (Haire et al. 1985). Peterson et al. (1986b) examined the 
behaviour of UC13-type NdCI 3 under pressures up to 9.6 GPa by absorption spectro- 
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scopy. They noted that the complexity of the absorption peaks decreased with increas- 
ing pressure, suggestive of a change to higher symmetry. Spectral changes were found to 
be reversible upon cycling the pressure. Maintaining the specimen under pressure for 
an extended time period did not result in further spectral changes. Since the changes did 
not occur abruptly, a higher-symmetry structure could not be postulated. Neither 
UCl3-type AmC13 nor CfCI 3 could be converted to the PuBr3-type structure under 
pressure. Since the volumes ofUC13- an d PuBr3-type CfC13 are about the same, it is not 
surprising that a structure change does not occur even at pressures of 22 GPa. With 
AmC13 reversible spectral changes were observed, but they did not unequivocally 
demonstrate conversion to the more dense PuBr3-type structure. 

Wilmarth et al. (1988a) present Raman spectral data on the solid AcX 3 compounds, 
X = F, C1, and I and Ac = Am, Cm, and Cf, and on PuBr 3. [See Wilmarth and Peterson 
(1991) for a review of the spectral assignments.] The similarities among the Raman 
spectra confirm structural assignments: LaF3-type fluorides, UC13-type chlorides, 
PuBr3-type AmBr 3 and CmBr 3, and FeC13-type CfBr 3 and AcI 3. CfC13 is dimorphic; it 
exhibits both UC13- and PuBr3-type modifications. Raman active modes from the 
PuBr 3- and FeCl3-type structural data are assigned. Two praseodymium compounds, 
PrX 3, X = C1 and Br, were examined by X-ray powder diffraction and absorption and 
Raman spectroscopy (Wilmarth et al. 1989a). With PrC13 exhibiting the UC13-type 
structure and PuBr 3 being dimorphic, the data illustrated clearly that both Raman and 
absorption spectra allow the different structure modifications to be distinguished. 
Wilmarth et al. (1989b) also examined by solid-state absorption and Raman phonon 
spectroscopy the effect of pressures up to ~ 26.0 GPa on PrX3, X = C1, Br and NdBr 3. 
Spectroscopic data indicate that UC13-type PrC13 transforms to the PuBr3-form at 
pressures of ~ 15.5GPa. This transformation decreases the cation coordination 
number, but is consistent with the packing efficiencies indicated in fig. 1. The UC13-type 
PuBr 3 undergoes a transition to PuBr3-type PrBr 3 at ~ 11.0 GPa, and at still higher 
pressures undergoes absorption changes that suggest transformation to another un- 
known-type structure. While the PuBr3-modification of PrBr 3 could be quenched 
upon release of pressure, that of the unknown structural modification could not be. 
PuBr3-type NdBr 3 in like fashion also appears to undergo a comparable phase 
transformation to this unknown high-pressure modification. Wilmarth et al. (1988c) 
also examined the PmX 3, X = F, C1, Br, and I compounds by Raman spectroscopy and 
made spectral assignments. Peterson et al. (1990) present absorption spectra of UCI 3- 
type PrC13 , PrBr 3, CfC13, and Ce(Cf)Br3; PuBr3-type PmBr 3, PmI 3, BkC13, BkBr3, 
CfC13 , CfBr3; and A1C13-type CfBr 3, EsBr 3 , and Y(Cf)C13 and Lu(Es)C13 . They compare 
the spectra of the pure halides with those of mixed halides and demonstrate again the 
similarity of the spectra of isostructural compounds. Comparing the spectra of the 
mixed cations whose crystal symmetry is known with those of unknown compounds, 
e.g., known Lu(Es)CI 3 with unknown EsBr 3, they determined the crystal structure of 
the unknown, e.g., EsBr 3, unequivocally. 
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2.3. Mixed-cation and mixed-anion systems 

2.3.1. Multiple-cation systems 
Garton and Walker (1982) reported phase diagrams for the RC13-R'C13 systems: 

R - R ' =  Gd-Tb, Gd-Dy, Tb-Dy, Tb-Ho, and Dy-Ho. The A1Cl3-type Dy-Ho sys- 
tem exhibits continuous solid solution without an elevated temperature transform- 
ation. The Tb-Dy and Tb-Ho systems represent PuBr3-type-A1C13-type systems and 
evidence continuous solid solution with polymorphism; the PuBr3-type structure at 
lower temperatures transforms into the A1C13-type structure at elevated temperature. 
This transformation can be understood readily by noting that the AIC13-type structure 
is the least efficiently packed. The UC13-PrBr3-type Gd-Tb and Gd-Dy systems, on 
the other hand, exhibit the expected UCI 3- and PuBr3-type structures at lower tem- 
peratures, and, compatible with the previously discussed systems, the PuBr3-type 
structure transforms to the less-efficiently packed AIC13-type structure at elevated tem- 
perature Blachnik and Enninga (1984) determined the enthalpies of mixing of LaC13 
RC13, R = Gd, Y, and La at 927°C and noted that all the values were positive. 

Several R 1 _ xGdxF3 systems have been characterized to facilitate Gd 3+ lumines- 
cence measurements. Brixner et al. (1991) examined the R = La system; two solid- 
solution regions separated by the expected two-phase area were identified. One 
prevailed for 0 < x _< 0.5 (hexagonal LaF3-type ) and the other for 0.75 < x < 1.0 
(orthorhombic YF3-type ). It is noteworthy that the smaller Gd 3 + is more soluble in 
LaF 3 than is La 3 + in GdF3; the cell volume decreases almost monotonically with 
increasing Gd substitution, but remains practically invariant for La substitution. 
Blasse et al. (1989) studied the R = Y system; continuous (YF3-type) solid solution 
prevailed. 

Structures of two RSnF 7 compounds, R = Eu, Y, prepared for R = Eu by extended 
heating of the corresponding fluorides and for R = Y by heating, and then annealing, a 
mixture of YF 3, CuF 2, and metallic Sn, were confirmed by single-crystal techniques 
(Benner and Hoppe 1992). The monoclinic fluorides which are isotypic with SmZrF 7 
are built from quadratic-antiprismatic RF s polyhedra and SnF6-octahedra. The 
structure-type and lattice parameters of these and other compounds (R -- La, Nd, Sm, 
Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) were initially reported in 1989 (Grannec et al. 
1989). The equilibrium phase diagram of the closely related LaF3-ZrF 4 pseudobinary 
system was determined; only the line phase LaZrzFll was detected (Aasland et al. 
1992). Eutectic points were observed at 771 _+ I°C [at X(LaF3) = 0.23] and 779 _+ 2°C 
[X(LaF a) = 0.373. 

Numerous RAIaBr12 compounds, R = La, Ce, Pr, Nd, Sm, Gd, were prepared by 
chemical transport and characterized structurally (Hake and Urland 1992). The 
structure is built of tetrahedrally coordinated A1 and eight-coordinated R in a distorted 
square antiprismatic-dodecahedral arrangement. 

2.3.2. Multiple-halide systems 
Numerous lanthanide (III) chloride-bromide systems have been characterized. 

Again, the changes observed can be understood from radius ratio considerations. 
Most of these studies have been effected by confining the mixed halides in quartz or 
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A1203 containers, heating the mixture, and following the reaction by DTA and/or 
examining the reaction products by X-ray powder diffraction. However, Schulze and 
Urland (1991) synthesized single crystals of the mixed chloride-bromides, RBr x C13 _ x, 
R = Ce, Pr, Sm, and Gd, by reacting the sesquioxides with A1Br3/A1C13 mixtures in 
various ratios and determining the composition from single-crystal structural analyses. 
As expected from radius-ratio considerations (see fig. 1) the Ce, Pr, and Sm mixed 
halides crystallized in the UC13-type structure; that for Gd yielded the PuBr3-type 
structure. Although compositions close to Br : C1 = 1 : 2 and 2 : 1 were achieved, anion 
ordering was not found. 

The lanthanum and neodymium chloride-bromide systems were examined by 
Olejak-Chodan et al. (1987a). The lanthanum system exhibited complete solid solution 
as expected since both halides possess the UC13-type structure, but Vegard's law is not 
obeyed. In the neodymium system, which represents a UC13-type-PuBr3-type mixture, 
a UC13-type solid-solution region prevailed to ~ 70 mol percent bromide. However, 
chloride solubility in the PuBr3-type structure was severely limited. The chlor- 
ide-bromide systems of gadolinium, terbium, and ytterbium (Olejak-Chodan et al. 
1988) encompass the four structure types common to the heavier halides. With 
increasing tribromide mol percentage, the solid-solution phase regions observed are: 
R = Gd, UC13- , PuBr3-, and AIC13-type regions; R = Tb, PuBr 3- and A1C13-type 
regions; and R--Yb, A1C13- and FeC13-type regions. Pure TbBr 3 specimens, even 
under extended annealing, yielded poor quality X-ray powder diffraction data; pure 
TbBr 3 appeared to be isostructural with GdBr 3 rather than DyBr 3. In each system the 
AIC13-type structure accommodated the largest solid-solution region. This observation 
is consistent with the data presented in fig. 1 since this structure, being packed least 
efficiently, can accommodate additional ions by only slight atomic rearrangements. No 
evidence for anion ordering was detected; lattice parameters for selected mixed phase 
compositions are reported. 

Of particular interest was a study of the mixed quaternary NdBr3-TbC13 system in 
which both parent phases exhibit the PuBr3-type structure (Olejak-Chodan and Eick 
1989). In contrast to the complete PuBr3-type solid solution which was potentially 
possible, four structure types were observed. Expressed in mol percent NdBr3: frona 0 to 
,-~ 12.5 and 52.5 to 100, PuBr3-type solid solutions; from 5 to ~ 60, UC13-type solid 
solution; from ~ 15 to 50, AIC13-type solid solution; and from 7.5 to ~ 17, a high- 
temperature phase which could not be quenched. The phases observed, typical of most 
mixed cation and anion systems which involve trivalent lanthanides and actinides, can 
be understood on the basis of radius-ratio considerations. In this system coexistence of 
the UC13- and A1C13-type structure with increasing NdBr 3 content would certainly not 
intuitively be expected. However, NdC13 exhibits the UC13-type structure and TbBr 3 
the FeC13-type structure. Thus the phases must be understood on some level of cation 
and anion mixing. The data for fig. 1 show that NdBr 3 lies close to the stability limit of 
the PuBr 3- and UC13-type structures; TbBr 3 lies close to the stability limit between the 
FeC13- and A1C13-type structures. Upon reaction substitution of chloride anions into 
NdBr 3 alters the radius ratio and moves the phase into the UC13-type region. Similarly, 
substitution of bromide anions into TbC13 changes the radius ratio, moving it out of the 
PuBr3-type region and into the next (A1C13-type) region. As the concentration of the 
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bromide ion increases, radius ratios change such that both phases move back into the 
PuBr3-type region, and solid solution prevails again. The later appearance (i.e., at 
~ 15 molto rather than the 5 molto observed for the UC13-type structure) of the AIC13- 
type structure can also be understood from fig. 1. TbCI 3 lies close to the UC13 phase 
stability limit, so considerable bromide substitution is required to move the radius ratio 
across the entire phase region and the phase appears at a more bromine-rich concentra- 
tion. The disappearance of the A1C13-type phase before that of the UC13-type is not 
readily apparent from the figure and probably reflects some level of ion preference, i.e., 
chloride-ion preference for Nd 3 + cations. 

Anhydrous 5-10 mol~  249CfX3-RX3 phases prepared by oxalate coprecipitation 
(Wilmarth et al. 1988b) with subsequent halogenation were examined by X-ray powder 
diffraction and absorption spectroscopy. Hexagonal UCl3-type solid solutions were 
characterized for the X = C1; R = La, Ce, and Sm mixtures, PuBr3-type solid solution 
for TbC13 mixtures, and A1C13-type solid solutions for YC13 mixtures. X-ray powder 
diffraction data could not be obtained for the chloride mixtures which had high melting 
points; they reacted with the quartz container. CeBr 3 CfBr 3 mixtures were difficult to 
prepare; comparison of solubilities in the RCI3-R'CI 3 systems suggests the lack of 
Cf(III) solubility in CeBr 3 results more likely from ion size and not structure- 
type differences. Orthorhombic PuBr3-type Cf(III)-SmBr 3 and Cf(III)-CeI 3 solid 
solutions were found, as were rhombohedral FeC13-type Cf(III)-TbBr 3, Cf(III)-YBr 3, 
and Cf(III)-YI 3 solid solutions. 

Research on mixed trivalent chloride-iodide systems is limited. Beda et al. (1980) 
examined the RC13_xlx, R = La, Gd, systems and in the lanthanum system character- 
ized a UC13-type phase with a doubled a lattice parameter. A structural solution based 
upon X-ray powder diffraction data suggested the formula La4C19I 3 for this intermedi- 
ate. An intermediate phase postulated for the R = Gd system was not characterized 
definitively. 

2.3.3 Halide and non-halide anion systems 

Sulfur and iodine. Beck and Strobel (1986) subjected various RSI compounds, R = 
Ce-Nd,  Sm, G d - D y ,  to elevated temperatures (800°C) and pressures (0.5-4.0-GPa). 
Under normal pressures the R = Ce Sm compounds exhibit the SmSI-type structure 
and the R = G d - D y  compounds the GdSI-type structure. Under elevated pressure the 
R = G d - D y  compounds transform to the SmSI-type structure, with GdSI itself 
transforming under additional pressure to the ~-CeSI-modification. The R =/~-Ce-Sm 
compounds convert to the ~-CeSI modification. 

Nitrogen and chlorine. By heating the appropriate stoichiometric mixture of GdN 
and GdC13 confined in a tantalum container and sealed under 1 atm of nitrogen in 
quartz ampoules, Simon and Koehler (1986) synthesized Gd2C13N and Gd3C16N. 
Synthesis of the former required heating at 750°C for five days; the latter heating at 
610°C for three days. In Gd3C16N the gadolinium remains formally trivalent; electrons 
are not available for G d - G d  bonding. The structure is not fluorite-related like that of 
the fluoride analogue, R3F6N; it contains Gd6N 2 units built from two edge-sharing 
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Gd 4 tetrahedra which contain a centered nitrogen atom. Chloride anions which 
surround each Gd atom link the shared tetrahedra. The structure is related closely to 
that of Gd2C13N (Schwanitz-Sch~iller and Simon 1985) which contains NGd 4 tet- 
rahedra linked via opposite edges to form infinite chains connected by chloride ions. In 
the Gd3C16N structure, two additional chloride ions cut the infinite chains in Gd2Cla N 
into pieces of two edge-shared Gd 4 tetrahedra. These C1-- ions are located above the 
opposite non-connecting tetrahedra edges. Additional structural changes include shifts 
of all other C1- ions and loss of N 3- ions from where the infinite chains of Gd 4 
tetrahedra in GdzC13N are cut. These nitrides are discussed by Meyer (1988). By 
including Y metal with the chloride and nitride reactants, Corbett and co-workers 
(Meyer et al. 1989b) synthesized an yttrium sesquichloride-nitride phase,/?-YzC13N, 

• , \ 

which is isostructural with the infinite cluster chain phase, Y2C13. The need for Y metal 
in the synthesis, as well as the black color of the crystals and the nitrogen occupancy 
factor determined from the structural analysis, indicate a nitrogen deficiency in the 
compound. 

2.3.3.1. Fluorite-related cluster compounds 

Nitrogen and fluorine• Fluorite-related compounds, RNxF3_3x, R = C e  and Pr, 
synthesized from pure nitride and trifluoride, were examined by neutron diffraction 
(Vogt et al. 1989)• The large difference between the scattering lengths of fluorine and 
nitrogen allows anion site occupancies and overall composition to be determined• The 
structural refinement indicated that nitrogen and fluorine atoms were distributed 
statistically on the normal tetrahedral anion sites, but only fluorine atoms occupied the 
F" and F"' interstitial sites• The fluorine atom interstitials occupy the (x, x, x) positions 
of space group Fm3m: F" at x = 0.41 and to a lesser degree of occupancy, F"' at 
x = 0.32. (The F"' site represents anions relaxed from the normal tetrahedral sites•) The 
F' position, (½, x, x), is not occupied. 

[Fluorite-related cluster notation. Studies on fluorite-related compounds have identi- 
fied three kinds of interstitials. Two have the coordinates (x,x,x). One of these, 
designated F"', with x ~ 0.31, is not a true interstitial in that it can be regarded as a 
normal anion that has relaxed from the x = 0.25 position. The second, designated F", 
with x = 0.41, is a true interstitial, and corresponds to MF 9 or MFlo clusters. These 
clusters associate around a single anionic vacancy, 0 F', have n F" interstitials, and are 
designated [1 : 0 : n] clusters (see fig. 2). Since four F" interstitial sites are located around 
any one F' anionic vacancy, the maximum value of n is 4. A [1 : 0: 3] cluster can be 
envisioned as a cubic arrangement of anions from which one anion is removed. The 
three faces adjacent to this vacant anion position are then capped, yielding a triangular 
arrangement of capping anions. A cation that was originally centered in the cube would 
then be ten-coordinated. The [1 :0 :4 ]  cluster differs only slightly from the [1:0:3]  
cluster• An additional anion caps a cube adjacent to the anion vacancy such that a 
tetrahedr_al interstitial arrangement surrounds the vacancy (see fig. 2). The third kind of 
interstitial, designated F', is located at (½, x, x, ) with x ,,~ 0.37, and corresponds to MF 8 
square antiprisms associated with large clusters such as the cuboctahedral [8 : 12 : 0] 
(8 vacancies, 12 F', and 0 F" interstitials) or [8 : 12 : 1] (8 vacancies, 12 F' ions, and 1 F" 
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Fig. 2. (a) The [1 : 0 : 3] and [1:0:4] clusters in C e N x F  3 3x and PrN x F 3 _ 3x" Small circles represent fluorine 
atoms (nitrogen atoms dotted) and large circles metal atoms. Full circles are fluorine interstitials in (x, x, x) 
x = 0.41 and dashed circles represent an anion vacancy at (x, x, x)x = 0.25. (b) The projection along [001] of 
fig. 2a. Arrows indicate relaxe& fluoride positions of the anions (F"'). Numbers indicate heights in the 
z-coordinate. [From Vogt et al. (1989) with permission.] 

interstitial), present in compounds  such as tveitite (Bevan et al. 1982), f l -U40 9 (Bevan 
et al. 1986), and KY3Flo  (Pierce and Hong  1973), among  others.] 

The neut ron  diffraction results on RNxF 3_ 3x were interpreted in terms of [ 1 : 0 : 3 ]  
(1 VF, O F', and 3 F") and [1 : 0 : 4] (1 V F, O F', and 4 F") defect clusters within anion- 
excess fluorite related structures, and are depicted in fig. 2. The authors  suggest a 
scheme whereby the [1 : 0 : 3] clusters might be arranged to maintain the stoichiometry. 
The R = La, Ce, Eu, Gd, and Tm systems were investigated previously (Pezat et al. 
1976) and solid-solution limits, density as a function of composit ion,  and powder  X-ray 
diffraction data were collected. While the lattice parameters indicate global similarities 
a m o n g  the systems, X-ray diffraction data  can not  differentiate between nitrogen and 
fluorine atoms. Other  fluorite-related anion-excess lanthanide and actinide systems are 
discussed in section 2.3.4.1. 
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Oxyoen and a halogen. Takashima and Kano (1987) synthesized mixed trivalent 
lanthanide oxidefluoride phases by fusing RF 3 and R'20 3 at 1100-1400°C to examine 
their electrical conducting properties. They report two homogeneous phases, one 
rhombohedral and stoichiometric (RR'zF303) and the other tetragonal with a variable 
composition range (RxR~_z~F3xO3_3~), 0.58 _< x _< 0.78, and postulate a solid-state 
reaction pathway. These results are consistent with and expected from previous studies 
on the RF3-R20 3 systems (Niihara and Yajima 1971). The tetragonal compounds 
which contained either Pr or Nd, or both, have high electrical conductivity (> 10 -2 
S cm- 1 at 650°C). 

Terada et al. (1988) synthesized extremely small particles of Lal_~Nd~OC1 by a 
liquid phase process. The appropriate ratio of the pure chlorides was dissolved in 
methanol and NH3(g ) added to the solution. The homogeneous mixture of La(OH)3, 
Nd(OH)3, and NH4C1 which resulted upon heating in air yielded particles of a few 
hundred angstroms in size. Ultimate particle size depended upon the heat-treatment 
temperature; powders treated at 400°C yielded a crystalline X-ray powder diffraction 
pattern. The hexagonal c lattice parameters vary linearly within the rather large error 
limits that result from the small particle size. 

The similarities and differences between the actinides and lanthanide trihalides are 
apparent in their reactions with Sb20 3 (Brown et al. 1977a, b). The reaction typically 
yields the R(III) oxidehalide and appears generally applicable to all lanthanides and to 
most actinides, e.g., NpOI and PuOI. However, uranium yields the d~oxide and 
unreacted trihalide. Comparable results would be expected for Th and Pa. Batsanov 
et al. (1983), using a shock wave generated by an explosive, synthesized numerous ROI 
compounds from the oxide, metal powder, and iodine. In contrast to values taken from 
the literature, lattice parameters of the shock-synthesized products varied smoothly 
with atomic number. Garcia et al. (1985), by hydrolysis of (NH4)3YC16 at temperatures 
of 270-500°C and use of a flux at ~ 450°C, synthesized the YOF modification of ROC1, 
R = Y, Ho, Er, and Tm and the SmSI (instead of the PbFC1) modification of HoOC1. 
Single crystals of ROBr, R = La and Sm, were grown with the corresponding anhyd- 
rous lanthanide bromide as flux; the method would seem to have general applicability 
(Haeuseler and Jung 1986). 

2.3.3.2. Octahedral cluster compounds. Carbon and a halogen. Schwanitz-Schfiller 
and Simon (1985) synthesized numerous gadolinium carbidebromide compounds, 
GdzCzBr2, Gd2CBr2, and Gd6C2BrT, from GdBr3, Gd, and carbon at 900-1050°C; 
compounds in some of which the oxidation state of the cation is formally lower than 
three (see Meyer 1988). 

A gadolinium carbide fluoride, GdzCF2, was prepared by heating at 1250°C between 
2 3 weeks in a sealed Ta container under 1 bar Ar a mixture of GdF 3, powdered Gd 
(prepared by decomposing pulverized GdH x under high vacuum), and C (from 
activated charcoal) (Mattausch et al. 1991). Synthesis composition and conditions were 
critical. The compound is isotypic with trigonal Gd2CBr 2 and contains Gd 6 octahedra 
filled with C atoms and condensed via edge-sharing to form [Gd2C ] layers separated 
by double layers of F-  ions. These.. FGdCGdF- • layers are held together by van der 
Waals forces. Subsequently the structure of holmium carbide fluoride, HozCF2, 
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synthesized in a manner comparable to that developed for the Gd analogue, was 
characterized by neutron diffraction (Cockcroft et al. 1992). HozCF 2 is an insulator. 
Specific-heat and magnetic-susceptibility data are consistent with HoCzF 2 undergoing 
an antiferromagnetic phase transition; a maximum occurs in the molar magnetic 
susceptibility at 4.6 K. Below T N = 3.7 K H o z C F  2 transforms into an antiferromagnet 
with rnagnetic space group P,I ' .  The phase transition from the paramagnetic to the 
antiferromagnetic state is accompanied by a distortion of the lattice due to mag- 
netoelastic effects. 

Mattausch et al. (1992b) report the structure of an isomorph of RzCzBrz, R = Gd 
and Tb, designated as 3s-GdzC2Br2 and synthesized by heating at 1050°C RBr a, R 
activated as described above for the GdzCF 2 synthesis, and C confined in Ta under an 
Ar atmosphere. The C 2 units octahedrally surrounded by Gd atoms are condensed via 
edge sharing to form sheets which are separated by two layers of Br ions. In this variant 
three slabs of BrGd(C/)GdBr are stacked in the [103] direction until identity is 
achieved. For the R = Gd compound T N = 28(2)K; the paramagnetic Curie tempera- 
ture, O = - 2 0 ( 2 ) K ,  and the effective magnetic moment is 7.8#~. Some R2CzX z 
compounds with R in the S electronic ground state, YzCaBr2, YzCzI2, LazC/Br2, and 
Lu2Cz_xCI z where found to be superconducting with T c ~ 6 K  (Simon et al. 1991). 
Reports of comparable actinide cluster compounds could not be found, but their 
existence seems likely. 

2.3.4. Mixed-cation systems 

2.3.4.1. M X  2 R X  3 systems. Podorozhnyi and Safonov (1983) effected a DTA and 
X-ray diffraction phase study of the HgX/ RX 3 systems, X = Br and I, R = Ho and Dy, 
over the limited 0-30  molto RX 3 range and reported complete immiscibility with no 
reaction between the components. Their results parallel those of Lasocha et al. (1990) 
on the CaC1/-YbC1 a system. In view of the similarity between the ionic radii of like- 
coordinated Hg 2 + and Ca 2 + [113 pm and 114 pm, respectively (Zi6tkowski 1985)] this 
result might be expected. However, in view of the similarity of the ionic radii of Ca / + 
and Yb 2 +, the absence of a vernier-type phase in the Ca-containing system comparable 
to the long-known Yb6C113-type structure (Ltike and Eick 1982) is somewhat surpris- 
ing. [See Meyer (1988) for a discussion of the vernier-type structure.] When the larger 
lanthanide and alkaline-earth elements Eu and Sr were mixed, the intermediate valent 
Sr9EusCla3 and Sr4EuClll were obtained (Olejak-Chodan et al. 1987b). A similar 
result was obtained when NdC13 was substituted for EuC1 a (Hodorowicz et al. 1987), 
and Sr4DyC111 is one of the first vernier-type group 2 cation-containing phases 
characterized (Barnighausen 1976). Haire et al. (1978) synthesized Cf4GdXx 1, X = C1, 
Br, vernier-type phases in which the actinide ion exhibited divalency; the ionic radius of 
C f  2 + is comparable to that of Sr / + and Eu z +. The vernier-type phases can be synthe- 
sized equally well for larger actinide and lanthanide elements, and their absence with 
calcium compounds suggests that with small ions differences between the group 2 and 
lanthanide cations become significant. Lattice parameters for some vernier-type phases 
are compiled in table 3. 
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TABLE 3 
Crystallographic data for selected vernier-type halide phases not listed in Meyer (1982). 

Halide Symmetry a(/~) b(~) c(~) Angle Reference 

Nd4Br 9 P1 lb  7.741(1) 30.165(5) 7.126(1) 7 = 91.80(4) ° L•chner (1988c) 
Eu,~CI 9 P l l b  7.2335(5) 28.302(2) 6.7189(7) 7 = 91.779(9) ° Bachmann (1987) 
EusClll  P21/m 7.214(2) 35.17(1) 6.775(2) fl = 90.34(1) ° Liu (1990) 
Sr4NdCll 1 P2x/m 7.230(4) 35.29(2) 6.786(4) fl ~ 90.00 ° Hodorowicz et al. 

(1987) 
Sr4EuCll 1 P21/m 7.220(2) 35.15(1) 6.790(4) fl ~ 90.00 ° Olejak-Chodan et al. 

(1987b) 
Cf4GdC111 P 2 j m  7.130 34.83 6.685 fl = 90.24 ° Haire et al. (1978) 
Cf4GdBr ~ 1 P2~/m 7.619 36.97 7.040 fl = 90.18 ° Haire et al. (1978) 

Petzel and Ahnen (1985) determined the phase diagram of the E u F 2 - G d F  3 system 
by DTA and X-ray powder diffraction analysis of quenched specimens. They found the 
system eutectic with two extended solid-solution regions - cubic fluorite to approxi- 
mately 44mO1~o GdF 3, and hexagonal (tysonite-type) from 70molto G d F  3. Mixed 
E u F 2 - L a F  3 samples were examined by X-ray powder diffraction and thermo- 
gravimetric analysis (Vinogradova-Zhabrova et al. 1990). Fluorite-type solid solution 
prevailed to 50molto LaF 3 and LaF3-type solid solution spanned only the 92 to 
100 mol~  LaF 3 range. The cubic fluorite-type lattice parameter varied linearly with 
composition. The observations on solubility regions are consistent with behavior 
expected from the extensive studies of CaF2-RF3 systems, but the absence of super- 
structure reflections is surprising. Yoshimura et al. (1986) studied the S rF2-LaF  a 
system. The specimens were heated to 1300°C for a short time, annealed at 750°C for an 
extended time, and then quenched. Their experiments yielded only solid solutions. 
Because of the similar ionic radii of the cations, SrF z - and E u F / -  RF 3 systems would 
be expected to behave similarly. 

Greis and Cader (1986), on the other hand, identified phases of intermediate 
composition in these systems when the specimens were cooled slowly. They examined 
selected S rF2-RF  3, R = La -Nd ,  Sm-Lu,  and Y, mixtures in search of the intermediate 
phase, Sr2RF 7, which was expected from previous studies of the A F 2 -RF  3, A = Ca and 
Ba, systems. SrxRl_xF/+ x solid solutions were found when the specimens were 
quenched; superstructures were found when samples were heated at 1230°C and then 
cooled over a 14 day period. Superstructure reflections characteristic of the tetragonal 
Sr2RF 7 phase were found for R = Sm-Lu,  and Y. The superstructure cell, s, is related to 
the basic fluorite cell lattice parameter, av, as follows: a s = 0.5(10) 1/2 av; C s = 3a v. Rao 
et al. (1992) heated cold-pressed 1 : 2 mixtures of BaF2 :RX3 at 900°C and report lattice 
parameters of a product which was assumed to be BaR2F 7. The R = L a - N d ,  exc. Pm 
phases were cubic; those for R = Sm, Gd, Tb, and Y were orthorhombic. 

Laval and co-workers have examined numerous lanthanide and actinide fluorite- 
related structures. They prepared defect solid solutions of Cal_xR~F2+~, x = 0.32; 
R = La, Nd, Tb, Ho, Er, Yb, Lu, by heating the mixed fluorides in sealed Ni tubes at 
1000°C for two days with subsequent quench and examining them by room tempera- 
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ture time-of-flight neutron diffraction (Laval etal. 1988b). Additionally x=0 .32  
specimens for R = Er, Yb, Lu, and CaRzFv-related low-temperature superstructures, 
prepared as above but with different annealing conditions, were characterized by 
EXAFS (Laval et al. 1990). The defect Ca I _xLaxF2 +x (0 < x < 0.38) structure was also 
examined by neutron diffraction (Laval et al. 1989). These studies suggest the presence 
of two kinds of ( x , x , x )  interstitials whose numbers increase linearly with increas- 
ing dopant cation concentration: F"' with x g 0.31 (the relaxed normal anion), and F" 
with x = 0.41. These can be represented as [1:0:3]  clusters. Phases for which [1:0:  3] 
clusters (see page 383 for a description of cluster nomenclature) have been proposed 

M TM Th, U (Laval et al. 1986), and LaF 1+ 2xOl_x (Laval include Ca I -x M~ F2+zx , = 
et al. 1988a), among others. Thus in this Ca I _ xRxF2 + 2x system the [I :0:3] cluster is 
the most stable observed, but at elevated temperatures a more dense [1:0:4]  cluster 
might be present. Solid-state NMR would seem to be a useful tool for analysis of these 
mixed fluorite structures, but only one NMR analysis of a mixed C a F z - L a F  3 system 
could be found (Sorokin 1992). In this study the chemical shift, 6 F, was reported to 
correlate linearly (with a correlation coefficient of 0.997) with interstitial fluoride ion 
concentration. 

Laval et al. (1989, 1990) indicate that the principal factor that determines the nature 
of short-range order in anion-excess fluorites is the dopant cation size in comparison to 
the host cation size. With increasing dopant cation size the F' interstitials prominent for 
small cations (Lu, Yb) are progressively replaced by F" interstitials and relaxed F"' 
anions. Large dopant cations (La-Tb) form small [1 : 0 : 3] clusters, while medium- 
sized and small dopant cations (Ho-Lu) form a mixture of small [-1 : 0: 3] clusters and 
large [-8 : 12 : 1] cuboctahedral clusters with the number of the latter increasing with 
decreasing dopant cation size. Increasing numbers of [8 : 12:1] clusters lead to long- 
range ordering at low temperatures and to M~Fzx + 5 superstructures. 

The structure of Ca2YbF ~, the n = 15 member of the homologous series (Ca, 
Yb),F2,+5, was determined abinitio from the polyhedral model M6X37 square- 
antiprism cluster, and experimentally from a single-crystal structural analysis (Ness 
et al. 1988, Bevan et al. 1988b). (A projection of the cuboctahedral [8:12:1] cluster 
onto the xy-plane is presented in fig. 3.) This structural solution demonstrated the 
pervasiveness of this cuboctahedral [8 : 12 : n] cluster as a basic structural block" of 
fluorite-related defect structures. Bevan et al. (1988a), using the square-antiprism 
cuboctahedral cluster (M6X36 or  M6X37 if an anion is located in the center of the 
cluster) as a basis, discuss the crystal chemistry of numerous anion-excess fluorite- 
related phases and classify them into four distinct types: 

(1) R(III)6F360, in which O is located in the cuboctahedral cavity, e.g., Nd14 C132 +6 
O1-6 (Eitel 1985); 

(2) R(II)R(III)sF37 [or Ca(II)R(III)sF37], with F in the cuboctahedral cavity, e.g., 
Nd14C133 (Eitel 1985) or Ca9YbsF33 (Lechtenb6hmer and Greis 1978); 

(3) M(II)2(III)4F36, in which the euboctahedral cavity is empty, e.g., BaCaLu2F: o 
(Vedrine and Trottier 1979); and 

(4) R(III)6Fa6, in which the cuboctahedral cavity is empty, e.g., KY3Flo (Pierce and 
Hong 1973). 
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Fig. 3. Projection of an M6X3v cuboctahedral 
[8 : 12: 1] cluster (8 vacancies, 12 X' anions, and 
1X" anion) onto the xy  plane (<  100 >). The 
cluster consists of an octahedral arrangement  of 
six MX s square antiprisms sharing corners to 
enclose a cuboctahedron of X' anions. The extra 
X" anion is at the center. [From Laval et al. 
(1988b) with permission.] 

They indicate further, with examples, that intergrowth of these structure types may 
occur. Bertaut et al. (1989) report using similarity operators to deduce the superlattice 
structure of these and related cuboctahedral compounds when the chemical formula is 
known. 

Comparable anion clusters are reported for the light-lanthanide oxidefluoride 
phases (R = La-Nd) .  The x = 0.35 member of the tetragonal LaF 1 +2xO1 _~ solid sol- 
ution was examined by high-resolution time-of-flight neutron diffraction (Laval et al. 
1988a). This tetragonal cell (space group P4/nmm) is related to the fluorite cell by the 

relationships at = bt = a v x f 2 / 2 ;  ct = av; oxygen and fluorine anions are ordered in 
planes perpendicular to the [111] and [001] fluorite axes. The defect structure in this 
system is basically the same as those observed for the homologous cubic fluorite related 

MIVF M TM ='Zr, U C a  l _ ~ R x  F 2 +x systems: iii (Laval etal.  1988b) and ~ a l _  x ~ 2+2x, 
(Laval et al. 1987). In the latter system, where M Iv represents U and Zr, the larger U(IV) 
ion, over the composition range 0 _< x _< 0.195, behaves similarly to the previously 
studied M l V = T h  system (Laval etal.  1986) and forms [1 :0 :3 ]  clusters (no F' 
interstitials) just as do the larger lanthanides. The smaller Zr 4+ ion, on the other hand, 
forms Ca3ZraF3v [8 : 12 : 1] cuboctahedral clusters comparable to those of the smaller 
lanthanides. The ionic conductivity of Ca l_xAcxF2 + 2x, Ac- -Th ,  U, solid solutions 
were determined (El Omari et al. 1991) and correlated with the short-range order 
present in these phases. Cluster formation is found comparable to that of the 
Cal-xR~F2 +x, R = L a - G d ,  solid solution with [1 :0 :3 ]  clusters in the composition 
range 0.01 _< x _< X L, where X L represents the upper substitution limit. The uranium- 
substituted compound, -with the larger number of vacancies, has better electrical 
properties. 

Blachnik et al. (1985) examined selected MC12-RC13 systems, M = Sr, Ba, R = La, 
Sm, Gd, and Yb, by differential thermal analysis and derived the phase diagrams. They 
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reported compounds of the approximate compositions BaRC15, M2RC17, Ba3RCI9, 
and probably Sr4RC111, which decomposed peritectically. The Sr2RC17 compounds, 
R = Sm, Gd, were indicated to be isotypic with a structure related to that of Sm3C17 
which is now known to be a cluster-type compound [see Lumpp and Barnighausen 
(1988) for the structure of"Nd3C17"]. The Sr4RC111 compounds were expected to be 
isotypic with vernier-type Sr4DyClll (Barnighausen 1976); phase assignments in the 
M = Sr, R = Yb system retained uncertain. The phase diagrams are comparable to 
those of RC12-RC13 systems with similar cation radius ratios. Enthalpy of mixing 
values, where measured, are exothermic with minima at approximately 65 molto SrC12. 
Lochner and Blachnik (1988) subsequently reexamined the structures of the first three 
phases identified for these systems. Compositions of selected phases are found to be 
(Sr, Sm)14Cla2+x, (Gd, Sr)14Cla2+x, and (Ba, Sm)15C134+x, i.e., MnCI2,+5_ ~ phases. 
Consistent with the AF2-RF 3 systems, all contain M6X37 polyhedral (cuboctahedral) 
clusters. Lattice parameters reported for these phases are listed in table 2. Qiao and 
Xing (1991) report ternary phase diagrams for a few RC13-MCIE-MgC12 and 
RCla-MC12-LiC1 systems, R = La-Nd, M = Ca, Sr, derived by combining limited 
experimental data and computer calculations. 

Liu and Eick (1989a) synthesized BaX2-RX 3 phases which contained excess trihal- 
ide as part of their solvolytic decomposition studies: Ba9R5Bra3 , R = La, Nd, and 
phases presumed from the above-cited phase studies to be "Ba2RCI7", R = La, Sin, but 
now known to be also M6Clav-cluster based compounds. They noted that the c lattice 
parameters derived from powder data for the chloride compounds are comparable to 
those of the M6X37 cluster compounds, but the a parameters are related by the factor 
21/2 . Lattice parameters reported for these chloride phases are also listed in table 2, but 
should not be considered representative of the true unit cell. The understanding of 
cluster formation developed from the fluoride systems discussed above suggests that 
structures of all of these phases are based upon the M6X37 cluster. 

2.3.4.2. A X - R X  a systems. As was indicated in the introduction, AX-RX 3 systems 
which contain a group 1 cation have been reviewed extensively. Consequently, only 
selected examples are included here. Structure types observed for the heavier halides in 
combination with K, Rb, and Cs include elpasolite-type AaRX6, K2PrC15-type A2RX5, 
Cs3Cr2C19-type AaR2X9, and KDy2C17-type AREX 7. Blachnik and Enninga (1983), 
from thermochemical studies, constructed phase diagrams of the AC1 RC13 systems, 
A = Cu, Ag, and T1, R = La, Gd, and Yb. The systems with A = Cu and Ag and R = La 
and Gd are eutectic, but those with R--Yb yielded peritectically decomposing 
AaYbC16. The T1Cl-containing systems, on the other hand, yielded T12RC15 (R = La, 
Gd), T1REC17 (R = Gd, Yb), and TlaRC16 (R = Gd, Yb) compounds typical of com- 
parably sized A = group 1 cations. Seifert et al. (1985) reinvestigated the AC1-LaCI a 
systems, A = Na Cs, and derived thermodynamic functions for the formation reac- 
tions. In addition to the expected A2LaC15, A -- K-Cs; AaLaC16, A = Rb (T> 452°C), 
Cs; AELa2C17, A = Rb, Cs; a UCla-type KLal.67C16 was identified and its structure 
solved. In this phase, one K + substitutes for 0.33 La3+; a comparable compound 
probably exists for A = Na. Seifert and Sandrock (1990) determined by DTA phase 
diagrams of AC1-EuC13 systems, A = Na-Cs, and reported lattice parameters and 
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thermochemical data on the numerous phases observed. Mattfeld and Meyer (1992) 
examined the AC1 RC13 systems, A = K ,  Rb, Cs, R = Y ,  Tb-Lu, and that of 
(NH4)3YCI6, determining by X-ray single-crystal techniques the monoclinic structure 
of Rb3YC16 (Cs3BiC16- type ). They also examined the AC1-YCI 3, A = NH4, K, Rb, and 
Cs, systems by DTA and high-temperature X-ray powder diffraction and determined 
the temperature regions over which the three different A3YCI 6 compounds (I, II, III) 
are stable. For A = K, Rbo.67Ko.33, and NH4, I is stable to ~ 100°C and II (Cs3BiCI 6- 
type) to ~ 340°C. For A = Rb and Cs, II is stable to ~400°C. Type III (cubic 
elpasolite) is stable at T> ,,~340°C for A = K and Rbo.67Ko.33, and at T > ~400°C 
for A=Rb ,  and Cs. The type III A=NH~ compound is stable only from 
280 ° < T < 340°C; NH4Y2C17 forms above 340°C. 

Other measurements have been made on Ag3RC16 compounds. Staffel and Meyer 
(1988) synthesized the R = Dy-Lu,  Y, and Sc compounds and measured thermal 
expansion. Lerch et al. (1990) characterized Ag3YC16 structurally and determined its 
electrical conductivity from room temperature to the melting point; conductivity 
increases sharply at the transition temperature. Below its transition temperature of 
350°C, Ag3YC16 is isostructural with Na3GdC16 I. Steiner and Lutz (1992) examined 
the related Li3YC16 and found it to exhibit fast ionic conductivity and complicated 
order-disorder phase transitions. 

Czjzek et al. (1992) demonstrated that monomethylammonium chloride would form 
a double salt with YbC13 to give a monoclinic structure with alternating [YbC16] 3- 
octahedra and tetrahedrally arranged [(CH3NH3)4C1] 3 + units. The Yb 3 + ion coor- 
dination sphere remains comparable to that in YbCI 3. 

Numerous AzRC15, A = In, NH 4, Rb, Cs, and (Cs and Rb), and a few A~PrX 5, 
A' = In, K and Rb, X = C1, Br, and I, were synthesized and characterized structurally 
by X-ray single-crystal techniques (Meyer et al. 1985a). These compounds are isotypic 
with either orthorhombic (Pnma) K2PrC15 or orthorhombic (Pbnm) Cs/DyCI 5. 
Lattice parameter data on CszDyC15-type AzRC1, AA'RC15 and K2PrCl~-type 
A/RX 5, X = C1, Br, I, are presented and a structure-field diagram is developed by 
plotting differing AV m (molar volume) values. Khaidukov et al. (1990) synthesized 
K/RF 5 compounds, R = Nd-Lu  and Y, exc. Pm, from aqueous KF and the oxide at 
elevated temperatures and pressures. They report the orthorhombic lattice par- 
ameters and temperatures at which thermal transitions were observed by DTA. For 
the compounds, R = T b - L u ,  Y, complete decomposition to K3RF 6 and KRF 4 
occurred over the temperature range 500-580°C, with the decomposition tempera- 
ture decreasing almost linearly with decreasing cation size. The R = Eu and Gd com- 
pounds decomposed to K3RF 6 and KR2F7; lighter lanthanides did not decompose. 
Comparable compounds involving trivalent aetinides would be expected, but few 
could be located in the recent literature. 

Recent work on the CsI-RI 3 systems, R = Tb, Lu, yielded Cs3RzI 9 and Cs3RI 6 
compounds (Nechitailov et al. 1989), as would be expected from the review of Meyer 
(1982). Cs3TmzI 9, synthesized by oxidation of Tm with HgI z, is isostructural with 
Cs3CrzC19 (hexagonal, P63/mmc ) (Wang et al. 1989). The structure of Cs3HozBr 9 was 
refined in space group R3c at numerous temperatures between 1.5 and 295 K with 
high-resolution neutron-diffraction data; the Br atoms evidenced anisotropic thermal 
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vibrations, the Cs and Ho atoms did not (Donni et al. 1991). Long-range magnetic 
ordering was absent between 7mk and room temperature. Metallinou et al. (1991) 
characterized the CsI - ScI 3 system by X-ray, DTA, DSC, and Raman spectroscopic 
techniques, obtaining spectra of both solid and melted specimens. The expected 
Cs3Sc2I 9 and Cs3ScI 6 phases were observed. Molten mixtures for the concentration 
range 10-50mol~ ScI 3 appeared to exhibit the equilibrium, [ScI4] 1- + 2 I  x- 
[ScI6] 3 -,  with a dimeric species, [Sc219] 3 - possibly present. At 800°C the equilibrium 
vapor contained CsScI4(g ) and ScI3(g ). 

Seifert and Yuan (1991) characterized the ABr-LaBr 3 (A = Na, K, Rb, Cs) system 
and provided thermochemical data. The A = Na system is eutectic. The A/LaBr s 
(A = K, Rb, and Cs) compounds are stable at ambient temperature, but decomposed 
peritectically for A = Cs. At temperatures above ~430°C A3LaBr 6 (A = Rb, Cs) 
crystallize in the cubic elpasolite structure common to the heavier lanthanides; at 
ambient temperature the monoclinic K3MoC16-type structure prevailed, with A = Rb 
metastable. Cs2LaBr 7 was stable over the limited 459-551°C range. 

Although limited research on AX-AcX 3 mixed cation compounds, where A repre- 
sents a group 1 element, could be found in the recent literature, work by Chudnovskaya 
et al. (1987) clearly suggested that such compounds could be synthesized. These 
workers examined the self luminescence of elpasolite-type Cs2NaLa(Am)C16 which 
contained 2.5 at. percent 243Am and indicated no degradation in luminescence inten- 
sity over a four year period. Synthesis of the related elpasolite-type Cs/NaLu(Am)C16 
which contained 5 molto 243Am was also indicated. More recently, the cubic Fm3m 
structure of Cs2NaUCI 6 was determined by single-crystal techniques (Spirlet et al. 
1988). Schoebrechts et al. (1989) synthesized numerous elpasolite-type cesium sodium 
actinide chlorides, Cs2NaAcC16, Ac = U-Cf,  and presented structural details, actinide 
ionization potentials, and hydration enthalpies. Different synthesis procedures were 
required: the Ac -- U and Np complexes were prepared by fusing the appropriate molar 
mixture ofAcC13, CsC1, and NaC1; the Ac = Am and Cfwere synthesized from aqueous 
solution. Cubic lattice parameters of the actinides are compared with those of 
lanthanides. Enthalpies of solution were determined, using Fe 3 ÷ to oxidize the U 3 ÷ 
and Np a÷ compounds rapidly and quantitatively. These enthalpies are combined with 
appropriate ancillary data and calculated lattice energies to derive third ionization 
potentials of the actinides and hydration enthalpies of their tripositive ions. 

Zych and Dro~d~yflski (1991) synthesized A2UBrs, A = K, Rb, from UBr 4 dissolved 
in methylcyanide with a large excess of the group 1 bromide. The mixture was acidified 
with propionic acid and the U(IV) reduced with zinc amalgam. The precipitate which 
formed upon reduction, a methyl cyanide-hydrate, could be decomposed thermally in 
high vacuum to yield the anhydrous compounds; structural data were not presented. 
Solid-state absorption spectra taken from thin films and magnetic-susceptibility mea- 
surements are consistent with the presence of an U a + cation. The authors indicate that 
the A = Cs compound can also be synthesized. Zych and Dro2d2yfiski (1990) also 
synthesized NH4UBr 4.1.5CH3CN. 6H20 via the methylcyanide route. Upon decom- 
position in a high vacuum this complex salt converts to UBr 3. 

AUC14, A - K, Rb, NH4, were prepared from the tetrahydrate by thermal decompo- 
sition in high vacuum (Zych and Dro2d2ynski 1988). The monoclinic tetrahydrates of 
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the complex U(III) salt, AUCI4.4H20 were prepared from UCI 4 in methylcyanide 
solution to which the group 1 or ammonium salt and a small quantity of H 2 0  had been 
added. Reduction was effected with zinc amalgam. The CsUC14.4H20 ,compound 
could not be prepared by this procedure, but was thought to be synthesized by mixing 
non-aqueous solutions of CsC1 and UC14 and simultaneously effecting reduction with 
zinc amalgam (Karbowiak and Dro~d#fiski  1990). However, a subsequent structure 
determination showed that it was a trihydrate, CsUC14. 3H20,  rather than a tetrahyd- 
rate (Kr~mer et al. 1991b). This monoclinic trihydrate structure appears unique. The 
uranium ion coordination is tricapped-trigonal prismatic; six chloride ions form the 
trigonal prism and three oxygen atoms cap the tetragonal faces. The prisms form an 
infinite zig-zag chain by sharing two chloride ions. In a subsequent report isostructural 
tetrachloride trihydrates, AUC14. 3H20, A = K, Rb, and NH 4 were synthesized (Kar- 
bowiak and Dro2d2yfiski 1993). These latter compounds exhibited Curie-Weiss 
paramagnetism in the 100-300 K temperature range with derived effective magnetic 
moments of 3.7/~ 8, 3.57/~8, and 3.71#a, respectively, for the potassium, rubidium, and 
ammonium salts. IR absorption bands and electronic spectral data were also presented. 

The fluorite-related K 1 _xRxF1 + 2x region of the K F - R F  3 (R = Pr -Er )  systems were 
investigated for 0.66 < x < 0.75 by X-ray and electron diffraction (Le Fur ell al. 1988a) 
and the structure of Ko.z65Gdo.735F2.47 was determined by single-crystal X-ray 
diffraction (Le Fur et al. 1988b). In Ko.265Gdo.735F2.47 , the classic Gd6F37 cuboc- 
tahedron (see section 2.3.4.1) is formed from six GdF  8 square antiprisms with an 
additional F anion in the center. These Gd6F37 groups form chains within a fluorite- 
type matrix. A fluorite-related superstructure had been reported in this composition 
region for R = Ce, Nd, Sm, Eu, and Gd specimens heated at 700°C. These researchers 
also found a KHo2FT-type monoclinic compound, (Ko.33Ro.67F2.33) for R =-- T b - E r  in 
specimens synthesized at 1000°C; they related it to the fluorite lattice, av, by the 

following transformations: a ,.~ aFX/-6 , b ,,~ a v x / 2  , C ~ 3av/x/2 , and fl = 125 °. Two other 
phases were also observed. The first, labelled A and found only for R = Eu and Gd (over 
the composition range 0.66 < x < 0.75) after ten days treatment at 900°C, is an 
incommensurate modulated structure. It is bounded on each side by fluorite-related 
commensurate phases of orthorhombic symmetry. These two phases are related to 

fluorite by the relationships: a ~ 2av, b ,,~ avx/~, and c ~ 3avx/~; a ~ 2av, b ~ avx//-2, and 

c ,~ 4avx//2 The second, labelled B, was found for R = Pr, Nd, Sm, Eu, and Gd (over the 
composition range 0.66 < x < 0.70) after treatment at 750-800°C for ten days. The 
wave vector which spans the incommensurate modulated structure is described. Phase 
B, a new compound of monoclinic symmetry, is related to the fluorite structure as 

a ~ 2 a v x / ~ ,  b~aFX/~ ,  C~½OFx/ll4 and f l ~ 9 7  °. 

Champarnaud-Mesjard and Frit (1992) determined the structure of a high-tempera- 
ture modification of KScF 4, an octahedral cis-trans layered compound which shows a 
close structural relationship to the compounds T1A1F 4 and K M F  4, M = Ga, In, Fe. 
Khaidukov et al. (1991) synthesized from an aqueous K F - R 2 0  3 mixture at elevated 
temperatures and pressures numerous KRF 4 compounds, where R represents Y and 
all lanthanides except Tb, and reported lattice parameters. The R = L a - G d  corn- 
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pounds crystallize in the (Pmna) fl-KCeF,-type structure; the R = Dy Lu compounds 
exhibit the KErF4-type structure. From differential thermal data they deduce the 
high-temperature phase stability of the various compounds. The room temperature 
structures of KYF 4 and KYo.95Ero.osF 4 were determined in a single-crystal study by 
Le Fur et al. (1992a,b). The Y atoms are surrounded by seven F atoms in two 
environments, designated type I and type II. Type I coordination is described as badly 
distorted monocapped trigonal prismatic; type II as pentagonal bipyramidal. Two 
polyhedra of type I and type II share one of their equatorial edges to form Y2F12 
groups. These groups share one of their equatorial corners to form chains that run 
along one of the three trigonal directions. Cations are distributed in three layers 
perpendicular to the c-axis. In each layer chains of Y2F12 groups alternate with chains 
of F edge-shared distorted cubes that surround the K atoms. The Er atoms are located 
only in the type II environment and are distributed among three sites which are 
characterized by the absence of F atoms in the [111] direction. 

K6hler and Miiller (1991) obtained a divalent samarium fluoroaluminate, LiSm- 
A1F6, by heating a confined mixture of the appropriate fluorides two days at 
< 700°C. In contrast to the structure of the closely related strontium and calcium 
analogues in which the divalent cation is coordinated octahedrally, the Sm ion 
coordination is trigonal prismatic. Magnetic-susceptibility measurements show tem- 
perature dependence typical of divalent samarium. 

2.3.4.3. Miscellaneous systems. ROX-related compounds. Corbett et al. (1986) dem- 
onstrated that RC13 added to R(R = Y, La, Nd, and Gd) which contained 1-5 atom~o 
dissolved oxygen would be converted to ROC1 and the metal oxygen content reduced 
to 0.1-0.2 atom~o oxygen when the confined mixture was heated 1-2weeks, This 
reaction also served to lower the dissolved oxygen content of elemental thorium, and 
was assumed to be a reaction general for all lanthanides. 

Odink et al. (1992) intercalated the (hexagonal) layered SmSI-type YbOC1 with 
pyridine (py) to obtain 3R structure-type (py)o.lYbOC1 with a ~ 7  A increase in the 
interlayer separation. The additional increase in the interlayer separation upon 
intercalation of 4-ethylpyridine and IR spectroscopic data support the conclusion that 
the lone pair of electrons on the nitrogen and the plane of the molecule are oriented 
perpendicular to the YbOC1 layers. 

Oxygen, a halo#en, and a main group element. Phase diagrams for LaOI-AI(A = 
Na-Rb)  systems determined by Tupoleva et al. (1988) by DTA and X-ray diffraction 
suggest formation of the peritectic phases A2LaOI 3, A = N a -Rb ,  and Rb2La30315 . 
However, structural data were not presented. 

Aurivillius (1984) synthesized and characterized single crystals of selected RxBi 6 _ x 
OsC12, where x = 1, 2, 3, or 4, and R = Nd, Eu, and Gd. Some crystals in which the 
chloride anion was replaced by bromine were also examined. The structure is built from 
fluorite-like [ M 3 0 4 ]  + blocks and single halogen layers. It can accommodate an 
extraneous oxygen atom and the Ce compound contained 8.5 rather than eight oxygen 
atoms. Interatomic distances suggest that the inert electron pairs on the bismuth atom 
are only moderately stereochemically active. Since the ionic radius of U 3 ÷ is about 
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10 pm larger than that of Bi 3 + (Zi6lkowski, 1985) and since an extra oxygen atom can 
be accommodated in the structure, actinide cations could probably be substituted for 
either the lanthanide or bismuth cations. 

Schleid (1991) obtained an oxidesulfide-chloride, Ce4OS4C12, as a by-product of the 
reaction ofa  1 : 1 mixture of the CeC1Ho.67 and S in molten NaC1. In this compound the 
C1 and S anions randomly occupy selected anion sites surrounding a ten- and an 
eight-coordinated Ce 3 + cation. One oxide anion is in each coordination sphere. Using 
this same procedure and YC1H0.6v or Nao.25YC1Ho.Ts and S in NaC1, he obtained 
single crystals of the previously reported D-type Y/S and, when YOC1 was an impurity, 
single crystals of Y2OS2 (Schleid 1992). Adaptations of this latter procedure yielded 
single crystals of different structural modifications of additional lanthanide sesquisulf- 
ides (Schleid and Lissner 1992) and for R = La Nd, Sm, the complex oxidesulfide 
RloS140 (Schleid and Lissner 1991). 

The effects of substituting small amounts of fluoride and/or chloride ions for oxide 
ions in high T c copper oxide superconducting systems continues to be an area of 
research. Recent examples include Nd2CuO 4 _ xF~ (Tighezza et al. 1992) and YBa 2 
Cu3OxFrClz (Sumiyama et al. 1991). 

An interesting chloride-containing series of compounds, MRCuO3CI(M = St, Ca; 
R = Nd, S m - G d )  crystallizes in a structure similar to that reported for Ndr.4Ceo. 2 
Sro.4CuO 4. In this oxidehalide structure the R ion is located in a cubic-like arrange- 
ment of eight oxide ions while the M ion is surrounded by a capped square antiprism of 
four oxide and five chloride ions (Ramanujachary et al. 1991). 

Crystalline fluorocarbonates, Ba2R(CO3)zF a (R = Y, Gd), of interest for their poten- 
tial application in optics, were synthesized hydrothermally from RF a and BaCO 3 in 
molten Ba(NO3) 2 at 700°C and 216 MPa  pressure (Mercier and Leblanc 1991). In these 
fluorocarbonates the Ba and R cations occupy the center of distorted BaOsF 4 and 
RO6F 3 Archimedean antiprisms monocapped on a square face. Two Ba-containing 
polyhedra are connected by an R-containing polyhedron to yield BazRO12F 9 blocks 
which are then connected to form infinite two-dimensional slabs. 

3. Trihalide hydrates 

A detailed study of the RF 3, R = La Lu, exc. Pm, behavior in aqueous solutions was 
completed by Menon and James (1989). Solubilities and solubility products were 
determined by conductometric, potentiometric, and radiometric techniques as a 
function of pH. Stability constants for the mono- and difluorocomplexes in aqueous 
solution were also measured. The effect of precipitate aging was considered for DyF  3. 
Solubilities and pKsp values of the RF 3 do not vary systematically with atomic number, 
but instead remain relatively constant, varying by no more than three units across the 
series, with values of 15.2 for LaF 3 and 14.4 for LuF 3. 

Synthesis of RI3onH20 and the intermediates formed during dehydration in air were 
characterized, for numerous R (Heini6 et al. 1980). For R = L a - H o ,  n = 9; for 
R = Y, Er Lu, n = 8. The R = Tb, Dy, Ho, and Y iodides may crystallize in either form 
at room temperature, depending upon the ambient H 2 0  pressure. While reported 
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compositions differ little from earlier reports (Kwestroo and Van Hal 1976), structural 
details and decomposition behavior are presented. The orthorhombic nanohydrates 
decompose through various steps. The larger lanthanide iodides form, in sequence, the 
n = 6 and n = 3 hydrates, then RI3,2RI3.ROI, and finally an m ROI.R20 3 product. 
The value of m is R dependent. The number of intermediate hydrates decreases with 
decreasing size of R; anhydrous RI 3 is stable over only a ~ 5°C temperature range 
below 200°C. Decomposition in air of YI 3" nH20, determined as part of a study of 
iodide synthesis precursors for YBazCu30 7 _ 6, is reported to occur at 250°C (Baney 
et al. 1992). 

Dehydration of LaCla.7H20 was studied by various thermal analysis and thermo- 
gravimetric techniques (Gong et al. 1983). The dehydration mechanism was found to be 
H20 vapor pressure dependent. With p(H20 ) ~ 1-6Torr, LaC13.7HEO~LaC13. 
3HEO~LaC13.2HEO~LaCla.H20~LaC13. When p(H20 ) ~ 10-100Torr, the 
LaC13 .2H20 phase is not observed; when p(H20 ) ~ 150 Torr, LaCla-3H20 ~ LaC13. 
5H20 ~ LaCIa.H20 ~LaC13. The actinide hydrate, UCIa.7H20 , was synthesized 
from UC14 dissolved in methylcyanide to which a small quantity of water and propio- 
nic acid had been added. Reduction of the U(IV) was effected in an inert atmosphere 
with liquid zinc amalgam (Dro2d£yfiski 1985). The monoclinic heptahydrate appears 
isostructural with LaC13.7H20. At low temperatures, the hydrate is stable in air, but 
above 15°C the loss of H 2 0  that occurs is followed by oxidation of the uranium. If the 
heptahydrate is heated slowly in a dynamic vacuum to remove most of the H 2 0  , and 
then at a higher temperature, pure UC13 can be prepared. A UCla 'CHaCN'5H20 
mixed hydrate was also synthesized by Dro2d2yfiski (1986) by modifying the procedure 
developed for synthesis of the heptahydrate (less water is added). Upon heating, the 
compound decomposes to an oxidechloride. 

Acetate-chloride hydrates of samarium, (1) [Sm(C2H302)(H20)6]C12"H20 and (2) 
[-Sm(C2H302)2(H20)3]C1 , were synthesized by slow evaporation of aqueous acetic- 
acid solutions of SmCla-6H20 and SmOCl, respectively (Meyer et al. 1991). In both 
compounds the Sm 3 + ions are nine-fold coordinated by oxygen; the chloride ions serve 
to achieve charge neutrality. The structure of the diacetate compound is characterized 
by one-dimensional infinite chains, lrSm(C2HaO2)2(H20)3], formed from two triden- 
tate-bridging acetate groups. The structure of (1) was determined from the praseodym- 
ium analogue; the R ion is nine coordinated by oxygen from the six'water molecules, a 
bidentate acetate group, and the bridging oxygen from a second acetate group (Schleid 
and Meyer 1990). The structure of (2) was determined from the europium analogue 
(Schleid and Meyer 1989). 

An acetate-chloride hydrate of lanthanum, [La2C13(C2HaO2)2(H20)v]C1, was syn- 
thesized by reaction of the hydrated trichloride with dilute acetic acid or the sesquiox- 
ide with acetyl chloride. In this compound the La atom is coordinated by two chloride 
and seven oxygen ligands. This compound also is characterized by a one-dimensional 
infinite chain, ~ [La2C13(C 2H 30 2)2( H 2 O)7] +, connected to like chains by chloride ions 
which are surrounded by H 2 0  molecules (Schleid et al. 1991). 

The compound, UEI4(O-i-pr)4(HO-i-pr)2, i-pr = (HaC)ECH-, was synthesized by 
desotvation of the product that resulted from the reaction of uranium metal turnings 
with iodine and 2-propanol (Van Der Sluys et al. 1992). In this compound two uranium 



LANTHANIDE AND ACTINIDE HALIDES 395 

(IV) atoms six-coordinated (by two iodine and four oxygen atoms) edge-share oxygen 
atoms. 

4. Reduced halides MX.,  n < 3 

Structural details and phase equilibria of numerous intermediate valent halides were 
reviewed in this handbook (Haschke 1979). Intermediate valent compounds remain an 
area of exceedingly high activity. Lattice parameters of numerous phases which contain 
either a lanthanide or an actinide in an intermediate oxidation state, or an alkaline 
earth substituted for one of these elements, are listed in table 2. 

Meyer and Schleid (1987) point out that many of the lanthanide(III) halides can be 
reduced by alkali metals either to binary or ternary lanthanide(II) compounds, or to 
more reduced halides stabilized by interstitials, e.g., LuC1H~ or Cs2LuTCllsC. They 
emphasize that this metallothermic reduction procedure occurs at low temperatures 
and allows crystal growth from the melt. Meyer and Schleid (1991) and Corbett (1991) 
describe in detail synthesis procedures for reduced and heteroatom-containing halides. 
Mixed-valence NaNd2C16 and NaPr2C16 were synthesized from reaction of Na and the 
trichloride sealed in Ta tubes. Both of the NaR2C16 phases crystallize in the UC13-type 
structure. However, lattice parameter variations for the R = Pr compound are small, 
but consistent with inclusion of an Na + ion in the structure. On the other hand, those 
for the R = Nd specimen are appreciable and indicate both that an Na cation has 
been incorporated in the lattice and that an Nd 3+ ion has been reduced to Nd 2+ 
(Schleid and Meyer 1987b). Lumpp and Barnighausen (1988) synthesized "Nd3CIv '' 
(NdC12.30 by heating a mixture of the tri- and dihalides sealed in Ta for an extended 
period of time. As expected for an element which can exhibit divalency in combination 
with halides, the tetragonal structure is based upon the fluorite-related Nd6C137 
cuboctahedron cluster. Procedures for synthesis of phase pure Eu4C19, EusC111, and 
Eu14C133 are reported (Liu and Eick 1991). 

Lochner (1988b, c) completed a phase study of the Nd-NdBr 3 system by X-ray and 
thermoehemical techniques and identified only CaFz-type NdBr 2 and incongruently 
melting vernier-type Nd~Br 9. Lattice parameters of this phase are listed in table 3. 
Schleid and Meyer (1991) heated an NdBr 3-K mixture confined in tantalum ampoules 
and obtained the mixed-valent K3Nd3Brlo . The structure contains one-dimensional 
infinite chains similar to that of trivalent K2NdBr5 with trans-edge-connected mono- 
capped trigonal prisms. 

Lyle and Westall (1985) point out that EuBr 3 loses bromine upon being heated above 
190°C, yet retains the PuBr3-type structure with the lattice parameters increasing 
slightly. Compositions EuBr~, 2.84 < x < 3.0, were characterized by M~ssbauer spec- 
troscopy and electrical conductivity techniques. Relaxation times, z, were derived for 
the electron hopping process and activation energies were determined. Electron 
hopping is thermally activated and described as a process in which a 4f electron is 
promoted into the 5d6s conduction band for a characteristic time of the order of 10 - 6  S 

at 78 K. Europium trichloride behaves similarly (Ball et al. 1983). 
To determine the enthalpy of formation of DyI/, Morss and Spence (1992) syn- 

thesized a ,-~ 2 g specimen; mass analysis indicated a 94.5% DyI 2 and 4.7% DyI 3 yield. 
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Their procedure entailed heating stoichiometric quantities of sublimed Dy metal and I2 
at 680°C for 20 days. 

4.1. Metallic halides 

Meyer (1991) surveyed known metallic lanthanide halides and classified them into 
three categories with the formulas: RX2, R'RX3, and RzX s. The first category, RX2, 
where X = I, has long been known to be metallic. However, LaBr 2 also shows metallic 
character. Single crystals of LaBr 2 and LazBr 5 were prepared by reduction of LaBr 3 
with Li in sealed Ta containers (Kramer et al. 1989). The LaBr 2 structure is composed 
of slabs of LaBr 2 in which the La atoms are in trigonal prismatic coordination. The 
La-Br distance of 3.07 A suggests the presence of La 3 + cations. Although octahedrally 
coordinated Li + interstitial ions were not located in the structural analysis, their 
presence cannot be ruled out definitively. Meyer (1991) also suggests that PrC12 is 
probably metallic. The CdIz-type scandium iodide, 8c0.9312, synthesized by reaction of 
liquid or gaseous ScI 3 with excess Sc metal at 550-870°C (McCollum et al. 1990) is also 
metallic. This is the only intermediate phase in the Sc-ScI 3 system; it decomposes at 
892°C. 

The second category of metallic halides, RxRX3, is typified by PRC12.33 (Meyer et al. 
1989a), better designated Pro.z9PrC13. This compound was synthesized by reduction of 
the trichloride with either elemental praseodymium or with lithium. The UC13-type 
structure of PrC13 is essentially retained with additional praseodymium atoms occupy- 
ing octahedral interstices. X-ray powder data gave no evidence of a composition range 
for this reduced chloride. The compound is paramagnetic, consistent with Pr 3 + ions. 
When Na was used as reductant, a non-metallic UC13-type Nao.sPrC13 phase resulted. 
Meyer et al. (1989a) emphasize the structural differences between Pr3CI v (PRC12.33) and 
the fluorite-related R6X37 cuboctahedron Nd3C17 (NdCI2.30 (see page 397) structures. 
The cuboctahedron is ordinarily found when one of the elements assumes the divalent 
oxidation state; praseodymium remains trivalent. 

The third category of metallic halides, R2Xs, is typified by PrzBrs, the existence of 
which was long-known from phase studies. Schleid and Meyer (1987a) synthesized 
Pr2Br s through reaction of PrBr 3 with Li in sealed Ta containers and determined it to 
be isostructural with PrzI 5. On the basis of Pr-Br distances, they point out that the Pr 
atoms are trivalent and the compound therefore is best formulated as (Pr 3 +)z(Br-)s 
(e-). In contrast to Pr2Br 5 which becomes ferromagnetic at about 25 K, isostructural 
LazBr 5 shows no magnetic ordering. The structures of PrzX s, X = Br, I, were deter- 
mined by neutron diffraction from 5 K to room temperature and electrical conductivity 
was measured over a 160°C temperature range by impedance spectroscopy (Kramer 
et al. 1991a). A positive paramagnetic Curie temperature, Op ~ 40 K, is calculated for 
both compounds. The praseodymium ion is also trivalent in both compounds; antifer- 
romagnetic-ordering temperatures of 50(1) K and 37(1) K were determined for X = Br 
and I, respectively. A second magnetic phase transition observed in the X = Br sample 
at T~ 25 K is attributed to different temperature dependence of the magnetic moments 
of the two inequivalent praseodymium sites; the directions of the magnetic moments 
differ in the two ordering regions. Both compounds are semiconductors. The electronic 
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band structures of Pr2X 5, X = Br, I, as determined by extended H~Jckel calculations, 
show two narrow low-lying d bands, half occupied by two electrons per-Pr4Xlo unit 
cell (Meyer and Hoffmann 1991). The authors concluded that as a result of large metal 
separations in the structure, only weak d interactions were present between metal 
atoms and the compounds could be viewed as Mott insulators. The antiferromagnetic 
and paramagnetic properties observed for Pr2X 5 below and above T N were also 
considered typical of Mott insulators. 

Compounds related to Pr2X 5 include Ce2Br 5 (Kramer and Meyer 1991), in which 
interatomic distances suggest the cerium ions to be trivalent, and the numerous 
light-lanthanide diiodides. Lattice parameters of a few of these compounds are listed in 
table 2 (RX,-compounds, n > 2) and table 4 (RX2-compounds). 

4.2. Dihalides 

Liu and Eick solvolytically decomposed numerous reduced lanthanide halides with 
tetrahydrofuran (THF) or pyridine. Both of these solvents form complexes with the 
trivalent, but not the divalent cation. They found that mixed Ba(II)-R(III) compounds 
of the general composition Ba9R5X33 , X = C1, Br and R = La, Sm or Nd, would 
undergo solvolytic decomposition with loss of RX3, leaving the BaX 2 salt in a 
metastable anti-Fe2P-type modification (Liu and Eick 1989a). Anti-Fe2P-type BaI 2 
had been synthesized previously at elevated pressures and temperatures (Beck 1983), 
but neither the chloride nor bromide could be prepared by this technique. However, by 
dehydrating BaClE.2HEO in the temperature range 38 370°C, Hasse and Brauer 
(1978) prepared a mixture of the fluorite- and anti-Fe2P-type modifications. The 
volume per formula unit of their anti-Fe2P modification was slightly larger than that of 
the normal form. In contrast, the average volume per formula unit of the anti- 
Fe2P-type modification prepared by solvolytic decomposition is about 1~o smaller 
than that of the normal PbC12-type form, indicative that it is indeed a "high-pressure" 
modification. This anti-Fe2P-type modification transforms slowly and irreversibly to 
the normal PbC1 z form at temperatures in excess of 300 350°C. 

A mechanism for this solvolytic decomposition reaction has been postulated (Liu 
and Eick 1991). The reaction is topochemical with the structure of the product con- 
trolled by symmetry and size considerations. Since the RnC12, + 1 vernier structures are 
closely related to the fluorite structure (Haschke 1979), synthesis of fluorite-type 
modifications upon leaching is not surprising. However, when the M14X33 phase is 
leached either the fluorite or the anti-FeEP-type structure is obtained. If M represents 
Sm or Eu, and X = C1, the fluorite modification is obtained. If M = Ba and La or Nd 
and X = Br, the anti-FezP-type modification is obtained. The M14X33 and the fluorite 
structures both contain layers of cations and anions perpendicular to the three-fold 
axes. The anti-FezP structure contains both cations and anions in the layers. Thus 
conversion of the Ma4C133 structure to the fluorite modification requires only in-layer 
movement of the unsolvated M 2+ ions in the planes perpendicular to the three-fold 
axis. On the other hand, conversion to the anti-FezP-type structure requires both 
in-plane and out-of-plane movement of the M 2 + and Br- ions. The latter motion 
results with larger cations which cannot fit easily in the planes. Reaction behavior is 
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TABLE 4 
Selected dihalide crystallographic data. 

Halide Type Symmetry a(•) b(,~) c(A) Reference 

SCo.9312 CdI 2 P3ml 4.0851(3) - 6.9824(7) [1] 
GdI 2 2H-MoS 2 P63/mmc 4.075(1) - 15.060(5) [2] 
LaBr 2 2H2-MoS 2 P63/mmm 4.0988(4) - 13.900(1) [3] 
LaI 2 Ti2Cu I4/mmm 3.912(1) 13.937(1) [4] 
SmI2-II PbC12 Pnma 11.208(6) 8.886(5) 4.579(4) [5] 
EuI2-II PbC12 Pnma 11.184(3) 8.893(2) 4.575(1) [5] 
NdI2-II TiCu 2 I4/mmm 3.848(1) 13.953(3) [4] 
NdI2-III CaF 2 Fm3m ~ 7.688 [4] 
SmI 2 SrI2-IV Pnma 12.290(8) 4.902(3) 8.421(7) [6] 
EuI 2 SrI2-IV Pnma 12.272(2) 4.8852(8) 8.363(1) [6] 
DyI 2 CdC12 R3m 4.62(2) 20~86(3) [-7] 
SmC12 CaF 2 Fm3m 6.9827(5) [8] 
EuC12 CaF 2 Fm3m 6.961(1) [-8] 
TmBr 2 SrI 2 Pbca 7.1023(4) 13 .8139(7)  7.3809(7) [9] 
NdCIBr PbCI 2 Pnma 9.208(3) 7.899(3) 4.623(2) [.10] 
NdCII PbC12 Pnma 9.468(2) 8.229(5) 4.772(2) [10] 
NdBrI PbC12 Prima 9.751(9) 8.432(7) 4.891(7) [-10] 
EuBrI PbC12 Pnma 9.824(2) 8.414(2) 4.856(1) [11] 
EuCII PbCI 2 Pnma 9.395(3) 8.185(2) 4.691(2) [-11] 
KTmBr 3 GdFeO 3 Pbnm 7.6069(4) 8 . 0 6 6 8 ( 4 )  11.0542(6) [-9] 
KYbBr 3 GdFeO 3 Pbnm 7.5906(4) 8 . 0 4 4 0 ( 4 )  11.0317(6) [9] 
RbTmBr 3 GdFeO 3 Pbnm 7.8214(4) 8 . 0 7 8 6 ( 4 )  11.2834(5) [9] 
RbYbBr a GdFeO 3 Pbnm 7.7995(4) 8 .0512 (4 )  11.2551(5) [9] 
CsTmBr a NaNbO3-II P4/mbm 8.0817(4) 5.7452(3) [-9] 
CsYbBr 3 CaTiO 3 Pm3m 5.7165(3) [-9] 
RbTmI 3 GdFeO 3 Pbnm 8.4768(6) 8 . 6 1 9 8 ( 7 )  12.0798(9) [-9] 
RbYbI a GdFeO 3 Phnm 8.4729(7) 8 . 6 1 0 0 ( 8 )  12.0670(9) [-9] 
CsTmI 3 GdFeO 3 Pbnm 8.5724(6) 8 . 6 8 5 4 ( 8 )  12.3342(9) [9] 
CsYbI 3 GdFeO 3 Pbnm 8.5806(6) 8 . 6 7 1 4 ( 5 )  12.3282(8) [9] 
Rb4Ybl 6 K4CdCI 6 R3c 14.139 17.513 [-9] 

[1] McCollum et al. (1990). 
[2] Barnighausen (1984). 
[3] Kr~mer et al. (1989). 
[4] Beck and Schuster (1992). 
[5] Beck (1979). 
[6] Liu (1990). 

[7] Morss and Spence (1992). 
[8] Liu and Eick (1988). 
[9] Schilling et al. (1922). 

[10] L~;chner (1988a). 
[11] Hodorowicz et al. (1984). 

cons i s t en t  wi th  the  p r o p o s e d  m e c h a n i s m .  R e a c t i o n s  which  y ie ld  the  f luor i te  mod i f i ca -  
t i on  occu r  r a p i d l y  whi le  t hose  which  p r o d u c e  the a n t i - F e z P  m o d i f i c a t i o n  occu r  
s lowly,  cons i s t en t  w i th  the  a d d i t i o n a l  a t o m i c  r e a r r a n g e m e n t  r equ i red .  

The  f luor i te  m o d i f i c a t i o n  of  RCI2, R = Sm, Eu,  were  a l so  syn thes i zed  b y  so lvo ly t i c  
d e c o m p o s i t i o n  of  r e d u c e d  l a n t h a n i d e  ha l ide  phase s  wi th  T H F  (Liu  a n d  Eick  1988). 
Th is  m od i f i c a t i on ,  wh ich  h a d  p r e v i o u s l y  been  r e p o r t e d  s tab le  on ly  a t  e l e v a t e d  t e m p e r a -  
tures ,  r e su l t ed  w h e n  e i the r  the  v e r n i e r - t y p e  R,C12, + 1, n = 4 - 6 ,  o r  R14C133 c lu s t e r - t ype  
c o m p o u n d  was  leached .  Th is  f luor i te  m o d i f i c a t i o n  has  a l ower  dens i t y  t h a n  the n o r m a l  
m o d i f i c a t i o n  a n d  t r a n s f o r m s  s lowly  a n d  i r r eve r s ib ly  to  the  n o r m a l  m o d i f i c a t i o n  when  
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heated in excess of ~ 400°C. Efforts to extend this work to NdC12 were unsuccessful. 
The mixed-valent NdC12.3o prepared by reduction of NdC13 with elemental Nd could 
not be decomposed by THF, presumably because of the presence of oxide impurities. 
Nor could an YbC12 compound be synthesized. Every intermediate-valent ytterbium 
chloride compound contained oxide, and consistent with the neodymium specimens, 
oxide-containing samples could not be decomposed by THF. 

Beck and Schuster (1992) synthesized NdI 2 from NdI 3 and Nd and heated it at 
400-500°C under pressures of 2-4GPa. The structure of the high-pressure modifi- 
cation, which was determined by Rietveld refinement of X-ray powder diffraction 
data, is designated NdI2-II and remained stable upon quenching. With NaF as an 
internal standard, high-pressure lattice parameters were determined by in situ X-ray 
measurements as a function of pressure. The pressure-temperature phase diagram for 
NdI 2 shows three modifications: SrBr2-type at low temperatures (<  50°C) and all 
pressures examined; Ti2Cu-type at T> 150°C (pressure ,,~ 1.5 GPa); and (probably) 
a CaFz-type, designated NdI2-III, at T~ 50°C and pressure ~4GPa.  NdI2-II is 
metallic; NdI2-III is postulated to be semiconducting. Trends in the p - T  phase 
diagram are rationalized on the basis of the band structures bf the various modifica- 
tions. A mechanism for the transformation is postulated. 

Schilling et al. (1992) present lattice parameters for the dihalides TmBr z, YbBr 2 (in 
both ~-PbO 2- and SrIz-type structures), TmI 2, and YbI 2. They obtained the dihalides 
by metallothermic reduction of the RX 3 salts, X = Br or I, with Li and Na. Liu (1990) 
synthesized a previously undescribed modification of MI2, M = Sr, Sin, and Eu, 
designated the SrI2-IV-type structure in accordance with the notation of Beck (1979), 
by dehydrating MI2.H20 at 120°C in a high vacuum. The structure of this modification 
is related closely to that of the monohydrate and was solved by the Rietveld procedure 
from X-ray diffraction data (Liu and Eick 1989b). In this structure the oxygen 
coordination site remains vacant and iodide atoms relax slightly, so the modification is 
less dense than the normal diiodide. The SrI2-I-type SmI 2 phase reported by Li and 
Wang (1985) upon dehydration of SmI2.H20 or SmI2-0.5H20 at 170-240°C in a high 
vacuum is no doubt this SrIz-IV-type structure. 

4.3. Mixed-dihalide systems 

Numerous lanthanide mixed dihalide systems have been characterized by fusing 
appropriate mixtures and examining the reaction product(s) by X-ray diffraction 
techniques. These systems are illustrated schematically in table 5. Recent comparable 
studies of actinide systems could not be found. Non-isomorphous parent phases 
usually produce either eutectic structures or two solid-solution regions with one or 
more different structure-type phase also present between these solid-solution regions 
(Davies and Navrotsky 1983). The expected behavior was observed in the majority of 
the systems. Lochner (1988a) characterized the NdC12 NdBr/, NdClz-NdI2, and 
NdBr2-NdI z systems. The chloride and bromide compounds crystallize with PbCI/- 
type structures while the iodide crystallizes in the SrBra-type structure. The expected 
continuous solid solution and solid-solution regions separated by a two-phase region, 
respectively, were observed. Anion ordering was observed in the chloride-bromide 
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system. L6chner noted that fluoride-containing systems could not be synthesized. 
Hodorowicz et al. (1983c) examined the layered PbFCl-type compounds, Cao.sSr0. 5- 
FCI, Cao.sYbo.sFC1, and Sro.sEuo.sFBr, in search of cation ordering; none was found. 
It appears that a completely random solid solution of the cations can be made as long 
as the cation size limits fall within the range allowed for the PbFCl-type structure and 
the ion sizes are reasonably close to each other. 

In contrast to the extended solid-solution regions observed in the neodymium mixed 
halide systems, the EuClxI z -x system shows minimal solid solution while that of 
EuBrxI2-x shows multiple phases (Hodorowicz et al. 1983a, 1984). The YbClz-YbBr 2 
system, as expected because of a common SrI2-type structure, forms a continuous solid 
solution (Voos-Esquivel and Eick 1987). However, the YbCI~I 2 _ x system is much more 
complicated with polytypism prevalent (Lasocha et al. 1988). Over the region 15 to 
80mo1% YbBr z a mixed anion 6R-polytype (space group, R3m) and an iodide- 
saturated YbC12 phase coexisted. In addition, over the ,-~ 15-45 mol% bromide region 
a CdI2-type phase of the composition YbClo.3Ii.7 could be identified. Although 
polytypism might be expected for the CdI2-type structure common to YbI2, the phases 
formed could not have been anticipated. Substitution of like-sized and comparably 
coordinating calcium for ytterbium (Lasocha et al. 1989) demonstrated that the 
complicated behavior of this system is related to the cation size and is not unique to 
ytterbium; this mixed cation/anion system exhibited, with increasing YbI 2 content, 
coexisting CaCI 2 and ~-PbO2-type phases, then coexisting CaC12-type , 6R-polytype, 
and unknown structure type phases, the latter with the approximate composition 
Ca3YbCI6I 2, then 6R-polytype and CdIz-type YbI 2, and finally, only a solid solution of 
the YbIz-structure. However, unlike the CaClz-YbI 2 system, that of CaCI2-YbC12 
shows two solid-solution regions: the first spans 0 to ~ 15 and the second ~ 55-100 
mol% YbC12 (Lasocha et al. 1990). 

Since the ionic radii of Ca(II) and Sr(II) are similar to those of Yb(II) and Eu(II), 
respectively, numerous mixed halides involving these alkaline-earth elements have also 
been examined. Upon addition of EuCI 2 to SrC12 a cubic solid-solution region pre- 
vailed to 50mo1% EuCI 2. A two-phase region separated this from the PbC12-type 
EuC12 (Olejak-Chodan et al. 1987b). This limited solubility is readily understood' when 
the lattice parameter of the 50mo1% mixture, a--6.977(3)A, is compared to the 
a = 6.961(1) A value reported for the fluorite-type metastable modification of EuC12 
(see table 4). 

4.3.1. Hydride-halide systems 
Although lanthanide and actinide hydride-halides have long been known (Struss and 

Corbett 1978), they recently again became an active area of research. Hydride halides, 
RX2(H, D), were synthesized directly from RX 2 or from R X  2 and RH, welded in Ta 
ampoules and heated under defined pressures of hydrogen (Michaelis et al. 1992a). 
Compounds that form under one atmosphere hydrogen pressure include: CeBr2Ho.87, 
CeIzHo.90,CeI2Do.96,Gd'IzHo.97; all could be hydrogenated to RXzHl.00. LaBr 2 
Ho.90 , upon dehydriding in dynamic vacuum, reverted to La and LaBr3; GdIzHn, 
0 < n < 1.0, could be completely dehydrided to give GdI 2. The heavy atom structure in 
these RX2H . compounds is related to those found in M o S  2 and NbS 2 (Michaelis et al. 
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1992b). The hydrogen atoms as determined by neutron diffraction are located in 
positions that center the anionic prisms and the cationic triangles. Michaelis et al. 
(1992c) characterized GdIEH n and CeIEH n (n < 1) by numerous procedures: IR, diffuse 
reflectance spectra, magnetic susceptibility, electrical resistivity, and photoelectron 
spectroscopy. The Gd-containing samples are either insulating or semiconducting; 
compounds with n = 1 are colorless while those with n < 0.9 show metallic lustre. Wh6n 
n ~ l, the bands ~ 1 eV below the Fermi edge are calculated to be populated. With 
decreasing H content they broaden and the density of states increases. CeI2H n exhibits 
a metal-semiconductor transition for n ~ 0.33. 

Mattausch et al. (1992a) pointed out that YC1 and YBr, previously described as 
"monohalides" (Mattausch et al. 1980), are in reality hydride halides YXHn, X = C1, Br, 
in which 0.7< n < 1.0. These hydride halides can be further hydrogenated in a 
hydrogen atmosphere to give colorless YXH 2. Although the lattice parameters 
changed only slightly as n in YXH~ was varied, the structure type changed from that of 
ZrBr at lower hydrogen concentrations to that of ZrCl at higher concentrations. 
Interconversion and loss of hydrogen upon heating were studied. Kremer et al. (1991) 
examined the origin of spin-glass behavior in TbBrDo. 7. In contrast to TbBrD0.7, 
TbBrDo.sl and TbBrDo.s8 undergo antiferromagnetic ordering, and GdBrD~ under- 
goes antiferromagnetic ordering for all values of n. The authors attribute the different 
ordering behavior to random magnetic anisotropies that arise from the locally different 
crystal electric fields; Gd 3 ÷ has an S ground state while Tb 3 + has a large L contribution 
to the total angular momentum, J. 

4.3.2. A X n - M X  2 systems 
Schilling et al. (1992) synthesized perovskite-related ARX 3 structures, R = Tm and 

Yb, X = Br and I, through the metallothermic reduction of RX a with equimolar 
amounts of K, Rb, or Cs in Ta capsules (700-800°C, 7 d). They obtained CsRI3, RbRI3, 
and KRI 3 (GdFeOa-type), CsYbBr 3 (cubic CaTiOa-type), and CsTmBr 3 (tetragonal 
NaNbOa-II-type ) structures in addition to K4CdC16-type RbgYbI 6. When Li or Na 
was the reductant, dihalide was the reaction product. 

Kohler (1993) synthesized orange-red transparent single crystals of SmA1F 5 by 
heating 2 : 1 : 3 mixtures of SmF 3, Sm, and A1F 3 confined in niobium under Ar for 
7-10 d at 750°C. The compound, which is isostructural with BaTiFs, has linear chains 
of trans-corner sharing AIF 6 octahedra connected via corners to two additional AIF 6 
octahedra. Isolated Al2Flo bioctahedra are situated in a disordered arrangement 
between the chains. 

4.4. Cluster-stabilized reduced halides 

The bonding in Y2C13, and by analogy, in R2C13, R = Gd, Tb, was investigated by 
magic angle spinning NMR, electrical conductivity, and magnetic susceptibility 
measurements (Kremer et al. 1992). Y2Cla was confirmed to be a semiconductor with a 
band gap of 0.85(5)eV. The observed diamagnetic susceptibility confirmed that the 
excess valence electrons are involved in metal-metal bonding. The positive chemical 
shifts observed for the say NMR resonances are large and approach the magnitude of 
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typical Knight shift values detected for metallic compounds such as YH 2. Yee and 
Hughbanks (1992) developed a semi-localized description of the bonding in extended 
metal-metal-bonded systems. They used Y2C13 as the prototype compound and 
calculated its band structure. 

Artelt et al. (1992) reduced RI3, R = Er and Lu, with Cs in the presence of carbon in 
sealed Ta containers by the metallothermic technique and obtained as a by-product the 
quaternary electron-deficient cluster compounds: Cs[-Er6C]I12 and CszLu [Lu6C ] 
Cl18. The latter compound is isostructural with the zirconium hydride cluster com- 
pound, Cs2Zr[Zr6H]C11 s and contains [-Lu6C ] clusters edge-bridged by twelve chlor- 
ide anions to form the [Lu6C]Cla2 units. Six additional chloride ions in the exo 
positions of the cluster provide octahedral coordination for the seventh Lu 3 +cation; 
the Cs + ion occupies anti-cuboctahedral interstices within the chloride layers. The 
[Er6C]II2 unit of Cs[Er6C]I12 has a structural framework similar to that of 
[Sc6N]Cl12 in Sc[Sc6N ] Cl12. Ruck and Simon (1992) produced in a reversible, 
topochemical reaction lanthanide carbide hydride halides, RzXCH . (R := Gd, Tb; 
X = CI, Br, I; nma x = 1), by heating condensed cluster R2XC compounds in hydrogen at 
550°C. Upon addition of hydrogen the clusters change from the R6X12- to R6Xs-type 
and the electrons gradually become localized in H-centered states giving rise to a 
metal-semiconductor transition. Artelt and Meyer (1993) also synthesized a quater- 
nary reduced halide with isolated [M6(C2) ] clusters, Csz[Pr6(C2)]I12 , by heating at 
850°C PrI 3, Cs, and C confined in Ta containers. The structure contains discrete 
Pr6Ix2-type clusters elongated to accommodate the C2 units and connected via iodide 
ions. Internuclear C-C, M-C, and M - M  distances in lanthanide clusters that contain 
C2 units - layered clusters, chains, and those containing isolated double octahedra and 
isolated single octahedra are compared. 

Reduced halide cluster compounds have also been characterized for thorium. 
B3ttcher et al. (1991) synthesized and characterized extensively numerous thorium 
cluster compounds. In addition to those which contain a d-block transition element 
two, Th6Br 15H7 and Th6Br14C , contain only anions. Both compounds, whose struc- 
tures are related closely to those ofNb6F 15 and Nb6Cla4 , respectively, have [Th6Brlz ] 
clusters with octahedral Th 6 cores and the H or C atom interstitial in the core. The 
structure of Th6Br 15D7 was determined by neutron diffraction. Neither compound is 
magnetic. 

5. Higher halides 

5.1. M X  4 compounds 

Single-phase samples of actinide tetrafluorides, RF4, R = U, Np, and Pu were 
synthesized, absorption spectra recorded at 298, ,-~ 77, and ,~ 4 K in KBr pellets, the 
data interpreted, and a comparison of the computed energy levels made with published 
magnetic properties and heat-capacity measurements (Carnall et al. 1991). Gibson and 
Haire (1992Odentified AmF 4 by mass spectrometry. 
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5.2. M X n - M ' X  4 sys tems 

Gambino et al. (1989) determined the heat capacity of NazUBr 6 by differential 
scanning calorimetry over the temperature range 200-500°C. At elevated tempera- 
tures this compound undergoes a number of structural transitions that enhance ionic 
conductivity. A transition at 380°C which allows Na ions to move along the z-axis is 
reported to significantly increase the electrical conductivity. The structure of the 
related Na/UI6, also reported to be a fast-ion conductor, was determined by neutron 
diffraction (Maketka et al. 1992). It is closely related to that of NazUCI 6 (a', c'): ¢ = 3c'; 

a = a ' /x /3 ,  with I atoms in closely related positions, but with U atoms occupying empty 
holes in the Na atom planes. 

Laligant et al. (1989) determined the crystal structure of long-known Li3ThF 7 by 
X-ray (T = 300 K) and neutron (T = 5 K) powder diffraction. The structure, previously 
characterized as tetragonal and subsequently questioned, was found to be orthorhom- 
bic. The Li + ions are distributed randomly on three-fourths of the corresponding 
crystallographic sites and are arranged in a distorted octahedral coordination with the 
octahedra sharing edges to form layers which can be related to a defect NaCl-type 
structure. Thorium ions are in nine-fold coordination. E1-Ghozzi et al. (1992) syn- 
thesized Li4TbF 8 by heating LiF and TbF 3 or "Tb407" in F2(g ) and refined the 
orthorhombic structure by the X-ray Rietveld procedure. The compound Li4TbF 8 is 
isostructural with Li4UFs; Tb ions are located in isolated, distorted Archimedean 
antiprisms that form in a three-dimensional network of octahedrally coordinated Li 
ions. Guillot et al. (1992) determined the magnetic properties of Li2TbF 6, the only 
known ambient-pressure representative of the eight-coordinate high-pressure ~- 
LizZrF 6 structure, and confirmed the 4 f  7 configuration for Tb. Electronic structure 
and size relationships are presented to explain the absence of a corresponding 
eight-coordinate praseodymium compound. 

The RF 3 TbF 4 system was examined for the majority of R. When R F 3 - T b F  3 
mixtures were fluorinated or RxTb ~ _xF3 solid solutions and XeF 2 were heated in an 
autoclave, RF 3 and TbF 4 resulted (Brekhovskikh etal. 1989). If a mixture that 
contained the smaller lanthanides, R = Tb -Lu ,  Y, and Sc was heated at 400-450°C 
for an extended period of time, the compounds R(TbF5) 3 which are isostructural with 
corresponding Zr and Hf analogues were formed. As would be expected, upon heating 
to a higher temperature (550-600°C), the tetravalent terbium oxidizes the fluoride ion 
to F2(g), leaving the mixed-cation trifluoride, Ro.25Tbo.75F 3. Gawek(1987) examined 
the LaC13-UC14 system; the expected solid immiscibility with an eutectic near to 100 
molto UC14 was observed. Ouwerkerk (1985) discussed procedures needed to grow 
fluorite-type crystals of the solid-solutions A F 2 - U F  4, A = Ca, Sr, Ba, and Pb, which 
contained minimal concentrations of U 3 +. 

The thermal decomposition of monoclinic (ZrF4-type) CmF 4 and TbF 4 was charac- 
terized by a Knudsen cell mass spectrometry technique (Gibson and Haire 1988b). 
Both compounds decompose to the trifluoride when heated in vacuum. Derived 
enthalpies of decomposition are: TbF 4, 23.7 _+ 3.0 kcal mol-  1; CmF4 ' 26.3 _+ 2.0 kcal 
mol-~. CmF 4 decomposes between 330 and 430°C; it is only slightly more stable to 
decomposition than is TbF 4. 
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5.3. A c X  6 systems 

Room-temperature  synthesis of RF6, R = U, Np, and Pu, through reaction with 
K r F  2 and O2F 2 or O2F2/HF has been reported (Asprey et al. 1986, and references 
therein). Treatment  of AmO 2 with KrF  2 did not yield AmF 6 under the conditions 
studied. On the other hand, Fargeas et al. (1986), using a thermoehromatographic  
technique in which the reaction products were separated immediately after formation 
in a tube in which a ~ 950°C thermal gradient ( -  150-800°C) was maintained and 
analysis effeeted by radiochemical procedures, reported synthesis of trace amounts of 
both AmF 6 (0.049/o) and C m F  6 (0.029/0) when the fluorinating agent was a mixture of 
gaseous BF 3 and F 2. These workers also report the synthesis of numerous other 
high-valent oxidefluorides: NpO3F,  NpF7, PuO3F , AmFs, CmOF3, and EsF 4, but 
quantitative data relative to the yield were not presented. However, the work of Gibson 
and Haire (1992) casts doubt  on the existence of both AmF 6 and CmF 6. Gibson and 
Haire treated the actinide elements U - A m  with F 2, C1F3, BF3, and/or O 2 gases in 
platinum Knudsen cells and monitored the effusate by quadrupole mass spectrometry. 
They found no evidence of AmF 6. They report additional attempts to synthesize AmF 6. 
AmF 4 confined in a nickel reactor was exposed to F2(g ) at a pressure of 0.16 M P a  and 
at temperatures up to 800°C in a system arranged such that volatiles were transported 
to a cold trap. In addition, a L i F - N a F - B e F  2 molten salt that contained ,-, 2wt.~ 
AmF 4 was heated in a platinum Knudsen cell in the mass spectrometer at 525°C. In 
neither case was the elusive AmF 6 observed. 

Absorption spectra of polycrystalline AUF6, A -- Li, ~-Na, and Cs, were recorded at 
T _< 25°C (Hecht et al. 1986); the compounds have a common six-fold U - F  coordina- 
tion that approaches octahedral site symmetry for LiUF6, but exhibits increasing 
trigonal distortion as the size of A increases. 

Henche et al. (1993) synthesized a mixed R-U(VI)-oxideehlor ide,  R3UO6CI3, 
R =  La, Pr, and Nd, by heating [-5-9d, 800°C (1000°C for R = La)] stoichiometric 
quantities of ROC1, R203(Pr6Oll) ,  and U 3 0  s confined in quartz ampoules under a 
pressure of C12(g ). Single crystals were grown by chemical vapor  transport  with C12(g ) 
as the transport  agent and the structure was determined. The uranium atom is 
coordinated in a trigonal prismatic arrangement by six oxygen atoms; the lanthanide is 
ten-coordinated by six oxygen and four chlorine atoms. The mixed metal system, 
La3(UxWx_x)O6Cl3, 0_<x_< 1, were also synthesized and the hexagonal lattice 
parameters determined. 
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A-type (form) 

B-type (form) 

a hexagonal form of the C-type (form) 
lanthanide/actinide 
sesquioxides 
a monoclinic form of the bcc 
lanthanide/actinide fcc 
sesquioxides F 

a cubic form of the 
lanthanide/actinide 
sesquioxides 
body-centered cubic 
face-centered cubic 
fluorite type 



COMPARISONS OF THE BINARY OXIDES 415 

a a widely nonstoichiometric M19 RO1.79o _+6 
C-type-related phase V o vacant oxygen site 

~t a widely nonstoichiometric HREM high-resolution electron 
fluorite-related phase microscope 

qb cubic C-type MeV million electron volts 
0 hexagonal A-type O/M oxygen/metal ratio 
i RO1.714 _+6 P'B magnetic moment in 

RO1.778 +6 Bohr magnetons 
RO1.800 ±6 /~af (/~B) effective magnetic moment 
RO~.818 +_6 in Bohr magnetons 

~)' RO1.8o6 ±6 L-S coupling model magnetic moments 
[3 RO1.833 ± 6; (0), (l), (2), (3) calculated using simple 

refer to structural coupling involving the 
polymorphs L and S quantum numbers 
RO1.875 __~; (0),(1), (2),(3) rather than the so-called 
refer to structural intermediate coupling 
polymorphs model 

1. The binary oxides of the lanthanide elements 

1.1. Introduction 

1.1.1. The purpose and scope 
It is our purpose to present a summary of the compounds formed with oxygen and 

the lanthanide and actinide elements in such a way as to facilitate comparisons and 
contrasts. It is hoped that for many readers this summary will, in itself, prove useful by 
presenting an updated account of some relevant research concerning the lanthanide 
and actinide oxides. Beyond this, it will be found that the oxides afford a sub- 
stantial platform upon which to assemble a comparative collage of lanthanide/ 
actinide chemistry. 

1.1.2. The electronic configurations of the atoms and ions 
The basis for the family relationships among the lanthanide elements themselves, 

and of periodic relationships that include the actinide elements, is their elemental and 
ionic electronic configurations. The fascinating story of the discovery and development 
of this truth can be found in several chapters in volume 11 of this Handbook on the 
Physics and Chemistry of Rare Earths (1988) and in the chapter by Seaborg (ch. 118) in 
this volume. The oxides provide a delicately sculpted model of the relationships 
between each element and other members of its series and also of the relationships 
between the two series. The electronic configurations for the ground state of the atoms 
and the relevant valence states of these elements are listed in table 1. The similarities 
and lack of congruence for the oxides of these two series is discussed in section 3. 

Considerable attention has been paid to the electronic structures and valences of the 
rare-earth systems including the oxides. A full discussion of these aspects is outside our 
scope since they have been thoroughly considered in other places in this series (see 
Handbook  on the Physics and Chemistry of Rare Earths Cumulative index, 1993). 
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TABLE 1 
Properties of the lanthanide(III) ions (Westrum 1967). 

Atomic Rare Electronic Ground Experimental 
number earth configuration of term magnetic moment 

(III ions) (/~B) 

57 La 1S o 0.00 
58 Ce 4f 1 2F5/2 [2.56] 
59 Pr 4f 2 aH 4 3.55 
60 Nd 4f s 419/2 3.66 
61 Pm 4f 4 5I 4 [2.83] 
62 Sm 4f 5 6H5/2 1.54 
63 Eu 4f 6 7F 0 3.51 
64 Gd 4f 7 8S7/2 7.90 
65 Tb 4f 8 7F 6 9.63 
66 Dy 4f 9 6H15/2 10.5 
67 Ho 4f 1° 5I 8 10.5 
68 Er 4f ix 4115/2 9.5 
69 Tm 4fl 2 3H6 7.39 
70 Yb 4fl 3 2F7/2 4.34 
71 Lu 4f14 1So [0.0] 

1.1.3. The oxidation states of the lanthanides in oxides 
The combina t ion  of the lanthanide elements with oxygen results in a formal 

oxidat ion state of the metal a tom that  depends upon  the chemical potential of oxygen 
and the different electronic conditions of the a toms within the compound.  The 
oxidat ion state of the lanthanide a toms varies between (II), as in EuO, and (IV), as in 
CeO 2. All the lanthanides exhibit the (III) oxidat ion state in their oxide systems, as in 
L a 2 0  3. Fur thermore,  mixed-valence states exist in the series between these extremes 
both as stoichiometric and as nonstoichiometr ic  compounds .  Hund ' s  first rule is 
followed in the lanthanide series which explains the stability of oxidation states other 
than three. 

1.1.4. Previous reviews 
A review of the binary lanthanide oxides has already appeared in an earlier volume of 

this series (Eyring 1979). A review of the "Seltenerdelemente" appeared in Gmelin 
Handbuch der Anorganischen Chemie (1974). The preparative methods  and characteri- 
zat ion of the many  phases of the lanthanide oxides have recently been published 
(Eyring 1991). The structures and transformations of the rare-earth oxides have 
recently been reviewed (Schweda et al. 1991, Schweda 1992). Some aspects of these 
reviews are summarized and brought  up-to-date here. A review of thermodynamic  
properties can be found in the chapter  by Morss (ch. 122) in this volume. 

1.2. The preparation of the lanthanide oxides 

1.2.1. The lower oxides 
All members  of the lanthanide series occur as gas-phase RO molecules at high 

temperatures.  However,  condensat ion of  the gaseous RO molecules does not, in any 
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instance, result in a solid of the same composition. Among the solid lanthanide 
compounds only EuO, Eu30 #, and probably YbO are preparable as stable phases at 
ordinary pressures (Eyring 1979). The other solid-state phases that reportedly have 
been produced at ordinary pressures appear to have been stabilized by impurities, 
notably nitrogen or carbon (Felmlee and Eyring 1968). The phase diagram for the 
Eu-Eu30 4 region is shown as fig. 1. (Shafer et al. 1972). 

EuO can be prepared by the reduction of Eu203 with Eu metal at 800°C (Shafer 
1965), with C (graphite) at 1600 1700°C (Achard 1960), with La at 1300-1500°C (Eick 
et al. 1956), or with EuH 2 at 800°C (Brauer and Schulz !967). The oxyhalides of C1, Br, 
and I are reduced by LiH in high vacuum at 600 800°C to yield good crystals of EuO 
(B/irnighausen 1966, Haschke and Eick 1969). 

Eu304 can be prepared by reduction of an equal molar mixture of Eu203, EuOC1 
and LiH from which LiC1 and H 2 are expelled at high temperatures (Biirnighausen 
1966, Haschke and Eick 1968). Another method is to react EuO and Eu203 in the 
proper proportions and heat to 2050°C in an iridium container (Bedford and Catalano 
1971). The thermodynamic conditions under which the lower oxides react or form are 
shown in fig. 2. 

Calculations indicate that YbO is thermodynamically stable at low temperatures 
and at ambient pressure, and evidence for its existence has been found (Haschke and 
Eick 1970, Fishel et al. 1970). 

Leger et al. (1980, 1981) have described the preparation, at high pressures, of the 
metallic monoxides for the elements from lanthanum to samarium and have deter- 
mined their structure and conductivities. A negative PAV term in the free-energy 
expression makes it possible to synthesize the monoxides from a mixture of the metal 
and the sesquioxide under pressure. These monoxides can be maintained at normal 
pressures afterpreparation. The monoxides through NdO are metallic, golden-yellow 
compounds with the Ln atom being trivalent. SmO is metallic with a valence close to 
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three, while EuO and YbO are semiconductors with the lanthanide atom being 
divalent. 

1.2.2. The sesquioxides 
All the lanthanide elements form a sesquioxide. Although the sesquioxide can be 

synthesized by direct reaction of the elements, it is not a preferred method because the 
preparation of pure metals is difficult. The preferred method for all but Ce, Pr and Tb is 
by the decomposition of some compound precursor in air or oxygen. (In air CeO2, 
PrOl.s3 and approximately TbOl.v5 are the compositions obtained.) Suitable precur- 
sors include hydroxides, nitrates, carbonates, formates, oxalates, acetates, citrates, 
chlorides and sulfates (Gmelin Handbuch der Anorganischen Chemie 1974, Eyring 
1991). The most commonly used compounds are the oxalates and hydroxides. Table 2 
indicates effective precursor decomposition temperatures. Even though the decompo- 
sition temperature is below 1000°C, this temperature should be attained and held for a 
few hours to assure the absence of H20  and CO 2 in the final product. Conditions for 
preparing the sesquioxides of Ce, Pr and Tb from the decomposition reactions 
suggested in table 2 are given in table 3. 

1.2.3. The dioxides 
The highest established oxide (excluding peroxides) of the lanthanides is the dioxide, 

formed only by Ce, Pr and Tb. The phase diagrams for oxides higher than the sesqui- 
oxide are shown as figs. 3-5. Difficult-to-reduce CeO 2 is formed when its compounds 
are decomposed in oxygen at pressures in the millimeter range or higher. PrO 2 is 
formed slowly at temperatures around 300°C and oxygen pressures of one atmosphere 
(Hyde et al. 1965) and more rapidly at higher temperatures and oxygen pressures. It 
requires oxygen pressures in the range of 1000 atm at 300°C to form TbO 2. Conditions 
for preparing the dioxides are given in table 3. 

PrO 2 and TbO 2 can also be formed by disproportionation when the oxides with 
O/M ratios between 1.5 and 2.0, obtained by the decomposition of precursors in air, are 
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TABLE 2 
The formation of lanthanide sesquioxides from the thermal decomposi- 

tion of their salts (Eyring 1991). 

419 

Product T/PC, [ref.]/Type 

Hydroxides Nitrates(solid state) Nitrates(from flux) 

La20 3 840 [1] 780 [1, 2] 650 [5] 
670 [3] A 
600 [4] 

A 
Nd20 3 830 [1] 810 [1] 550 [5] 

830 [2] A 
660 [3] 
600 [4] 

C 
Sm20 3 750 [1] 760 [1] 430 [5] 

750 [2] B 
680 [3] 

C 
Eu20 3 720 [1] 760 [1] 430 [5] 

670 [3] B 
C 

Gd20 3 750 [1] 780 [1] 430 [5] 
670 [3] B 

C 
Dy20 3 730 [1] 430 [5] 

C C 
Ho203 660 [1] 430 [5] 

C C 
Er20 3 700 [1] 630 [1] 430 [5] 

C C 
Tm203 430 [5] 
Yb20 3 650 [1] 620 [1] 430 [5] 

C C 
Lu20 3 430 [5] 

C 

Carbonates Oxalates Acetates 

La20 3 850 [1] 830 [1] 850 [1] 
830 [3, 8] 800 [10,11] A 

A 800 [3] 
Nd20 3 810 [1] 760 [1] 780 [1] 

670 [8] 735 [10,11] C 
625 [4] 670 [3] 

C 
Pm20 3 750 [12, 13] 
Sm20 3 620 [3] 740 [1] 

650 [8] 735 [10, 11] 
C 630 [3] 

Eu203 750 [1] 680 [1] 750 [1] 
C 620 [10,11] C 

630 [3] 
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TABLE 2 (continued). 

Product T/PC, [tel.I/Type 

Gd203 700 [9] 740 [1] 
620 [3] 700 [10, 11] 

670 [3] 
Yb20 3 700 [9] 725 [11] 
Dy20 3 700 [9] 745 [11] 
HO203 700 [9] 740 [1] 

735 [10, 11] 
Er203 700 [9] 720 [1, 10, 11] 
Tm203 700[9] 715 [11] 680 [1] 

C C 
Yb203 700 [1] 700 [1] 

730 [11] 
Lu203 715 [11] 

Fluorides Chlorides Sulfates 

La20 3 1 2 9 0 1 3 , 6 ]  111013,6] 145013,7] 
A A A 

Nd203 1305 [3, 6] 990 [3, 6]. 1400 [3, 7] 
A A A 

Sm203 1265 [3, 6] 930 [3, 6] 1340 [3, 7] 
B B + C  B 

Eu20 a 1180 [3, 6] 895 [3, 6] 1330 [3, 7] 
B C B 

Gd20 3 1240 [3,6] 865 [3, 6] 1280 [3, 7] 
C+B B 

[1] Glushkova and Boganov (1965) 
[2] Wendlandt (1956) 
[3] Stecura (1965) 
[4] Ambrozhii and Luchnikova (1962) 
[5] Brauer and Siegbert (1969) 
[6] Wendlandt (1958a) 
[7] Nathans and Wendlandt (1963) 
[8] Ambrozhii et al. (1960) 
[9] Head and Holley (1965) 
[10] Wendlandt (1958b) 
[11] Wendlandt (1959) 
[12] Weigel and Scherer (1965) 
[13] Wilson et al. (1963) 

leached at room temperature by dilute acids. The advantage of this technique is that  
only simple equipment  is required (Brauer and Pfeiffer 1963, Clifford 1964, Eyring 
1979; Karna tak  et al. 1985). Kang  and Eyring (1988a, b) observed the disproport iona-  
tion process utilizing high-resolution electron microscopic (HREM) techniques. It was 
clearly shown that the leaching process propagated  from defects at the surfaces (e.g., 
emergence of dislocations) and proceeded inward, removing all metal species into 
solution as Ln + 3 ions. This reduction of some of  the metal a toms at the surface must  
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TABLE 3 
The preparation of the oxides of Ce, Pr and Tb. 
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Oxide Phase Temp. Reference Oxygen pressure (Torr) 
designation (°C) for prep. or other gas 

CeO 2 F 900 10 760 
Ce1102o b 636 1 10 -28 

620 2 dry H 2 - 10 -28 

Ce620112 ~)' 580 2 dry H 2 
Ce19034 M19 600 2 dry H 2 
"CeloOls"  ~ 636 1 10 -27 

670 2 dry H 2 
"Ce9016" ~ 715 1 10 -25.5 

730 2 dry H 2 
Ce7012 1 971 1 10 -17"8 

840 2 dry H 2 
Ce20  3 0 900 2 dry H 2 

0 700-800 9 LiCeO 2 + CeO 2 + LiC1 
closed system 

PrO~ F 315 3 760 
450 3800 

Pr16030 ~ 240 8 38 
Pr12022 [3 420 4 350 
Pr1102o 6 460 4 150 

(Oxidation) 
465 6 150 

(Reduction) 
Prlo O 1 s ~ 480 4 30 
Pr9016 ~ 560 4 10 
Pr7012 1 850 4 10 
P r20  3 ~) 550 10 U2(flow ) 
P r20  3 A 1000 10 10 -6 
TbO 2 C < 800 ° 5 106 
Tb12022 [3(3) 800 ° 11 106 
TbalOz0 ~ 250 5 380 

7 
5 380 
7 13 
10 H 2 
10 vac. 10 .6 

Tb62Oll  2 ~)' 535 
Tb7012 1 695 
T b 2 0  3 ~) 650 

B 1000 

[1] Bevan and Kordis (1964) 
[2] Knappe and Eyring (1985) 
[3] Hyde et al. (1965) 
[4] Hyde et al. (1966) 
[5] Langley (unpublished) 
[6] Lowe and Eyring (1975) 
[7] Hyde and Eyring (1965) 
[8] Otsuka et al. (1986) 
[9] B~irnighausen and Schiller (1985) 
[10] Eyring (1991) 
[11] Kang et al. (1992b) 
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necessarily be accompanied  by the t ranspor t  of oxygen inward and electrons ou tward  
to the react ion surface. The overall effect is to produce  L n O  2 crystals with re-entrant  
voids inward f rom the surface in every direction. 

1.2.4. The intermediate~homologous series of mixed-valent oxides 
As is evident f rom figs. 3 -5 ,  Ce, Pr  and Tb  form intermediate  c o m p o u n d s  of na r row 

compos i t ion  ranges of  which most ,  but  not  all, have composi t ions  with the generic 
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formula R,Oz,_  2 (n is an integer or infinity). The established values of n for the 
homologous series are, respectively, 4, (6), 7, (10), 11, and ~ for Ce; 4, 7, 9, 10, 11, 12, 16 
and c~ for Pr; and 4, 7, 11, 12 and ~ for terbium. Known intermediate phases of narrow 
composition not belonging to the homologous series are Ce19034 , Ce620112 and 
Tb62Otl 2. Table 3 indicates the conditions of temperature and oxygen pressure 
sufficient to produce each of the intermediate phases with n = 7-16.  The references 
should be consulted for details. 



424 R.G. HAIRE and L. EYRING 

There have been recent studies on the higher-oxide phase relationships particularly 
those of the cerium-oxygen system. Part of the phase diagram was clarified by Ricken 
et al. (1984) and by Riess et al. (1985) from heat capacity measurements and confirmed 
by K3rner et al. (1989) by thermal expansion measurements. Two intermediate phases 
not belonging to the homologous series, Ce19034 and Ce620112, were observed 
independently from HREM observations by Knappe and Eyring (1985). The n = 9 
phase reported earlier by Height and Bevan (1979) was not seen by either of these 
investigators nor was the n = 10 phase observed by Knappe and Eyring, although 
evidence of more ordered intermediate phases in the composition region 
CeO1.818 1.714 were indicated in the electron diffraction patterns. More work must be 
done on this composition region in order to map out its obvious complexity. 

The phase diagram of the praseodymium oxide system may need modification to 
include an n = 16 phase reported by Otsuka et al. (1986) from tensimetric kinetic 
observations of the evolution of X-ray powder diffraction patterns. Three polymorphs 
of this phase were confirmed by Kang et al. (1992a) from HREM studies of non- 
equilibrium quenching procedures and a review of previous results (Eyring and Kang 
1991). However, it is not known whether or not this phase is metastable or should be 
added to the equilibrium phase diagram. In earlier kinetic and equilibrium studies 
(Hyde et al. 1965) Pr1603o was not observed where it should have been if it were stable. 
In the study of quenched specimens by HREM (Kang et al. 1992a), the 1~(3) phase 
previously known for the TbO x system was also observed in PrOx. The unit cell content 
of this latter compound is Pr4sO88. 

1.2.5. Nonstoichiometric phases 
All the single-phase regions discussed above have a finite range of composition that is 

accessible with careful manipulation of the preparative conditions. A marked addi- 
tional feature of the phase diagrams of figs. 3-5 is the appearance of phases having a 
wide composition range at pressures and temperatures in excess of those required to 
form the ordered phases. 

At these higher temperatures and pressures, depending on the system involved, these 
ordered intermediate phases disorder into one of two cubic, nonstoichiometric phases 
depending upon the composition (Hyde et al. 1966). The lower composition phase (~) is 
derived from the C-type sesquioxide and the disordered phase of higher composition (e) 
is fluorite-type. The two disordered regions are separated by a narrow miscibility gap 
and each is itself possessed of a wide range of composition. 

In the recent past, wide-range nonstoichiometric phases were commonly considered 
to be random solid solutions. Later, more and more were found to consist of closely 
spaced series of ordered structures (Bursill and Hyde 1972). The disordered phases in 
the rare-earth oxides are among the few wide-composition, nonstoichiometric equili- 
brium phases remaining and there are still questions about the structural details. 

In order to prepare an oxide in this wide composition range, one must equilibrate the 
oxide at temperatures and oxygen pressures higher than those listed in table 3 for the 
intermediate compounds. Figure 6 epitomizes the intricacies of the praseodymium 
oxide system with more or less vertical or slanted single-phase regions, horizontal 
two-phase regions that show hysteresis. The nearly vertical lines mark the ordered 
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Torr at each curve (from Hyde et al. 1966). 

phases belonging to the homologous series. The unusual reversals observed at higher 
pressures indicate persistent metastability. 

Recently a study of the CeO x system at temperatures between 1000 and 1330°C has 
been carried out by Kitayama et at. (1985) that essentially extends the phase diagram of 
Height and Bevan (1979) (fig. 3a) to higher temperatures. This work confirms the 
continuation of a variable o phase with a C-type structure (called by them Ce30 5) in the 
region CEO1.65 1.7o and a miscibility gap of about 0.02 in composition width between 
the C-type region and a wide-range nonstoichiometric phase of fluorite structure, in 
agreement with previous suggestions. These new data are superimposed on the earlier 
phas e diagram (fig. 3a) recommended by Height and Bevan (1979). 

Lindemer (1986) has obtained an empirical fit to a wide range of published data on 
the CeOx system to yield Gibbs free energies that unify the data and predict a consolute 
temperature of about 680°C to the two-phase, ~' ~, region suggested by the data of 
Bevan and Kordis (1964). Lindemer suggests sufficient accuracy to allow useful 
thermodynamic data on grossly nonstoichiometric oxides in equilibrium with gaseous 
oxygen. They consider solid solutions of the dioxide end-member and the sesquioxide 
over the entire alpha region. This is a model not unlike that in the CeOz-Y20 3 system 
studied by Wallenberg et al. (1989) where commensurate modulation of a C-type 
periodicity is apparent in the fluorite-related matrix of only 20% Y 2 0 3  . A caution is 
that, in this latter case, only the fluorite and C-type structures are involved. The CeO~ 
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system is quite different since one of the intermediate phases might be considered the 
end-member of the oxygen-poor side of the gap. 

On the other hand, Benzakour et al. (1988) utilized Monte Carlo calculations to 
show that no satisfactory statistical treatment is available for CeOL7 2.o due to 
inadequate knowledge of the physics of the system. 

1.2.6. Hysteresis and pseudophase formation 
A feature absent in the phase diagrams shown is that these oxide systems are 

reversible in the single-phase regions but show marked hysteresis in the two-phase 
regions, as can be easily seen in fig. 6. Figure 7 shows specific examples from the work of 
Lowe and Eyring (1975) of the hysteretic behavior in the 1 - qb and the 1 - -  ~ regions of the 
T b O x - O  2 system. The direction of approach to equilibrium must be taken into 
account when preparations are attempted. 

In the hysteretic two-phase regions it is c o m m o n  to observe a linear approach to one 
side or the other as shown clearly in the lower curve in fig. 7a. This feature has been 
called a pseudophase and its nature requires further attention and explanation. The 
loop in fig. 7b indicates reversal of  the temperature in the region between Tb620112 and 
Tb11020. Deviation of the hysteresis loop on the left where it rejoins the TbvOt2 
composit ion results from the residual Tb620 ~ ~ 2, rather than from Tb 1 tO20. 
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Thermodynamic and theoretical models for hysteresis and kinetics of phase reac- 
tions in the Pr and Tb oxide systems have been proposed. In the first study by Knittel 
et al. (1977) a model based on regular solution theory is developed and applied to 
hysteresis in the Pr and Tb oxide systems. Maren et al. (1984) modeled the PrTO12- 
PrgO16 hysteretic reaction using a thermodynamic formalism. Models assuming both 
noninteracting and interacting domains were considered. 

1.2.7. Single crystals 
Single crystals of EuO, RzO3, CeO 2 and PrO 2 have been grown by means of special 

techniques that could, with substantial effort, be expanded to other oxides. EuO single 
crystals have been grown from a melt of Eu and Eu203 (Oliver et al. 1972). The crystals 
obtained have properties that depend strongly on the preparative conditions. 

The sesquioxides of all the lanthanides except Ce, Pr and Tb can be grown from the 
melt and cooled in air. The structure of the product obtained varies over the series. 
La203 and Nd203 are usually found to be in the A-form, Sm203, Eu203 and GdzO 3 in 
the B-form, and the remainder in the C-form (see fig. 8). Similar results are obtained 
using the Verneuil or flame fusion techniques. If oxygen is excluded during cooling, 
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TABLE 4 
Growth of lanthanide oxides single crystals. 

Crystal Method Reference 

EuO Melt Shafer et al. (1972) 
CeO 2 Flux Linares (1967) 
CeO 2 Flux Finch and Clark (1966) 
CeO 2 Flux Vinokurov et al. (1965) 
PrO 2 Hydrothermal growth McKelvy and Eyring (1983) 
TbO x Hydrothermal growth McKelvy and Eyring (1983) 

MacChesney et al. (1966) 
PrO2(TbOl.sls) Hydrothermal growth Lowenstein et al. (1972) 
Sm203(B-type) Verneuil Lejus et al. (1974) 
Eu20 3 Flux Drofenik et al. (1974) 
R203 Verneuil Lefever (1962) 

Lejus and Connan (1974) 
Popova and Zotkina (1967) 
Pastor and Pastor (1966) 

R203 Reduction by Schleid and Meyer (1989) 
alkali metals 

P r20  3 and T b 2 0  3 can be added to this list. In all these methods, severe problems of 
fracture are encountered as the crystals cool through any phase transformations. Some 
examples of crystal growth with references are recorded in table 4. 

There are special problems in the growth of single crystals of the higher oxides. CeO2 
crystals are obtained from a wide variety of flux growth methods. PrO 2 is obtained 
hydrothermally and TbO 2 has been prepared only at very high oxygen pressures (see 
MacChesney et al. 1966, McKelvy and Eyring 1983). Single crystals of the intermediate 
oxides are obtained by adjusting their composition by annealing at appropriate 
temperatures and oxygen pressures-. The sesquioxides of these three elements, grown by 
high-temperature methods, are not in the cubic form and they shatter when oxidized to 
the fluorite-related, higher oxides. The structural details are to be discussed later. 

1.2.8. Thin films 
Thin films of the oxides can be obtained by oxidation of evaporated or sputtered 

metallic films under suitable temperatures and  oxygen pressures. The sesquioxides are 
the congruently vaporizing species, hence they can be prepared by direct vaporization. 
A low-temperature sol-gel technique, including annealing at elevated temperature in 
oxygen if required, could also be used to obtain thin films of the oxides. 

1.2.9. Colloidal particles 
Methods involving homogeneous precipitation of the hydroxycarbonate of the 

lanthanides followed by calcining can be utilized to obtain colloidal particles of binary 
or ternary lanthanide oxides with varied morphologies. This technique has been 
thoroughly  described by Matijevi 'c and by Hsu et al. (1988). Kang et al. (1992b) have 
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TABLE 5 
Lattice parameters of NaCl-type lanthanide monoxides. 

Monoxide a (~) Reference 

LaO 5.144 + 0.005 Leger et al. (1981) 
CeO 5.089 _+ 0.005 Leger et al. (1981) 
PrO 5.031 +0.005 Leger et al. (1981) 
NdO 4.994 __+ 0.005 Leger et al. (1981) 
SmO 4.943 + 0.005 Leger et al. (1981) 
EuO 5.1439 + 0.0018 Haschke and Eick (1969) 
YbO 4.87 Fishel et al. (1970) 
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documented that production of monodispersed colloidal spheres of mixed lanthanides 
with either long-range or short-range order can be obtained by this technique. 

1.3. The structures of the lanthanide oxides 

The structural parameters and space group symmetries of the established lanthanide 
oxides are given in tables 5-12. Figures 9 and 23 contain plots of the lattice parameters 
of the sesquioxides and dioxides as a function of the atomic number. The lanthanide 
contraction is exhibited clearly in these plots. 

1.3.1. The lower oxides 
EuO and YbO crystallize in the NaCl-type structure. EuO is a red compound with 

a = 5.1439 ~ (Haschke and Eick 1969). Eu30  ~ is black with an orthorhombic structure 
having a =  10.094, b =  12.068 and c =  3.500~ (Barnighausen and Brauer 1962, 
Haschke and Eick 1968). 

The monoxides prepared by applying high pressure to mixtures of metal and 
sesquioxide (see section 1.2.1) are NaCl-type up to about  25 G P a  (Leger et al. 1981). 
Vedel et al. (1986) observed a rapid volume decrease in CeO with pressure (interpreted 
as an electronic instability) up to 3 GPa,  followed by a continuing linear decline of 
much smaller slope up to 25 GPa.  De and Chatterjee (1989) have used band calcula- 
tions to show an increase in the valency of cerium in CeO from 3.0 to 3.26 with pressure. 

1.3.2. The sesquioxides 
Five polymorphic forms for the lanthanide sesquioxides have been identified. The 

temperature range of their stable existence is presented in fig. 8 (Foex and Traverse 
1966a, b). More than one form is possible for all but lutetium, and all are potentially 
possible for the middle members. We concern ourselves here exclusively with the lower 
temperature A-, B- and C-forms. The A- and C-types are those most often encountered 
when the entire series is considered. The A-type, typical of the light lanthanide oxides 
formed at moderately elevated temperatures, is hexagonal. The lattice parameters for 
these oxides are given in table 6. The C-form structure is of the cubic bixbyite type 
related to a doubled-edge fluorite structure with one fourth of the oxygen sites vacated 
in a regular way. The lattice parameters for the C-type sesquioxides are given in table 7 
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TABLE 6 
A-type structures of R203 (P 3 2/ml, No. 164 I.T.) (after Schweda 1992). 

Compound a(A) c(~,) Reference 

La20 3 3.938 6.136 
Ce20 3 3.891 (1) 6.059 (1) 
Pr203 3.857 (3) 6.016 (5) 
Nd203 3.829 (3) 6.002 (5) 
Pm20 3 3.802 5.954 

Aldebert and Traverse (1979) 
B~irnighausen and Shiller (1985) 
Hoekstra (1966) 
Boucherle and Schweizer (1975) 
Chikalla et al. (1972) 

TABLE 7 
C-type structures of R203 (Ia 3, No. 206 I.T.) (after Schweda 1992). 

Compound a (A) Reference 

Pr/O 3 11.152 (2) Sawyer et al. (1965b) 
Nd203 11.080 Roth and Schneider (1960) 
PmzO 3 10.99 Chikalla et al. (1972) 
Sm20 3 10.934 Roth and Schneider (1960) 
Eu203 10.869 Rau (1964) 
Gd203 10.8122 Roth and Schneider (1960) 
Tb203 10.7281 (5) Baenziger et al. (1961) 
DyzO 3 10.6647 Roth and Schneider (1960) 
Ho203 10.6065 Roth and Schneider (1960) 
Er/O 3 10.5473 Roth and Schneider (1960) 
TmzO 3 10.4866 Roth and Schneider (1960) 
Yb20 3 10.4342 (4) Schleid and Meyer (1989) 
Lu/O 3 10.3907 Roth and Schneider (1960) 

and are plotted in fig. 9. The C-type sesquioxide of La has not  been reported and that of  
Ce is not  well established. F rom samarium, the C-type is known as the low-temperature 
form at ordinary pressures; for the oxides above Tb, the C-type is the most  stable at 
any temperature for ordinary pressures. Both the A- and C-forms of  Pr  are well 
known. The A-type is the most  c o m m o n  for Nd  but the C-type has been observed. The 
intermediate members  of the series can readily be prepared in any of the three 
forms [-see Boulesteix (1982) for a detailed account  of the stabilities and transform- 
ations among  these three types]. 

The B-form sesquioxide is a monoclinic distort ion of  the A-form and the transform- 
ation of A- to B-form is displacive. Table 8 lists the lattice characteristics of the B-form 
sesquioxides. The heavier members  of the group listed are nearly always found as 
C-form. The t ransformat ion of A- or B-form to the C-type is reconstructive, account ing 
for the integrity problems encountered on cooling after the crystal growth (see above). 
The structural relationships of  the A-, B- and C-type sesquioxides juxtaposed against 
the fluorite structure are illustrated in fig. 10 (see Eyring and Holmberg  1963). 

1.3.3. The dioxides 
The dioxides of  Ce, Pr  and Tb (see table 9) crystallize in the fluorite structure type. 

The lattice parameters  are a = 5.4109/~ (Height and Bevan 1979), a = 5 .3932~ 
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TABLE 8 
B-type structures of R203 (Cl2/ml, No.12 I.T.) (after Schweda 1992). 

Compound a (]k) b (~) e (A) fl(°) Reference 

Pm20 3 14.22 3.65 8.91 100.1 Chikalla et al. (1972) 
Sm20 3 14.1975 (9) 3.6273 (3) 8.8561 (5) 99.986(5) Schleid and Meyer (1989) 
Eu20 3 14.1105 3.6021 8.808 100.037 Yakel (1978) 
GdEO 3 14.061 (13) 3 .566(6)  8 . 7 6 0 ( 7 )  100.10(8)  Guentert and Mozzi (1958) 
Tb203 14.04 (1) 3.541 (3) 8.725 (8) 100.00 Hoekstra (1966) 
DY20 3 13.97(1) 3.519(3) 8.661 (8) 100.06(5)  Hoekstra (1966) 
Ho203 13.90(1) 3.492(3) 8.59(8) 99.98(5) Hoekstra (1966) 
Er20 3 13.87(1) 3.47(3) 8 . 5 5 5 ( 8 )  100.17(5)  Hoekstra (1966) 
Tm20 3 13.81 (1) 3.447(3) 8.505 (8) 100.20(5)  Hoekstra (1966) 
Yb20 3 13.73(1) 3.425(3) 8 . 4 5 2 ( 8 )  100.17(5)  Hoekstra (1966) 
Lu20 3 13.70 3.41 8.425 100.22 Hoekstra (1966) 

(Sawyer etal .  1965b) and a =  5.2156~ (Langley, unpublished work), respectively 
(plotted in fig. 9 and listed in table 9). The C-type and all the higher oxides considered 
are fluorite-related (see fig. 10). The parameters  were determined on powders having 
particle diameters in the range of microns. However,  Gamarn ik  (1988) found a 
mono ton ic  increase in the unit cell parameter  of CeO z thin films with grain size in the 
range of  25 nm and below, decreasing about  one-half  percent for the smallest sizes. This 
decrease was at tr ibuted to a reduct ion in the internal crystal pressure in the small 
crystals. 

Duclos  et al. (1988) studied the effect of  pressure on C e O / u p  to 70 GPa.  The volume 
of the CeO 2 was observed to decrease about  11% up to a loading of  31.5 G P a  at which 
point  a 7.5% volume decrease accompanied  a t ransformat ion to an o r thorhombic  
structure with a = 5.457/~, b = 6.521 ~, c = 3.427/~ and Z = 4. The space group of this 
high-pressure form is Pnam. This transit ion was found to be unquenchable.  The bulk 
modulus  of CeO z reported from this study is 23 _+ 10 GPa .  
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a. Flourite - type MO 2 b. C - type M203 

c. A - type U203 d. B - type Sm203 

Fig. 10. Representations of(a) fluorite-type RO2, (b) C-type R203, (c) A-type R203 and (d) B-type R203. The 
solid dots represent the metal atoms (after Eyring and Holmberg 1963). 

TABLE 9 
Lattice constants of the lanthanide dioxides. 

Fluorite type Orthorhombic References 
(FM3M) (Pnam) 

(~) (~) 

CeO 2 5.4109 (3) a = 5.457 Duclos et al. (1988) 
b = 6.521 
c = 3.427 

PrO 2 5.3932 (5) Sawyer et al. (1965b) 
TbO2 5.2156 (6) Langley (unpublished) 

1.3.4. The intermediate oxides 
The intermediate oxides, whether or not they belong to the homologous series, have 

oxygen-deficient, fluorite-related structures. The structures have been solved for only 
seven of the homologous series (Ln,Oz,_z) and for none of the other intermediate 
phases, such as  Y b 6 2 O l l  2. Among the cerium oxides, only the iota phase (n = 7) 
structure has been determined (Ray and Cox 1975a), although it is likely that the 
structure of the n = 11 phase is isostructural with Tb 11020. More structures have been 
determined in the praseodymium oxygen system than in the other two. Those for n = 7 
(Von Dreele et al. 1974), and for 9, 10 and 12(1) (Zhang et al. 1993a and Zhang et al., 
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TABLE 10 
Lattice constants of intermediate cerium oxides. 

433 

Composition Lattice constants in 

a b c c~ fi 7 

Relationship to fluorite* 

2a 2b 2c 

Ce7012 6.7997 6.7997 6.7997 99.4 99.4 99.4 [213] 
Ce 11020 6.750 9.900 6.750 90.00 99.21 96.30 [213] 
Ce19034 6.750 8.400 6.750 97.30 99.21 75.00 [217] 
Ce62Ola 2 isomorphous with Tb62Oll 2 

[721] [132] 1'2 
[132] [112] 3 
[341] [213] 3 

* After Schweda (1992) 
1 Ray and Cox (1975a) 
2 Ray and Cox (1975b) 
3 Knappe and Eyring (1985) 

unpublished results) have been solved. Among the terbium oxides those for n = 7 and 
11 have been determined (Zhang et al. 1993b). The known structures have all been 
determined from neutron powder diffraction information gathered according to the 
Rietveld method and processed utilizing the GSAS program (Larson and Von Dreele 
1986). The lattice parameters are given in tables 10 12. 

On the basis of the known unit cells, certain assumptions about the connectivities of 
the apparent defect clusters and symmetry considerations, the structures of the 
homologous series were proposed by Schweda et al. (1991). The cluster LnvO3o, 
consisting of the seven metal atoms surrounding two vacant oxygen sites along (111)v, 
and including all the other nearest-neighbor oxygens, was considered to be the 
characteristic structural element in all the Ln,Oz,_ 2 oxides. The n = 7 structure 
consists only of these clusters which also exist in the n = 9 and 10 members of the 
praseodymium oxide system but not in the others that are known. 

The recent solution of the five additional structures in the homologous series 
enumerated above allows a much more general description of the structural principle 
governing these higher lanthanide intermediate oxides. An examination of tables 
10 12 shows that all the members of the homologous series have one axis in common, 
namely ½(21i)v .  The series has two structural branches each with a common but 
different c-axis and with the b-axes depending on n. One structural branch, with one 
known exception, has primitive unit cells and odd n and usually low symmetry, while 
the other of even n has chemically twinned primitive unit cells typically with monoclinic 
symmetry. 

The structural principle for the homologous series can be outlined as follows. The 
fluorite structure consists of an fcc array of Ln atoms in which all (and only) the 
tetrahedral intersticies are occupied with oxygen atoms. Metal atoms have oxygens at 
the corners of a coordination cube, while the oxygens are tetrahedrally coordinated 
with metal atoms. The intermediate phase compositions and structures are realized by 
the omission of oxygen atoms in a regular way. Except for small shifts away from the 
vacant oxygen sites (Vo) (about 0.18/~), the metal atoms maintain their fcc positions. 
The six oxygen atoms nearest a vacant site move inward by about 0.3/~. This leads to a 
cluster that can be formulated as Ln406V o, which, together with a characteristic group, 
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Z. 
-C F be 

b. 

Fig. 11. Projections along [211] in (b) but tilted 5 ° in (a) showing the tetrahedrally coordinated vacant 
oxygen site and its immediate surroundings. 

Lnl//O, of the fluorite structure make up all the intermediate oxide structures. This 
defect cluster and its environment are illustrated in fig. 11 (Hoskins and Martin 1976, 
SCrensen 1981). In the three Ln7012 structures, Pr9016 and PrloO18, these defects are 
dimerized to give LNv/zO6V o clusters but in the other two known structures the defects 
are separated. The structures of the known intermediate oxides are shown projected 
along I-2 1 i ]  in fig. 12. 

Upon examination of all the known structures, the following principles can be stated. 
(1) Vacancy cluster dimers of two types are found in the C-type sesquioxide. The one 
with vacant oxygen sites separated by ½ ( 1 11 ) along (1 1 1) occurs one third as often 
as those with vacant oxygen sites separated by ½( 1 10). Only the former is found in the 
higher oxides and then only in n = 7, 9 and 10. (2) The tendency of the elementary 
clusters to associate decreases with their concentration. Dimers with the largest 
possible separation are found in Ln7012 , Pr9016 and Pr l0Ols  but are dissociated in 
Tb 1102o and Pr12022. (Pr 1102o has a very large unit cell that is probably monoclinic.) 

In structures where n = 7 or above, overlapping clusters are not observed, and 
maximum separation of the clusters occurs consistent with the composition, dimen- 
sions and symmetries of the unit cell. Furthermore, relaxation of the cation sublattice is 
observed to be maximized. In particular, although in the n = 7 structures double 
vacancies do occur along (1 1 1), both across metal atoms and where no metal atoms 
separate them, the latter are not found in any other known structures, even for n = 9. 
The only intermediate compound reported for the actinide oxides is the iota phase, 
An7012 (see sections 2 and 3). However, efforts to prepare other phases have not been 
extensive. They might occur in the heavier oxides of the series from Pu to Es since these 
may possess both the 3 + and 4 + oxidation states. The structural principles appropri- 
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series: (a) Tb7012 and the corresponding Pr and Ce oxides, (b) Pr9016, (c) Tb1102o , (d) Pr10018, and (e) 
Pr12022. 

ate to fluorite-related, ordered phases of mixed higher valence could be further honed if 
they could be extended to the actinide series. 

1.3.5. The nonstoichiometric oxides 
As discussed above, and as is clearly shown in the phase diagrams (figs. 3-5), at 

higher temperatures and oxygen pressures, the regions of ordered intermediate phases 
of narrow composition give way to two phases of wide composition range separated by 
a miscibility gap. The nonstoichiometric phase of lower composition is labeled ~ and 
has a C-type-related structure with a lattice constant that decreases with increasing 
oxygen composition. The disordered phase of higher composition, designated ~t, has a 
fluorite structure with decreasing lattice parameter as LnO 2 is approached. 

In the PrO x system, careful examination has revealed that the ~ phase shows an 
unmixing at temperatures below 400°C into two C-type phases, d~ and x. The lattice 
parameter a c = 11.152/~ is approximately 2av, where a v is the lattice parameter of the 
related fluorite phase. The intensities of the diffraction maxima that are derived from 
the doubling of the fluorite unit cell are diminished and modified with an increase in 
oxygen content. The unit cell of the C-type sesquioxide (fig. 10b) can be considered as 
consisting of eight fluorite unit cells from which one fourth of the oxygen atoms have 
been removed in an ordered way. All oxygens in nonintersecting strings along the four 
(1 1 1) directions are missing, (i.e., along the body diagonals of the RO a coordination 
cubes of the R atoms). Where the strings approach one another most closely, vacant 
oxygen sites are generated across the face diagonals of the RO 8 coordination cubes 
leaving all the R atoms six-coordinated and of two geometries. The face-diagonal 
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vacancies with the shortest vacancy-vacancy distances (which do not occur in any of 
the higher oxides) outnumber the body-diagonal vacancies by three to one. It is of great 
interest to discover the changes in the vacant oxygen sites across the 6 phase and 
compare this development with the corresponding systems in the actinide series. 

Isobaric studies of the Qt region of the PrO x system in the composition range 
1.778 < x < 1.833 by Jenkins et al. (1970) showed that ifisopleths were derived from the 
equilibrium isobaric data, four distinct regions of the Qt phase could be recognized. 
High-temperature X-ray studies also suggested the same complexity, especially at the 
lower temperatures of their existence. Subsequently, Lincoln et al. (1988) determined 
isopleths in the same region of the phase diagram and found that although the isopleths 
themselves did not show the breaks found in the derived isopleths of Jenkins et al., the 
isobars derived from their isopleths did indeed indicate four regions. On the basis of 
their study, Lincoln and his co-workers proposed that the subphases which appear to 
make up the nonstoichiometric 0t phase result from modulated, sometimes incommen- 
surate, characteristic structures within each of the different ~ regions. This same 
phenomenon could cause the widespread pseudophase behavior observed in the 
two-phase regions of these systems in which a bivarient behavior is displayed when a 
disordered phase becomes ordered (see Hyde et al. 1966, Turcotte et al. 1971a,b). As the 
transition temperature for the ~t phase to any stable ordered intermediate structure is 
approached, modulations characteristic of the local composition might appear as the 
disorder-order boundary is crossed. The irregularities, largely in the form of stacking 
faults along certain characteristic directions, might become regular and characteristic 
of the particular ordered phase formed. 

A recent study of PrO 2 irradiated in the microscope shows a rather complex 
behavior (Eyring and Kang 1991). Within a short time of irradiation, a modulation 
developed in the fluorite pattern that evolved into a new superstructure, later identified 
by Kang et al. (1992a) as the n =  16 member of the homologous series. As the 
observation continued, a new modulation gradually replaced the old then evolved into 
the ordered ~ phase. These structural changes have not previously been observed 
during dynamic change but are suggested by some thermodynamic events that are 
described below. This premonitory behavior may be typical of these nonstoichiometric 
phases as ordered regions are approached. Further studies, including the actinide 
oxides where possible, are required to sort out this curious behavior of widely 
nonstoichiometric compounds. 

1.3.6. High-pressure effects 
There have been a few studies of the effect of pressure on the sesquioxides. Sawyer 

et al. (1965a) found that under extreme pressure some of the C-type sesquioxides 
transformed to the A- or B-type. Hoekstra (1966) applied pressure to the whole series of 
sesquioxides and found the transformation of all of the C-type (Sm 203 to Lu203) to the 
B-type. This transformation is consistent with the decreased molar volume of the 
B-type compounds. Lattice parameters are listed in table 8. 

1.3.7. Special electron microscopic observation 
The oxides of Ce, Pr and Tb have been studied in situ in an environmental cell 

(Schweda et al. 1987). Oxidation and reduction of the oxides was accomplished by 
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adjustment of the oxygen pressure and temperature of the sample within the environ- 
mental cell. Only the most stable of the intermediate phases were detected in these 
experiments. Furthermore, in nearly all instances the observed structures were those 
less oxidized than would have been expected from the equilibrium information 
available. It was believed that this discrepancy is accounted for as electron-beam- 
induced reduction. 

Gasgnier et al. (1987) examined the behavior of oxide thin films of Ce, Pr and Tb 
contaminated with water and CO 2 subjected to the electron beam of an electron 
microscope. The reactions involved were complex and varied significantly from those 
made in the absence of the contaminants. They concluded that the electron beam 
impact itself resulted in beam-induced catastrophic events that could lead to unusual 
chemical effects. Earlier experiments (Gasgnier et al. 1986, 1987) had shown an unusual 
oxidation of the sesquioxides of Ce, Pr and Tb in the microscope vacuum during 
HREM observation. These results resemble a vapor phase leaching of the oxide 
resulting in a disproportionation of a surface reaction of the Knotek-Feibleman type 
(Knotek and Feibleman 1979) oxidation involving Auger emission, or a beam-induced 
reaction with residual OH or H20 vapor. 

In-situ high-resolution electron microscopic studies have provided insights at the 
atomic level into the structures and structural defects in the surface and thin-film 
regions of specimens. Kang et al. (1987) and Kang and Eyring (1992) have studied 
surface profiles and substructures in the CeO 2 and PrO x systems. The dominance of the 
{1 1 1}F planes was established in the surface structures. Surface reconstruction was 
observed frequently to be related to the subsurface superstructures and defects. 

The transformation of Tb24044 to Tb48088 through a partially ordered intermedi- 
ate construction characterized by wavy fringes into which nuclei of the product phase 
emerged was followed in HREM by Kang et al. (1989). 

1.4. The thermodynamic properties of the lanthanide oxides 

1.4.1. The derived functions 
The lanthanide oxides are among the most thermodynamically stable compounds. 

Their free energies of formation are in the range between those for A120 3 and CaO as 
shown in fig. 13. Their melting points, which are in the vicinity of 2400°C, and their 
boiling points, of the order of 3900°C, are listed in table 13. The standard entropy, 
enthalpy and Gibbs free energies of the sesquioxides are tabulated in table 14. Table 15 
lists the same quantities for the other lanthanide oxides. The phase diagrams discussed 
above show added thermodynamic information, especially phase relationships. For 
further thermodynamic information and comparisons with the actinide oxides the 
reader is referred to section three of this chapter and chapter 122 (by Morss) of this 
volume. 

1.4.2. Equilibrium vaporization behavior 
The thermodynamic properties of the gaseous oxide species have been recently 

reviewed in this series by Chandrasekharaiah and Gingerich (1989). Thevapor species 
R, RO, R20, RO 2 and R20 2 are observed above the solid or molten oxides at high 
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TABLE 13 
The freezing and boiling points of the lanthanide sesquioxides. 

Lanthanide oxide Freezing point (°C) Boiling point (°C) 

La20 a 22561 3620 
23042 _ 5 

Ce20 3 22103 + 10 3730 
Pr20 3 21831 3760 
Nd20  3 22331 3760 
Pm20  3 2320'* 
Sm20 3 22691 3780 
Eu20. 3 22911 3790 
Gd20  a 23391 3900 
Tb20 3 23031 
Dy20 3 22281 3900 
Ho20  3 23301 3900 
Er20 a 23441 3920 
Tm2Oa 23411 3945 
Yb20 3 23551 4070 
Lu20 3 24271 3980 

1 Noguchi (1969) 
2 Sata (1966) 
3 Sata and Yoshimura (1968) 
4 Gibby et al. (1970) 
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TABLE 14 
Some thermodynamic properties of the lanthanide sesquioxides. 

441 

Lanthanide 
oxide 

S°9s for R2031 (obs) S°298 for metal 1 - AH°2982 
Jk- 1 mol- 1 J/kmol kJ/mol 

(est) 

0 2 --AG29 s 
kJ/mol 

La203 
Ce203 

Pr20 a 
Nd203 
Pm203 
Sm203 

EU203 

Gd203 

TbzO3 
DY2Oa 
HO203 
ErzO 3 
Tm203 
Yb203 
LU203 

127 128.0 57.07 1794 + 1706 
152 69.79 1796 + 1708 

1823 + 1735 
159 159 73.18 1823" 1735 
159 154.5 73.39 1808 + 1719 

[71.96] [1813] 1724 
148 151 69.62 1824 # 1736 

1828" 1740 
146 [71.1] 1651 # 1560 

1663" 1572 
152 151 65.98 1816 # 1730 

1827" 1741 
157 73.14 1865" 1776 
159 150 74.77 1863" 1772 
160 158 75.31 1881" 1792 
157 153 73.30 1898" 1809 
153 72.68 1889" 1800 
144 133 [62.76] 1815" 1726 
109 [51.00] 1878" 1788 

1 Westrum (1967) 
2 Gschneidner et al. (1973) 
+ A-type 
* C-type 
# B-type 

tempera tures .  Of  these, R O  is the most  a b u n d a n t  and  has been s tudied mos t  comple te -  
ly. Tables  16 and  17 list some of the t h e r m o d y n a m i c  proper t ies  of  the vapor  species. 
Dul ick  et al. 0986)  used crystal-f ield theory  to identify the energy levels of  
low-lying states of  the monoxides .  These states were used to calculate  the the rmal  
funct ions  from which d issoc ia t ion  energies could  be der ived leading to a mode l  for 
p r o m o t i o n  energies for the t rans i t ion  4f" + 1 5d o _~ 4f" 5d 1. These au thors  t abu la te  the 
lowest -energy electronic  states of LnO,  t h e r m o d y n a m i c  proper t ies  for LnO,  and  
gaseous  the rmochemica l  equi l ibr ia  including d issoc ia t ion  energies for LnO.  

The  vapo r i za t i on  t he rmodynamics  of E u O  and  E u 3 0  4 have been repor ted  by 
Haschke  and  Lick (1969, 1968). They  found AG°(298) = - 581.6 kJ/gfw for E u O  and  
AG°(298) = - 2 1 5 2 k J / g f w  for E u 3 0  4. In each case the gaseous  species was meta l  
v a p o r  and  the solid p roduc t  was the next  h igher  oxide. 

1.5. Dynamic considerations 

1.5.1. The tarnishing of the lanthanide metals with oxygen 
The high s tabi l i ty  of  the l an than ide  oxides assures that  the meta l  is uns tab le  in the 

presence of  oxygen.  The ta rn ish ing  of  the meta ls  is facile, in most  cases with a r ap id  rate  
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TABLE 15 
Thermodynamic  properties of other rare-earth oxides. 

0 1 0 2 0 2 
O x i d e  Sz98 - -  A H 2 9  s - -  A G 2 9  s 

( J K - 1  mo1-1 ) (kJ mo1-1 ) (kJ mo1-1 ) 

CeOx.67 72.0 
CEO1.72 69.0 
CEO1.78 67.8 
CeOI.sl  67.8 
CeO2. o 61.5 1089 
PrOi.7o 3 [79.9] 935.1 
PRO1.717 937.2 
PRO1.7, 1-80.3] 
PrOl.so 4 947.7 
PRO1.833 79.9 947.7 
PrO z 79.9 958 
SmO [65.7] 
EuO [68.2] 597.9 
E u 3 0  4 2255 
TbOl.7o 934.3 
TBO1.72 80.8 
TbOl.so6 947.3 
TbO1.81 81.2 
TbOl . s l  7 962.3 
TbO1.975 970.7 
TbO2. o 82.8 972 
CeO2(g ) A G O = - 13150 + 6.98 T K - 

1026 

893.3 
898.9 

569.0 
2130 

1 Westrum (1967) 
2 Gschneidner et al. (1973) 

TABLE 16 
The Gibbs energy functions and the electronic statistical multiplicities 
for the rare-earth monoxides. Chandrasekharaiah and Gingerich (1989). 

Monoxide Electronic - (G r° _ Ho)/To (J K -  1 mol - 1) 

multiplicities 2000 K 2200 K 2400 K 2600 K 

LaO 2 271.83 275.22 278.28 281.16 
CeO 6 280.09 284.09 287.15 289.99 
PrO 8 283.47 286.86 289.95 292.80 
NdO  10 285.52 288.91 292.00 294.85 
SmO 12 287.57 290.91 294.01 296.85 
EuO 16 290.12 293.47 296.56 299.41 
GdO  9 285.73 289.07 292.17 295.01 
TbO 20 292.50 295.89 298.95 301.79 
DyO 12 288.53 291.92 294.97 297.82 
HoO 12 288.74 292.09 295.18 298.03 
ErO 10 287.40 290.58 293.84 296.69 
T m O  8 285.68 289.03 292.13 294.97 
YbO 6 280.59 286.94 290.03 292.88 
LuO 2 274.51 277.90 280.96 283.80 
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TABLE 17 
The enthalpy of formation (AHf°.o.) and the dissociation enthalpies (D °) of rare-earth monoxides 

(kJ/mol) a. 

Monoxide - AH°o. Dissociation enthalpy, D o 

a b c d e 

LaO 121.0___10.0 795+ 9.6 797___11 795_+9.6 794 _+ 4.1 794.9___10 
CeO 117.0_+20.9 790_+17 8 0 1 _ + 1 3  97+9.6 786 +16.7 789 _+10 
PrO 133.9_+ 12.5 745 _ 9.5 743 -+ 17 749__+ 9.6 736.4 ± 12.5 746.81-+ 10 
NdO 125.5-+12.5 706_+12.5 698_+13 711__+9.6 698.7-t-12.5 707 -+10 
SmO 117.0___12.5 569-t-9.6 567-+17 557_+9.6 569 +12.5 569 +10 
EuO 46.0 ___ 12.5 465 ± 15 479 -+ 17 463 -+ 9.6 468.6 ___ 12.5 463.21 __+ 10 
GdO 66.9+12.5 711___12.5 710__+13 674-+9.6 711 _+12.5 711.1__+10 
TbO 54.4 _+ 20.9 693 + 21 704 -+ 17 686 + 9.6 690.4 _ 20.9 704.4, -+ 10 
DyO 75.3+20.9 607-+21  611-+42 607-+9.6 610.8+20.9 603 -+10 
HoO 54.4 + 12.5 613 -+ 9.6 607 -+ 25 620 -+ 9.6 602 ___ 12.5 616.6 -+ 10 
ErO 37.7__+ 12.5 606__+ 9.6 604_+ 21 611 _+ 9.6 602.5 _+ 12.5 607.9' ± 10 
TmO 31.4__+ 20.9 508 __+ 9.6 507-+ 21 507 _+ 9.6 510.5__+ 12.5 555.8 + 10 
YbO - 2 _+ 21 401 _+ 21 414 + 8 406 -+ 9.6 397.5 _+ 20.9 355 _+ 10 
LuO - 8.4_+ 12.5 663_+ 9.6 671 _+ 17 661 _+9.6 665.3__+ 12.5 693 _+ 10 

"Chadrasekharaiah and Gingerich (1989) 
b Pedley and Marshall (1983) 
c Ackermann and Chandrasekharaiah (1975) 
d Murad and Hildenbrand (1980) 
e Huber and Herzberg (1979) 

dur ing  which oxygen is dissolved in the metal, followed by a parabol ic  rate law dur ing  
the bui ld-up of a con t inuous  oxide film through which oxygen must  diffuse; then other 
mechanisms that depend on the na ture  and  quali ty of the oxide diffusion barrier  come 
into play. The composi t ion  of the oxide layer dur ing  the react ion is certainly dependent  
on the type and  puri ty of the element involved and  the condi t ions  of the measurement .  
Some early experiments concerning this process were summarized by Eyring (1979). 

1.5.2. Atomic transport 
The fluorite-related lan thanide  oxides exhibit unusua l  diffusional properties. The 

convent iona l  rule-of- thumb is that  a tomic mobi l i ty  in a solid does not  become 
significant unti l  one-half  of the melt ing point  temperature  (the T a m m a n n  temperature)  
is reached. In  these oxides this value is abou t  1200°C. At the T a m m a n n  temperature  
the metal  a toms in lan thanide  oxides just  begin to become mobile as confirmed by the 

temperatures  required for solid-state reactions. The oxygen substructure,  to the 
contrary,  is mobile  below 300°C. This leads to a s i tuat ion where equi l ibra t ion and  
react ion must  be considered for each substructure  separately (see Bevan and  Summer-  
ville 1979). This places the lan thanide  oxides with fluorite-related structures in the 
category of fast-ion conductors  along with, e.g., calcia-stabilized zirconia as indicated 
in table 18. 

CeO x has been used by Millot  and  de Mierry (1985) to test a new technique for 
de termining chemical diffusion in nonstoichiometr ic  oxides and  to compare  results 
with older methods.  At 971°C the t ranspor t  n u m b e r  for oxygen is one. 
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TABLE 18 
Oxygen self diffusion in rare-earth oxides. 

Compound Activation Temperature D O D Ref. 
energy range (cm2/s) (1000 K) 

(k J/tool) (°C) 

Zro.858Ca14zO1.s58 1 3 0 . 5  781-1097 1.8 x 10 z 8.1 x 10 -8 [-1] 
Nd203(99.999~) 130 700-1000 1.3 x 10 -4 7.7 × 10 -1° [-2] 
SmzO3(99.9~) 98.3 700- 950 9.2 x 10 -6 8.96 × 10 -1° [-2] 
Sm203(99.998~o) 8 9 . 1  700-1000 6.0 x 10 -6 1.39 × 10 -9 [-2] 
Er203(99.999~) 10-14 [2] 

PrTO12(low temp) 34.3 725- 930 9 x 10 8 3.58 x 10 -9 [3] 
PrvO12(high temp) 79.70 725- 930 2.9 x 10 -8 1.65 x 10 -9 [-3] 

[1] Simpson and Carter (1966) 
[2] Stone et al. (1968) 
[-3] Weber and Eyring (1970) 

1.5.3. The kinetics of  phase reactions 
A discussion of the kinetics of reaction of oxygen with the rare-earth metals, or with 

their oxides, should be approached with the following in mind. The oxides of the 
rare-earth elements are among the most stable known. The oxidation paths in terms of 
the number and variety of intermediate steps that must be taken are complex. There are 
many possible intermediate configurations involving intergrowths of the end-members 
or the occurrence of behaviors that have been termed pseudophase formation where a 
material behaves as though it were a single phase of variable composition in a 
two-phase region. Structural modulation, either commensurate or incommensurate, 
may occur. Furthermore, a wide variety of interface constructions or defect clusters 
must exist. On a larger scale, extended defects such as stacking faults, dislocations, or 
interracial boundaries can further complicate the reaction rates. This incomplete list of 
problems is certainly daunting and, in such complex systems, a true atomic mechanism 
cannot yet be promulgated. Nevertheless, it is useful where possible to arrive at 
phenomenological mechanisms from which physical quantities, such as activation 
energies, can be estimated to yield a useful base from which to attach knowledge gained 
from the observation of these reactions. 

Nearly all of the information available on the kinetics of heterogeneous reactions 
with lanthanide oxides concerns the C-type sesquioxides or the fluorite-related higher 
oxides. As stated in the section above, in these materials oxygen mobility is very h~gh, 
whereas, metal-atom movement is extremely limited below 1200°C. Table 19 suggests 
the type of experiments that were done and the phenomenological mechanisms 
proposed before 1980 (Eyring 1979). 

Since 1980, much has been learned about the details of structure among the higher 
oxides of Ce, Pr and Tb. These details cause one to appreciate the importance of 
differentiating between a detailed mechanism and a phenomenological one. In this 
light, Inaba et al. (1980, 1981a), Sugihara et al. (1981a, b) undertook to describe the 
oxidation and reduction in the following reactions, 
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PrO1.Ta4 + 0.0320 2 ~ PRO1.778, 

~-PrTOxz + (+ - ~) Oz ~ PrO 2 _ x, 

~Pr9016 +~O/~PrxoOxa, and 

~Tb203 +~ + (¼- 76) 0 2 ~ Tb70~2. 

(1) 

(2) 

(3) 

(4) 

These reactions represent changes including order-disorder, order-order and all 
require consideration of the complexities mentioned above. Only reaction (3) could be 
fitted to one of the popular phenomenological mechanisms (the phase-boundary 
controlled mechanism in which it is assumed that the reaction at a receding boundary is 
the rate-controlling step of the reaction). In all the other reactions it was necessary to 
concoct a more involved model taking into account hysteresis and the increasing 
pressure of oxygen required to supply the continuing reaction. For reactions (1) and (2), 
calorimetric measurements (Inaba et al. 1981b, c) were also made to help clarify the 
reaction mechanisms which had to take into account coherently intergrown crystals, 
etc. There remains much to be learned in describing the mechanisms of these reactions. 

1.6. Other physical properties 

1.6.1. Magnetic characteristics 
The lanthanide atoms and their compounds have been the systems whose magnetic 

studies have made possible theoretical understanding (Van Vleck 1965). Extensive 
magnetic susceptibility measurements have been made on the lanthanide oxides, 
especially the sesquioxides, and they have been found to follow Van Vleck's theory 
rather well [see the study of Pr20 3 by Lejus et al. (1976)]. Neutron-scattering experi- 
ments have also been extensively used to determine the magnetic structure of oxides 
(Eyring 1979, Sinha 1978). A particular example is the investigation of the magnetic 
ground state of PrO 2 by Kern et al. (1984). In this comprehensive study they found that 
PrO 2 orders antiferromagnetically at 14 K with a type I magnetic structure as found in 
UO 2. After many other considerations they proposed the ground state of PrO 2 to be 
the F 8 quartet with the degeneracy lifted by a dynamic Jahn-Teller effect. 

Some magnetic properties of the lanthanides are presented in section 3 in compari- 
son with the actinides. Table 33 and fig. 27 should be consulted for specific electronic 
configurations and magnetic moments in each series. 

Krill et al. (1980) measured some magnetic properties of the monoxides of Sm, Nd 
and Pr produced at high pressures and temperatures. These studies were made up to 
40 kGauss between 1.4 and 300 K. For both NdO and PrO the thermal variation of the 
susceptibilities, and the lattice parameters agree with a trivalent state of their metal 
atoms. For SmO, on the other hand, a nearly trivalent state is to be expected from the 
crystallographic and X-ray absorption data. The magnetic susceptibility is mainly 
temperature independent. 

1.6.2. Electrical properties 
Because of the high potential use of EuO in electronic devices, its study has been 

extensive (Wachter 1979). Some physical properties, which depend very much on the 
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TABLE 20 
Physical properties of EuO crystals. 

447 

Class or Initial Crystallization Conductivity Characterization 
growth composition temp.(°C) IR 
region mol.~ oxygen 

Stoichiometry 

I 50-47 > 1890 Insulating Shows Contains Eu30 4 
0.45-0.7 eV spectrum as second phase 
activation of Eu30 4 
energy 

II 47-44 1825 1 8 9 0  Insulating Eu 3+ absorption Single phase EuO 
0.45-0.7 eV lines with Eu vacancies 
activation 
energy 

III 44-42 1780-1825 - Low absorption Stoichiometric 
< 3 cm- 1 EuO 

IV 42-35 1680 1780  Insulator- Oxygen Contains oxygen 
metal tran- vacancy vacancies 
sitions 0.3 eV absorption 
activation 
energy 

V < 35 below Metallic Free-carrier Many oxygen 
1 6 0 0  conductivity absorption vacancies 

preparative conditions, are listed in table 20 (see Shafer et al. 1972). The electrical 
conductivity of the lanthanide sesquioxides has been studied and the results are 
summarized in table 21. The electrical properties of the higher oxides have also been 
studied. In these higher oxides, electron conductivity appears to be by a hopping 
mechanism. Oxygen-ion mobility and hence ionic conductivity is also appreciable in 
these oxides (Eyring 1979). 

Inaba and Naito (1983a, b) made simultaneous measurements of the oxygen pres- 
sure, composition, and electrical conductivity for two-phase reactions in the praseody- 
mium oxide system. First (1983a), they studied the two-phase region involving the iota 
and zeta phases and the hysteretic behavior in their transformation by the addition or 
loss of oxygen. They suggest that the predominant defects are neutral interstitial 
oxygen atoms and doubly charged oxygen vacancies. The model of conductivity they 
propose is electron hopping, with different mobilities, between praseodymium ions in 
well-ordered positions in the structure. Conductivity-composition diagrams confirm 
the hysteresis behavior. 

In the second study (1983b), Inaba and Naito made a corresponding study of the 
phase transition between the ordered epsilon phase (PrloOls) and the disordered 
~-phase (PrO 2 _ x). The defect species were considered to be the same as above. The 
conductivity was found to be governed by the concentration of seven-coordinated Pr 
ions where the most rapid hopping occurs. The model suggested that PrO 2 -x ought 
better to be considered PrOL78 + ~. Hysteresis was again displayed in the conductivity 
measurements. 

Arakawa et al. (1986) have studied the conductivity of thin-film praseodymium 
oxides as a function of both temperature and oxygen pressure. They observed an n- to 
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TABLE 21 
Electrical transport characteristics of rare-earth oxides. 

Ea(T > G)(eV)* 

Oxide Wilbert 2** 
Noddack and Subba Rao et al. (1975) o650o c x 109 
Walch (1959) et al. (1970) (ionic conduction) (~cm)-I 

La 20 3 1.05 1.05 1700 
Ce203 
CeO 2 1.10 
Pr20 3 0.95 3450 
Pr6Oll 0.55 
PrO 2 
Nd203 0.97 1.15 0.87 1450 
Sm203 1.17 1.28 1.28 880 
Eu203 1.24 1.35 1.09-1.41 150 
EuO 
Gd203 1.36 1.57 1.42 130 
Tb20 3 0.95 200 
"Tb4OT" 0.40 
TbO2 
Dy20 3 1.39 2.28 
Ho20 3 1.61 1.89 160 
Er203 1.40 1.29 
Tm203 1.65 
Yb20 3 1.53 1.61 1.49 50 
Lu203 1.96 

* E,(T > TB)(eV ) -- activation energy in the temperature above the break in the 
curve. 
** a6soo c = DC electrical conductivity at 650°C measured at Po2 approx. 150 Torr. 

p-type conduc t ion  t ransi t ion at 630°C and  found the act ivat ion energy to be 1.75 eV for 
p-type and  0.88 eV for n-type conduction.  In  the range of p-type behavior  the pressure 

depencence was as Po21/~ 
The electrical conduct ivi ty  and  oxygen-associat ion pressure measurements  have 

been carefully studied in the near-dioxide region (e.g., by Professor Blumenthal  and his 
co-workers in a long series of papers, see, for example, Chang  and Blumenthal  (1988). 
and references therein). In  this region there are serious problems with impurities, 
no tab ly  calcium. These are, for our  purposes, considered as ternary phases and hence 

are not  reviewed here. 

1.6.3. Optical properties 
The color of all the stoichiometric oxides are white or a light pastel except for P rO 2 

and TbO2, which are black or reddish-brown, respectively. The colors of the non-  
stoichiometric oxides are dark bluish for CeO x, black for PrOx, and dark brown for 
T b O  x. The substoichiometr ic  sesquioxides of the lanthanides  are all dark. The color is 
extremely sensitive to the deviat ion from stoichiometry, except in P rO 2 and  T b O  2. 
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Some optical properties of the oxides have been mentioned by Eyring (1979). 
Volume 10 of this series is devoted entirely to the spectroscopic properties of the 
lanthanides and their compounds including some oxides, see especially chapter71 
(R/Shler 1987). 

1.6.4. Mechanical and thermo-mechanical properties 
These properties have been considered in reviews by Gibson and Harvey (1966), Vier 

(1975) and Eyring (1979). Such properties as thermal expansion, elastic properties and 
volume change accompanying stoichiometric variation have been considered. 

2. The binary oxides of the actinide elements 

2.1. Introduction 

As stated in the opening section of this chapter, the objective is to discuss and 
compare the solid-state chemistry and physics of the lanthanide and actinide element 
oxides. The topics of discussion have been limited to binary oxides of these elements. 
Therefore, a discussion of the many complex (ternary, mixed, etc.) oxide systems for 
these f elements, and oxides of actinides representing oxidation states above four that 
do not have lanthanide counterparts, are not present. 

In section 3, a one-on-one comparison of behavior is given for the 4f- and the 
5f-element binary oxides. Although there are some significant differences between the 
chemistry and the properties of the lanthanide and actinide series, most notably being 
in the chemistry of the earlier actinides, Pa-Pu, these f-element oxides also have many 
similarities. In some aspects these f-block elements have many unique features with 
respect to the other elements in the periodic table. Thus, a comparison of the trends and 
differences in the chemistry of the oxides of these two f series provides valuable insights 
into their position in the periodic table. 

The actinides have been accepted as a 5f series of elements, comparable to the 
lanthanides as being a 4f series, even though one may contest whether or not the earlier 
members of the actinides are truly felements. The actinide concept, which integrates the 
elements from atomic number 89 through 103 into the periodic table, makes the 
actinide series a sister series of the lanthanides. Thus, actinium is placed under 
lanthanum (although neither is truly an f element) and the subsequent members of each 
series follow these two elements to the end members, Lu and Lr. There is an implied 
actinide electronic homolog for each lanthanide element, even though each homolog 
pair may not have comparable chemistry and/or physical properties. A case in point is 
neodymium and uranium: the oxide chemistry of neodymium is essentially that of its 
sesquioxide, while with uranium the main oxides are UO 2, U30 s or even UO 3, and the 
sesquioxide of uranium is not a known phase. 

Another important, and perhaps confusing point, is that for each series of f elements 
the electronic configuration may be different in the gaseous state, in solution or in the 
solid state. This adds to the complexity noted above that an actinide homolog may not 
display the same electronic nature as its lanthanide homolog in a given situanon. 
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In principle, each series is formed by successively adding an electron to an f orbital 
when progressing to the next higher member. This process is best approximated in the 
lanthanide series and deviates the most for the lighter actinide metals. The complexity 
of electronic configuration that is found for the elemental state of the actinides is 
carried over to the oxides, and it is, together with the differences between 4f- and 
5f-orbitals (e.g., spatial extension, greater screening, etc.), mainly responsible for the 
differences between the behavior that is observed for the oxides of these two f series of 
elements. 

As opposed to the lanthanide elements, all of which are found in nature except for 
Pm, less than half of the actinides are naturally occurring. The first six actinides, Ac 
through Pu, have been found in nature, although Np and Pu exist in only minute 
amounts as a result of "natural" neutron reactions in some uranium ores. Practicably, 
only Th and U are extracted from natural sources (small amounts of Pa have also been 
obtained). The remaining nine elements, Am through Lr, are available only as 
man-made materials. For these latter elements, there are many different isotopes that 
can be prepared by various synthetic, nuclear reactions. A discussion of all of these 
isotopes is beyond the scope of this chapter and the reader is referred to other sources 
(Seaborg and Loveland 1990, Ahmad and Fields 1986). However, it is pertinent in a 
discussion of actinide oxides to mention certain aspects of sources and specific isotopes 
of the actinides as they pertain to the solid-state science of the oxides. 

In most instances, the first solid materials of the actinides that were studied were 
oxides, not only because the oxides of electropositive metallic elements are primary 
compounds, but also because oxides may have been the easiest compound to prepare, 
especially on the microscale. 

In considering the solid-state chemistry of the actinide oxides, both the number of 
different isotopes and the quantities available for preparing oxides diminish when 
progressing across the series. For the practical aspect of preparing and studying oxides 
of the actinides, the information in table 22 concerning availability and lifetimes of 
specific isotopes is useful. Although many isotopes of these elements are known and can 
be synthesized, frequently the quantities generated are too small and too short-lived to 
be considered for solid-state oxide work. 

Many of these actinide isotopes have been prepared in accelerators or cyclotrons, 
where picograms or only a few atoms are formed. It can be seen that for the A m - L r  
elements, starting with Am, one has available grams (or even kg quantities of the 
Am-241 isotope), which changes to mg amounts for Cm, Bk or Cfisotopes satisfactory 
for basic studies (gram amounts of Cm-244 and up to ½ gram of Cf-252 may be available 
but due to their radioactive nature are not satisfactory for basic studies), and then down 
to microgram amounts for Es. The quantities then further diminish until only a few 
atoms of short-lived Lr isotopes are available on a very limited basis. Not only are the 
quantities limited, but their radioactive nature and short half-lives hinder experiments 
and may even affect or limit the oxide stoichiometries attained. The reader is directed to 
other sources for a more complete discussion of actinide isotopes and their production 
(Seaborg and Loveland 1990) or of their separation and purification (Transplutonium 
Elements 1981). 
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2.2. Electronic configurations 

The electronic configurations of the actinide elements may provide insights into the 
properties of the element and/or its compounds; however, actual predictions of such 
properties can be very elusive. In many cases the configuration for the actual form of 
the material (or its initial and final configurations) controls the material's behavior, 
rather than the ground state of the element. However, the electronic configurations for 
the lighter actinides (Pa-Pu) can be used to explain or rationalize the differences in 
oxide formation/behavior between the different elements, as well as the variation in 
oxidation states exhibited by each element. Another contributing cause for differences 
in oxidation states for the 4f and 5f elements is the fact that the 5f electrons are more 
spatially extended and shielded from the nucleus than the 4f electrons; the 5f electrons 
are more accessible and similar in energy to the outer d and s electrons than are the 4f 
electrons. 

The similarities and differences between the electronic configurations for the lan- 
thanides and actinides (see tables 1 and 23) do provide some insights into the physics 
and chemistry of these two f series of elements. Beyond plutonium the actinides tend to 
be more lanthanide-like in behavior, although there are still notable differences 
between the two series of elements. For the actinide oxides whose solid-state properties 
have been studied (e.g., through Es203) , one of the major differences is the greater ease 

TABLE 23 

Electronic configurations of actinide atoms, ions, and their common oxides. 

Electronic configuration* 

Atomic Oxides 

number formed Element Atom M(II) M(III) M(IV) M(V) M(VI) 

89 Ac20 a Ac 5f ° 6d 17s 2 5f ° 
90 ThO:  Th 5f ° 6d 27s 2 5f ° 

91 P a O 2 , P a 2 0  s Pa 5f26d17s 2 5f I 

92 UO2, U409,  U205,  
U 3 0  s, UO a U 5f 36d17s 2 5f 2 

93 NpO 2, Np205 Np 5f 46d 17s 2 5f 4 5f 3 

94 Pu203, PuO 2 Pu 5f 67s 2 5f 5 5f 4 

95 Am203,Am7Oa2, 
AmO 2 Am 5f 77s z 5f 7 5f 6 5f 5 

96 Cm2Oa,CmvO12 , 
CmO 2 Cm 5f 76d 17s 2 5f 7 5f 6 

97 Bk203, BkO 2 Bk 5f 97s 2 5f 8 5f 7 

98 Cf203, Cf7012, CfO 2 Cf 5fX°7s 2 5f 1° 5f 9 5f 8 
99 Es203 Es 5f 117s 2 5f 11 5f 1° 

100 (FmzO3) Fm 5f 12 7s 2 5f 12 5f 11 
101 (Md203) Md 5f 13 7s 2 5f 13 5f 12 

102 (NoO;No2Oa) No 5f147s 2 5f la 5f 13 

103 (Lr203) Lr +5f146d 17s 2 5f 14 

5f ° 

5f 1 5f ° 
5f 2 5f 1 

5f 3 5f 2 

5f 4 5f 3 

* Only the electrons outside the [Rn] 
charged ions. 
+ Non-relativistic configuration. 

core are given: data are for ground-state gaseous neutral atoms and 
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of forming their dioxides as compared to the formation of the lanthanide dioxides. The 
existence of dioxides for either series suggests intermediate oxides (compositions with 
O/M ratios intermediate to those in the sesquioxide and dioxide; e.g., the behavior of 
Ce, Pr and Tb oxides) may also form. 

This difference in ability to form dioxides is most striking at the position of Cm, the 
electronic homolog of Gd. Both of these f elements have a f 7ds2 outer configuration 
and it would seem logical that only the sesquioxide of each element would form, leaving 
a stabilized, half-filled f orbital. This behavior is observed in the case of Gd, which only 
forms a sesquioxide. However, with Cm it is also possible to form CmO2, which would 
not be expected based on Cm being the homolog of Gd. Curium dioxide can be formed 
by heating its cubic sesquioxide in air or oxygen at 300-400°C. Further, whereas 
formation ofTbO 2 should be easier to form than CmO 2 (on the basis of Tb attaining a 
half-filled 4f orbital), TbO 2 requires much stronger oxidizing conditions. Thus, elec- 
tronic configurations can only serve as guides as to whether or not a particular oxide 
forms and to the oxidation states that may be attained. 

2.3. Oxidation states 

The wide variety of oxidation states known and/or reported for the actinides are 
portrayed in fig. 14. It is readily apparent that the actinides have more variable 
oxidation states than do their lanthanide counterparts; this is especially true for the 
lighter members of the actinide series. The different oxidation states shown in fig. 14 are 
not equally stable and the existence of some have not been independently substan- 
tiated. These variations for the actinides result from the close proximity of the energy 
levels for the 7s, 6d and 5f electrons. It is apparent that often the highest states for an 
element are not observed in their oxides; rather, these higher states are frequently found 
in solutions where additional stability is afforded by formation of complexes (often 
anionic complexes). 

The formation of sesquioxides and dioxides for the actinides beyond Pu is more 
characteristic of the behavior of the lanthanides. The exceptional stability of the 

Oxidation States of the Acl~nides 

Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No 

17 
(2) 2 2 2 2 2 

3 (3) (3) 3 3 3 3 3 3 3 3 3 3 3 3 

4 4 4 4 4 4 4 4 (4) 4? 

5 5 5 5 5 5? 5? 

6 6 6 6 6? 

7 (7) 7? 

( ) = unstable; ? = claimed but not substantiated 

Fig. 14. Oxidation states of the actinides. 
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f luor i t e - type  MO 2 structure is, together with the difference in electronic nature of the 
actinides, responsible for the formation of dioxides for the actinides from Th through 
Cf. This difference in the ease of formation of dioxides is especially evident for the 
transplutonium (more lanthanide-like) elements of the actinide-series. Except for Bk, 
the tetravalent state for these transplutonium elements tends to be unstable in aqueous 
solutions (especially acidic solutions), although it is acquired in the dioxides. 

It is worth mentioning the behavior of one ternary oxide system to expand on the 
discussion of the stability of the tetravalent state for the actinides. Stability for the IV 
state is offered in some complex oxides, e.g., BaMO3 materials. In the case of Cf, its 
dioxide cannot be prepared in one atmosphere of air or pure oxygen, while the BaCfO3 
compound readily forms by heating in air. Isostructural BaMO 3 compounds for Am, 
Cm and Bk are also known; they are very stable thermally, and also form readily by 
heating the components in air. However, attempts to prepare either EsO 2 or BaEsO 3 
have not been successful. Although this suggests that the stabilization of a ternary oxide 
was not sufficient to produce the Es(IV) state, a complicating factor in such studies has 
been the high self-irradiation field present with Es-253 (the isotope available in larger 
quantities), which may induce decomposition of a higher oxidation state. Interestingly, 
from an electronic consideration, Es(VI) would offer the stability of a half-filled 5f 
orbital and one could envision the existence of a gaseous species, such as EsF6, as being 
possible although a solid compound would be less likely. There have been some 
chromatographic tracer studies aimed at generating volatile fluorides of the trans- 
plutonium elements; in one case both a gas and a condensed phase of EsF 4 was claimed 
(Jouniaux 1979). 

Studies of oxides for members in the actinide series higher than Es have not been 
carried out and it is not likely that they will be forthcoming, mainly due to the scarcity 
of the elements. There is a tendency for lower oxidation states in the second half of the 
actinide series; one may speculate that the stability of the sesquioxides would predomi- 
nate and that the formation of dioxides would not occur with these higher members. 

2.4. Actinide binary oxides 

In table 24 are shown the known condensed phase of actinide oxides. The similarity 
of the transplutonium oxides to known lanthanide type of oxides is obvious. The 
apparent absence of specific lanthanide-type of oxides beyond AnTOlz (e.g., the 
complex phases for intermediate oxides of the lanthanides) for the actinides may be real or 
may merely reflect that comparable in-depth studies for them have not been under- 
taken. The existence of higher oxides for the actinides, P a -N p ,  reflect the differences in 
their electronic nature, as discussed above. 

2.4.1. Lower oxides 
All of the elements listed in table 24 are known or expected to have, under some 

conditions, gaseous monoxides at high temperatures; this is likely to be true for the 
transeinsteinium elements as well. However, even in the gaseous state, the stability of 
the monoxide relative to its dissociation to atomic vapor and oxygen changes across 
the series, so that with increasing Z in each series the monoxide tends to become less 
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TABLE 24 
Established actinide oxides. 

Actinium Ac203 
Thorium ThO z 
Protactinium PaO2, Pa205 
Uranium UO2, U409, U2Os, UaOs, UO 3 
Neptunium NpO2, Np205 
Plutonium Pu203, PuO 2 
Americium Am203, Am7012 , AmO 2 
Curium Cm203, Cm7Olz , CmO 2 
Berkelium Bk203, BkO 2 
Californium Cf203, CfTO i z, CfO2 
Einsteinium Es203 
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stable. The only actinide monoxides that have been reported as existing as a separate 
condensed phase are AmO (Zachariasen 1949, Akimoto 1967) and BkO (Fahey et al. 
1972). These compounds were reported to have been prepared on the microgram 
scale but their existence is still open to question. Many lanthanide monoxides that have 
been reported have subsequently been shown to be ternary phases involving nitrogen 
and/or carbon (Felmlee and Eyring 1968). 

The stabilities of divalent Eu and Yb are expected to be greater than that of divalent 
Am or Bk. While EuO can be prepared in a more direct fashion (Eyring 1979), YbO 
may best be prepared using the reaction between the metal and sesquioxide under high 
pressure (Leger et al. 1980). This procedure has potential application for preparing 
actinic monoxides. Certainly fewer efforts have been made to prepare the actinide 
monoxides as compared to the lanthanide monoxides, except for the cases of U and Pu. 
From a speculative standpoint, condensed-phase actinide monoxides may be more 
probable for the actinide elements that exhibit a divalent state. Thus, it would seem that 
the monoxides for Am, Cf and the elements Es through No would have the highest 
potential for existence. Of these, Cf would be the most attractive monoxide to try to 
prepare. To date there has been no evidence for the existence of solid phases of CfO or 
EsO, although weighable amounts of solid dihalides have been prepared for both of 
these elements (Peterson and Baybarz 1972, Peterson et al. 1977, Fellows et al. 1978, 
Hulet et al. 1975, Wild et al. 1978). 

2.4.2. Sesquioxides 
If Ac is excluded from the actinide series (based on the absence of an f electron), the 

first member of the actinide series to form a condensed-phase sesquioxide is Pu. The 
Am-Es elements also form stable sesquioxides; presumably the Fm-Lr  elements 
would also form sesquioxides. The sesquioxide is the most stable oxide for Cm, Cf, Es 
and likely would also be the most stable oxide for Fm, Md and Lr. The sesquioxide, or 
perhaps the monoxide, are the oxides expected for No. The Fm-Lr  oxides have not 
been prepared or studied experimentally. 
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The actinide with the highest atomic number that has been studied in a solid phase is 
Es; the sesquioxide is its only known oxide phase. The scarcity of this element, and more 
importantly the intense self-irradiation from the Es-253 isotope which destroys rapidly 
the oxide matrix, may limit attaining higher oxygen stoichiometries. The structural 
identification of EszO 3 (Haire and Baybarz 1973) was only accomplished by using very 
small quantities (10-100 nanograms) and electron diffraction, which provided diffrac- 
tion patterns in very short times as compared to conventional X-ray techniques. 

Of the six known actinide sesquioxides (e.g., sesquioxides of Pu, Am, Cm, Bk, Cfand 
Es) only those of Cm, Cf and Es are resistent to air oxidation to ambient temperature. 
Due to the stability of their dioxides, the sesquioxides of Pu, Am and Bk readily take up 
oxygen, and require special storage (e.g., sealed containers) to avoid oxidation. All three 
oxides are oxidized readily when heated in oxygen-containing atmospheres below 
1000°C. Above this temperature, oxygen is lost from AmO 2. Heating higher oxides of 
Cm or Cf in air or in vacuum above 900°C produces the sesquioxides. 

The actinide sesquioxides have many similarities with the lanthanide sesquioxides, 
such as crystal structures (A, B and C forms), lattice parameters, etc., but there are also 
some significant differences. One notable difference is their melting points; it appears 
that the transcurium sesquioxides have significantly lower (several hundreds of degrees 
C) melting points and display a different melting point trend with Z than for 
comparable lanthanide sesquioxides. The similarities and differences of the two f-series' 
oxides are discussed in more detail in the following section. 

2.4.3. Dioxides 
All of the actinides from Th through Cf form isostructural dioxides (fluorite, fcc-type 

structure). The dioxide is the highest binary oxide known for Th, Pu, Am, Cm, Bk and 
Cf. The stability of these dioxides varies, with the order being Th > Pu > Bk > Am > 
Cm > Cf. The latter two dioxides, CmO 2 and CfO 2, begin to evolve oxygen when 
heated above 300°C and eventually yield sesquioxides. The dioxides of five of these six 
elements, with Cf being the exception, can be prepared by heating their sesquioxides in 
air or oxygen, although the dioxide of Cm requires careful treatment (long heating 
times at modest temperatures, 350-400°C, in high pressures, 100 atm, of oxygen). The 
formation of CmO 2 and the absence of a dioxide for Gd was discussed above in 
conjunction with electronic configurations, and is an interesting difference between 
these two elements having the same electronic configuration. 

The preparation of the dioxides of Cf and Tb require stronger oxidizing conditions 
than does Cm. Attempts to prepare the dioxide of Es have not been successful, although 
claims have been made for the existence of a tetravalent oxidation state of Es in a 
vapor-condensed phase (see earlier section on oxidation states). Attempts to prepare 
the tetravalent state of Es as a complex oxide have also been negative (see section 3). 
Thus, Cf is the highest actinide in the series known to form a dioxide. 

2.4.4. Intermediate oxides 
Intermediate oxides, i.e., oxides displaying O/M stoichiometries between 1.5 and 2.0 

(or oxides with oxygen stoichiometry between that for the sesquioxide and the dioxide), 
are common to both the actinide and lanthanides, although they are better established 
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for the lanthanides. Such intermediate oxides appear to be simpler systems with the 
actinides, perhaps only because of the more limited information and studies involving 
them. Very detailed studies have been performed on the intermediate oxides of Ce, Pr 
and Tb, which are the prime examples of this type of oxide system. Since both the 
lanthanides and actinides form intermediate oxides, they are also discussed in the 
section 3. 

The four actinide oxide systems comparable to the lanthanide intermediate oxide 
systems are comprised of Am, Cm, Bk and Cf. Although Pu sesquioxide does take up 
oxygen to yield a hyper-stoichiometric oxide, and Pu dioxide can lose oxygen to give a 
sub-stoichiometric dioxide, very little is known about Pu oxides that are comparable to 
the lanthanide systems. The oxide systems of Am, Cm and Cf all form the stable 
An7012 oxide, which is isostructural with the comparable lanthanide phase. The 
absence of a known BkvO 12 phase may be due to the extreme stability of BkO 2, which 
would make Bk7012 difficult to obtain experimentally. The stability of PuO 2 may 
create a similar situation for obtaining a P u 7 0 1 2  phase. 

2.4.5. Higher oxides 
Only three actinides form oxides that have O/M stoichiometries greater than two; 

these are Pa, U and Np. Some "higher" oxide materials have been reported for Pu but 
these appear in reality to be oxyhydroxides (Weigel et al. 1986a, b). Attempts to prepare 
PuO 3 have not been successful. The formation and existence of oxides above the 
dioxide for these three actinides are in accord with their more complex electronic 
nature (e.g., the presence of itinerant f electrons and variable electronic configurations 
of similar energies). 

Since the aim of this chapter is to compare the lanthanide and actinide binary oxides, 
and the lanthanides do not form oxides above the dioxide, the oxides of these lighter 
actinides are not discussed. However, it is worth mentioning which oxides are 
commonly observed with these lighter actinides. The oxides Pa205 and U308 are 
stable at elevated (800°C) temperatures in air while Np205 and UO 3 lose oxygen when 
heated above 400°C to form NpO 2 and U308. The highest oxygen stoichiometry in a 
binary oxide is obtained in UO 3. 

2.5. Preparation of actinide oxides 

2.5.1. General considerations 
Once the existence of a new element had been established, the first experiments 

performed with it were likely to be done at the tracer level. It took considerable efforts 
to produce quantities of the element sufficient for solid-state studies, such as obtaining 
physical properties of its oxide(s). The lack of material is the reason for the void of 
information for the transeinsteinium elements. 

Many of the studies of the actinides have required specialized preparative techniques 
and equipment, and in some cases very novel approaches have been used. The oxides of 
these elements were probably the first compounds to be prepared and studied due to 
their ease of.preparation, their use in other syntheses, and the natural interest in the 
oxides as primary compounds. In general the oxides can be obtained by calcination in 
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air of several different materials; usually, the oxalates, hydroxides, nitrates, etc. The 
stoichiometry of the particular actinide oxide obtained after calcination depends on the 
specific element and/or the experimental conditions used. 

2.5.2. Preparation techniques 
When the quantity of the material that can be used is not of concern, classical 

methods of preparing the oxides are used. Thus, one may use the approach of 
precipitating an oxalate, and after washing and drying, calcine in air to obtain the 
oxide. Oxides of specific stoichiometry would be obtained by subsequent experimental 
treatment (e.g., hydrogen reduction of AmO2 to obtain the sesquioxide). However, in 
many cases microtechniques are necessary for the preparation of actinide oxides. In 
some situations these techniques may require novel approaches to the preparation and 
study of the oxides. Such techniques may also limit the depth and accuracy of the 
study. 

One such technique was the resin-bead technique. Here the actinide in solution was 
loaded on a cation ion-exchange resin of a selected size to hold one or more micrograms 
and this dried resin bead was carefully calcined to yield a small, single oxide particle 
containing about 1-2 micrograms of the actinide. Many actinide oxides have been 
characterized using this approach. This technique was not satisfactory for einsteinium 
oxides as the resin matrix was destroyed by the radiation from Es before it was calcined 
to a stable oxide particle. The term particle is important as it is not practical to consider 
handling/transporting only a few micrograms of oxide powder. 

An approach similar to the resin-bead technique employed activated charcoal 
chunks in place of the beads. The actinide was sorbed on a chunk of charcoal, and after 
calcination in air to remove the carbon, a low-density oxide particle could be recovered 
(Haire 1982). This approach has been used with Es, but in general the procedure yielded 
less satisfactory particles than the resin technique. 

Another novel technique for studying and characterizing very small amounts of 
oxides used an electron microscope and electron diffraction (Haire and Baybarz 1973). 
This approach was necessary for einsteinium oxide studies as the high specific activity 
of Es destroyed the crystalline matrix of the oxides before X-ray diffraction patterns 
could be obtained (e.g., 20min). Using this technique, 10-100 nanograms of Es (or 
another lanthanide or actinide) oxide could be studied. With larger quantities of 
material (e.g., 20-100 micrograms) a preferred technique was to carry out micro 
oxalate precipitations in teflon molds to yield chunks of dried oxalates, which could be 
calcined quickly to the oxide. A large number of actinide and mixed actinide oxides in 
the form of individual multi-microgram particles have been prepared in this manner 
(Haire 1982). 

The emphasis above has been on producing solid particulates of oxide that can be 
handled, transported, studied or used in subsequent syntheses. Many other approaches 
for other needs can be used and may be limited only by the needs and imagination of the 
investigators. For example, thin films of oxide can be readily generated by vaporizing 
metals and subsequently oxidizinng them on a substrate to the oxide. 

An additional overview is given below for preparing specific actinide oxides, and 
discussions on the preparation of actinide oxides are also provided in a recent chapter 
on the subject (Morss 1991). 
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2.5.3. Stoichiometry considerations 
The experimental conditions necessary to acquire a precise stoichiometry (i.e., O/M 

ratio) varies greatly with the particular actinide oxides. Establishing the stoichiometry 
is in itself not straightforward. For oxides of U, Np and Pu, many studies have been 
made regarding their stoichiometries and the O/M ratios are commonly discussed in 
terms of a few tenths of a percent. With the transplutonium oxides such precision is not 
available and stoichiometry data for them are not that well established. The particular 
oxide stoichiometries desired and the experimental conditions necessary to attain them 
are best discussed in terms of the oxides of each actinide. The nonstoichiometry in 
oxides has also been considered in terms of thermodynamics and bonding (Manes and 
Benedict 1985). In more practical terms, some generalities regarding stoichiometry are 
given below. 

Hydrogen reduction in the temperature range of 600-1000°C is generally sufficient 
to provide PaO2, UO2, Pu203 (1500°C is required here), Am203, Cm203, Bk203 and 
Cf203. The sesquioxides of Cm and Cf are attainable by heating higher oxides to 
1000°C and cooling in vacuum. The oxides generally obtained by heating salts (e.g., 
oxalates, nitrates, etc.) to 1000°C and cooling in air are ThO2, Pa2Os, U3Os, NpO2, 
AmO 2, Cm7012, BkO2, Cf7012 and ES203. Higher oxides of these elements, if they 
exist, normally require stronger oxidizing conditions (high-pressure oxygen, atomic 
oxygen) or controlled-temperature treatments. 

A special aspect of oxide stoichiometry is the change in O/M ratio as a result of 
self-irradiation. Usually radiation reduces the O/M ratio and also produces crystal 
defects but in some instances oxidation may occur due to active materials generated by 
the radiation (e.g., atomic oxygen from radiation acting on oxygen). Unfortunately, 
radiation often "swells" the lattice parameters so that a damaged lattice and/or an 
oxide with less than stoichiometric oxygen content yield larger X-ray lattice param- 
eters. Thus, attempts to determine O/M ratios of self-irradiated oxides by lattice 
parameters only can be ambiguous. 

2.5.4. Preparation of single crystals 
The preparation of single crystals of oxides in general requires larger quantities of 

material than the preparation of polycrystalline samples. Also the yield for the 
preparation of single crystals is often low; it is unusual to get a 75-100 percent yield of 
single crystals from preparations (a few percent is often considered satisfactory). The 
preparation of single crystals often involves luck as well as good experimental 
techniques! Since larger amounts (multi-grams) of material are normally required for 
growing single crystals of oxides, there have not been many successful efforts to grow 
single crystals of the transplutonium oxides. Single crystals of actinide oxides are 
therefore found mainly for the lighter members of the series, as these elements are 
available in larger quantities. 

Several different techniques have been used to grow single crystals of Th, U, Np and 
Pu oxides (Muller and Spirlet 1985, Henrick and Behrens 1981, Finch and Clark 1965). 
One is hydrothermal growth using molten media. Single crystals of ThO 2 have been 
grown by this approach; e.g., techniques using either molten Pb2V20 7 or a 
L i20-2WO 3 mixture. Single crystals of NpO 2 and PuO 2 have also been obtained in 
this way. 
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Another technique used for generating single crystals of oxides has been fused salt 
electrolysis. Crystals of UO 2, U40 9 and NpO 2 have been formed in this manner. 
Transport methods, which involve decomposition, transportation and then recom- 
bination, have also been employed for obtaining single crystals o fNpO 2 and oxides of 
U; an example of this technique is using TeC14 as a carrying agent for the material 
(Spirlet 1980, Vogt 1982). 

Vapor deposition is another method for making single crystals, and this has been 
used for ThO2 (Laszlo et al. 1967) and for UO 2, U409 and U308 (Van Lierde et al. 
1962). Controlled solidification of oxide melts, which requires that the oxide of interest 
be stable in the molten state, is another technique worth mentioning, and this approach 
has been used for ThO 2 and UO2 (Spirlet and Vogt 1984). Finally, zone refining has 
had limited applications but has been employed in preparing single crystals of UO 2. 

2.6. Specific oxides of the actinide elements 

2.6.1. Actinium oxides 
The chemistry of actinium has not been extensively studied due to its scarcity, 

radioactivity and the difficult nature of its decay products. Its chemistry should be very 
similar to that of lanthanium and therefore its white-colored sesquioxide is expected to 
be hexagonal (A-type; see table 25) (Weigel and Hauske 1977). 

2.6.2. Thorium oxides 
Thorium oxide chemistry is essentially that of ThO2. (Katzin 1986). This white- 

colored oxide is stable as a fcc phase (fluorite) to its melting point (3390°C). Prolonged 
heating in vacuum at 2000°C causes darkening, supposedly indicating some loss of 
oxygen, but this "loss" is too small for analytical detection. A "lower" oxide (ThO; 
suggested composition), interstitial in nature, has been reported for thin films on Th 
metal. X-ray data (Ackermann and Rauh 1973a) suggested the material was a monox- 
ide but the diffraction pattern indicated poor crystallinity and was not definitive. It is 
unlikely that, if ThO exists, it would exist in a bulk form. Vapor species such as ThO 
have been reported over ThO 2 and Th metal at elevated temperatures (Ackermann and 
Rauh 1973b, Neubert and Zmbov 1974, Hildenbrand and Murad 1974, Ackermann 
and Chandrasekharaiah 1974) and there have been several reports of hydrated oxide 
materials. Structural information for ThO 2 is provided in table 25. A more complete 
discussion of thorium and its oxides can be found in a review of the actinide elements 
(Katzin 1986). 

2.6.3. Protactinium oxides 
The oxide chemistry of Pa is more complex than that of Ac or Th oxides, in accord 

with the more complex energy levels and electronic nature of the element. There are 
essentially three stoichiometric binary oxides of Pa; PaO, PaO 2 and Pa2Os, although 
there are several other, variable oxide stoichiometries between the PaO 2 and Pa20 5 
(Kirby 1986, Sellers et al. 1954, Stchouzkoy et al. 1966). In addition, there are some 
seven known crystal modifications of Pa20 5 (see table 25). The white-colored Pa20 5 is 
the oxide obtained when a variety of Pa salts (e.g., hydrated Pa20 5 or "hydroxide", 
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TABLE 25 
Structural properties of actinide oxides. 
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Oxide Symmetry Space group Lattice parameters 
structure type 

a o Co 
(A) (A) 

Angle 
(deg) 

Color 

Ac203 
ThO 2 
PaO2 
Pa20 5 
PazO5 
UO2 
~-U205 
~-U205 
~-U205 
ft.-U307 
~t-U308 
~-U308 
"~ -UO 3 
A-UO 3 
~t-UO 3 
I~-UO3 
"~-UO 3 
~-UO~ 
~-UO 3 

~-UO 3 
NpO 2 
NP205 
Pu203 
Pu203 
PuO 2 

AmO 2 
Am203 
Am203 
Cm203 
CmO 2 
Cm/O 3 
Cm203 
Cm7012 
BkO 2 
Bk203 
Bk203 
Bk203 
CfO2 
El203 
Cf203 
Cf203 
Cf7012 
ES203 
Es203 
Es2Oa 

hexagonal-A P3ml(La203) 4.07 6.29 
cubic Fm3m(CaF2) 5.597 
cubic Fm3m 5.509 
tetragonal 5.429 5.503 
hexagonal 3.82 13.22 
cubic Fm3m 5.471 
monoelinic 5.429 5.503 
hexagonal 3.813 13.18 
monoclinic 5.410 5.481 5.410 
orthorhombic Pmma 6.796 3.958 4.145 
orthorhombic C2mm 6.716 11.960 4.147 
orthorhombic Cmcm 7.069 11.445 8.303 
orthorhombic Fddd 9.81 19.93 9.71 
amorphous 
orthorhombic P3ml 6.84 43.45 4.157 
monoclinic P2 a 10.34 14.33 3.910 
orthorhombic Fddd 9.813 19.93 9.711 
cubic Pm3m 4.16 
triclinic 4.002 3.841 4.165 

orthorhombic 
cubic 
monoclinic 
hexagonal-A 
cubic-C 
cubic 

P212121 7.511 5.466 5.224 
Fm3m 5.433 
P21/c 4.183 6.584 4.086 
P3ml 3.841 5.958 
Ia3 (Mn203) 11.03 
Fm3m 5.3960 

cubic Fm3m 5.374 
hexagonal-A P3ml 3.817 
cubic-C Ia3 11.03 
hexagonal-A P3ml 3.792 
cubic Fm3m 5.358 
monoclinic-B C2/m(Sm203) 14.282 3.641 
cubic-C Ia3 11.002 
rhombohedral R3 10.184 
cubic Fm3m 5.3315 
hexagonal-A P3ml 3.754 
monoclinic-B C2/m 14.197 3.606 
cubic-C Ia3 10.887 
cubic Fm3m 5.310 
hexagonal-A P3ml 3.72 
monoclinic-B C2/m 14.121 3.592 
cubic-C Ia3 10.83 
rhombohedral R3 10.061 
hexagonal-A P3ml 3.7 
monoclinic-B C2/m 14.1 3.59 
cubic-C Ia3 10.766 

5.971 

5.985 

8.883 

9.448 

5.958 
8.846 

5.96 
8.809 

9.375 
6.0 
8.80 

fl = 99.2 

fl = 90.49 

fl = 99.03 

c~ = 98.10 
fl = 90.20 
7 = 120.17 

fl = 90.32 

fl = 100.29 

fl = 100.23 

fl = 100.34 

fl= 100 

white 
white 
black 
white 
white 
brown/black 
black 

black 
black 
orange 
orange 
tan 
orange 
yellow 
deep red 
brick red 

brown 
green 
dark brown 
tan 

green/brown/ 
black 

black 
tan 
reddish brown 
white 
black 
white/lite green 
white 
black 
tan-brown 
light green 
pale green 
tan 
black 
pale green 
pale green 
pale green 
black 
white 
white 
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nitrate, etc.) are heated in oxygen or air above 650°C. The crystal form that is obtained 
for this oxide depends upon the temperature to which it has been heated (Roberts and 
Walter 1966, Stchouzkoy et al. 1964). 

In the 1000-1500°C range frequently used in chemical laboratories, a hexagonal 
crystal form of Pa/O 5 is obtained. Black PaO 2 (fluorite structure) is formed by 
hydrogen reduction of the higher oxide at temperatures above 1550°C. The oxides with 
O/M ratios between 2.0 and 2.5 can be obtained by selective oxidation of PaO 2 or 
reduction of Pa20 5. As in the case of ThO, a PaO film has been reported to form on the 
surface of Pa metal; but it is not likely that a bulk form of pure PaO can be prepared. A 
number of complex (ternary) oxides have been reported for Pa in addition to hydrated 
oxides and a hydrated peroxide of variable composition. 

2.6.4. Uranium oxides 
The uranium oxygen system is the most complex and best studied of the actinide 

oxides. There are a number of reviews of uranium oxides and two are suggested here 
(Weigel 1986, Cordfunke 1969, Gmelin Handbook of Inorganic Chemistry 1975, 1977, 
1978, 1984, 1986). As might be expected due to the complexity of the uranium oxygen 
system, there have been some differences reported for the stoichiometries of its oxides. 
The range of binary oxides reported for U are the following: UO, UO 2, U40 9, U16037 , 

U8019 , U205, U5013 , U13034., U8021 , UllO29 , U308, U12035 and UO 3. It is likely 
that some of these oxides do not form as separate phases; a particular oxide may also 
exhibit a range of oxygen compositions. Structural forms of several of the established 
oxides are listed in table 25. Several of these oxides also have very different crystal 
modifications. 

The existence of a pure bulk phase of UO, although it has been reported, is probably 
not likely to exist as a separate, pure phase, as in the cases of the previous actinide 
oxides (Weigel 1986). The monoxide of uranium has been observed in the vapor state. 
The black/brown-colored oxide, UO2, is well known and has the fluorite structure. It 
can be obtained by hydrogen reduction of higher uranium oxides at elevated tempera- 
tures (e.g., 800°C)I This material has been reported to be able to accommodate a wide 
range of oxygen compositions while retaining its cubic lattice (e.g., up to UO2.25, to 
which the U40 9 phase is assigned). 

IfUO2 or U salts (e.g., nitrate, hydrated oxide "hydroxide", etc.) are heated in air or 
oxygen at 650-800°C, black U30 s (O/M = 2.67) is formed. Two crystal modifications 
of this oxide have been reported (see table 25). This oxide is often used as a standard 
oxide for analytical purposes and classically contains both U(IV) and U(VI). A number 
of oxides between UO2.25 and U30 s have also been reported and require special 
preparative conditions. Their structures are given in table 25. 

The highest oxide of U that is known is the yellow/orange UO a. It can be prepared by 
different synthetic approaches, one being the treatment of lower oxides with high- 
pressure oxygen at modest temperatures (e.g., 300°C); another is the thermal decompo- 
sition of hydrated uranyl salts at temperatures below 650°C. In air, UO 3 loses oxygen 
when heated above 650°C to form U30 s. There are several different crystal modifica- 
tions of UO a (see table 25). 
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2.6.5. Neptunium oxides 
The complexity of actinide oxide systems begins to decrease after the uranium 

oxygen system, and neptunium oxides are far less complex than those of U (Fahey 
1986). Little has been reported about NpO, except as a vapor species at high 
temperatures. Based on the nature of ThO, PaO, UO and PuO (see below), it would be 
expected that a NpO material might also be found on the surface of Np metal, but 
apparently it has not been reported. The most frequently encountered neptunium oxide 
is the olive-colored dioxide, which has a fluorite structure and is isostructural with the 
other actinide dioxides. The dioxide is formed when salts (e.g., nitrate, hydrous oxide 
"hydroxide", oxalate) are calcined in air or oxygen at 700-1000°C. Contrary to the 
uranium oxygen system, Np does not form an oxide above Np2Os; thus, neptunium 
oxides having stoichiometries as Np30 8 and NpO 3 are not known. 

The Np20 5 oxide exhibits a very narrow compositional range and has limited 
thermal stability. It can be prepared by molten-salt techniques (Cohen 1963, Cohen 
and Walker 1964). The structural symmetry of Np20 5 is monoclinic but the angle 
(beta) is close to 90 degrees, so that samples of moderate to poor crystallinity can also be 
indexed as orthorhombic. An orthorhombic, hydrated oxide [NpO3-H20 or 
NpO3(OH)2 ] is also known, and has been obtained by passing ozone through aqueous 
suspensions of Np(V) (Fahey 1986). The structural properties of Np oxides are listed in 
table 25. 

2.6.6. Plutonium oxides 
The existence of PuO has also been claimed, either as an impurity phase (Weigel et al. 

1986a, Zachariasen 1949) or as material present on the surface of Pu metal. It has 
been reported as having an NaCl-type structure (see table 25). It was reported as a bulk 
phase prepared by reducing milligram amounts of PuOC1 with Ba vapor at elevated 
temperatures, or by reduction of PuO 2 with Ba vapor. Other reported approaches for 
its preparation have been the controlled oxidation of molten Pu metal using 
stoichiometric quantitites of oxygen generated by decomposing known amounts of 
Ag20 (Akimoto 1960), and by the reduction of PuO 2 with carbon (Weigel 1986). One 
problem with the latter approach is the formation of mixed systems as PuCxNyO z 
(x + y + z = 1; PuC and PuN are also cubic materials), where oxygen is only one of the 
components that combined with the Pu. The existence of PuO is known to form as a 
vapor species in the Vaporization/decomposition of PuOv 

A stoichiometric, tan-colored sesquioxide of Pu is known (hexagonal; A-type) and 
can be prepared by reducing PuO 2 at high temperatures (e.g., above 1500°C) with 
hydrogen, Pu metal or carbon. Two cubic forms of Pu sesquioxide are known, which 
have O/M ratios above 1.50. A hyperstoichiometric sesquioxide (bcc) with an O/M 
ratio of 1.515 is formed when PuO 2 is heated in vacuum to 1650-1800°C or reacted 
with carbon at above 1600°C. Another so-called sesquioxide with an O/M ratio of 1.61 
and showing cubic symmetry is also known. It is obtained when PuO 2 is melted and 
rapidly cooled to room temperature. 

The highest oxide of Pu is the dioxide. It can appear in various colors, from green to 
brown or black, which may reflect slightly different O/M ratios as well as particle sizes. 
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The stoichiometric dioxide (O/M = 2.00) is obtained by calcining a variety of salts 
(nitrate, oxalate, hydrated oxide "hydroxide", etc.) in air or oxygen to 800-1000°C. The 
structure of the dioxide is fcc (fluorite-type; see table 25). The O/M ratios of the dioxide 
are known to vary from 1.98 to 2.03, depending on the preparative route and specific 
treatment. The ignition of Pu sulfates has been reported to yield an O/M ratio as high 
as 2.09. The dioxide of Pu is very refractory in nature. Structural information for Pu203 
and PuO2 is given in table 25. 

Efforts to .prepare Pu oxides with O/M ratios above two have not been successful. 
Thus, neither PuO 3 nor Pu30 s exist although many attempts have been made to 
prepare them. There does exist a hydrated oxide of the general formula, PuO3' 0.8H20, 
prepared by passing ozone through suspensions of Pu "hydroxide". Attempts to 
dehydrate this material did not yield PuO3; rather, both water and oxygen were lost to 
yield the dioxide (Campbell et al. 1968). 

2.6.7. Americium oxides 
As Am is considered to be the first of the "lanthanide-like" actinides, it would be 

expected that its oxide system would bear some resemblance to the oxide systems of the 
lanthanides. For Am, a monoxide, sesquioxide,.a dioxide, and an oxide with an O/M 
ratio intermediate to that of the sesquioxide and dioxide have been reported. Although 
the quantity of Am has permitted extensive investigations of its oxide system, the 
number of studies is still small relative to the efforts that have been extended on the 
uranium and plutonium oxide systems. In part this is due to the more intense 
radioactive nature of Am but also to a decreased interest in its chemistry in contrast to 
those of U and Pu, whose applications in weapons and reactors promoted many 
detailed studies of those elements. Howeyer, the number of studies that have been 
carried out on the americium oxygen system is still large in comparison to the number 
of studies with higher actinides. 

The existence of AmO has been reported by two researchers (Schultz 1976) but only 
on the microgram scale. This work led to reporting a lattice parameter for the 
compound (see table 25), yet the existence of AmO is still questioned. The preparative 
routes for AmO have included reaction of Am metal with stoichiometric amounts of 
oxygen (generated by decomposing Ag20 ) (Akimoto 1967); and as a phase formed 
inadvertently by exposure of americium hydrides at 300°C to air. An interesting 
approach for synthesis of AmO would be the high-pressure reaction between ameri- 
cium metal and Am20 3 as used for preparing lanthanide monoxides (Leger et al. 1980). 
However, the latter method would require precise control of the quantities of the 
starting materials to avoid the presence of secondary phase (s) (e.g., metal or sesqui- 
oxide). 

Two crystal forms of Am20 3 (pink colored) have been reported (see table 25); a 
hexagonal (A-type) and a bcc (C-type) form. Which crystal form is obtained depends on 
the temperature of the preparation; the C-type is the low-temperature (less than 600°C) 
form. The A-type sesquioxide has been reported to be stable from 900 to 1500°C 
(Berndt et al. 1974). It appears that a B-form of this oxide does not exist; if it does, it has 
a very limited temperature range. Incorporation of small amounts of lanthanide oxides 
(e.g., S m 2 0 ~ )  with Am20 3 can stabilize the monoclinic form of Am20 3 (Schultz 1976). 
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It has also been reported that self-irradiation transforms the C-form of the sesquioxide 
at room temperature to the A-form in about three years (Hurtgen and Fuger 
1977). 

The highest binary oxide of Am is its dioxide (black/brown) which is formed when 
calcining salts (e.g., nitrate, oxalate, hydroxide, etc.) of Am(Ill) in air or oxygen up to 
900°C. Above this temperature the dioxide starts to lose oxygen. At 1000°C one report 
suggests that the oxygen pressure over the dioxide is about one atmosphere (Keller and 
Berndt 1976) while another states that, at this temperature, the O/M ratio is higher than 
1.99 (Chikalla and Eyring 1967, 1968). The dioxide crystallizes in the fluorite (fcc) 
structure. Its lattice parameter is subject to expansion from self-irradiation (Hurtgen 
and Fuger 1977); the value given in table 25 is for freshly prepared samples with little or 
no self-irradiation damage. 

Although there is no evidence for binary oxides above the dioxide (Coleman et al. 
1963, Katz and Gruen 1949), there are several complex oxides where Am has an 
oxidation state above Am(IV) (Keller 1967, Morss 1982). Thus, Am follows Pu in 
having a value of 2.0 as its highest O/M stoichiometry in a binary oxide. 

2.6.8. Curium oxides 
Based on the behavior of curium's lanthanide homolog, Gd, curium would be 

expected to form only a sesquioxide. Curium forms a dioxide (a question exists if an 
O/M ratio of exactly 2.0 is reached; see below) as well as oxides having stoichiometries 
intermediate to those in the sesquioxide and dioxide. In addition, there has been a 
report of the formation of CmO on the surface of metals (Cunningham and Wallmann 
1964). 

The Cm20 3 (white) displays three crystal modifications, namely the A-, B- and 
C-type lanthanide structures as shown in table 23 (Eller and Pennemann 1986). A small 
uptake of oxygen can cause the oxide to acquire a tan to light brown appearance. The 
C-type (bcc) structure is the low-temperature form, which converts to the B-type 
(monoclinic) structure above 800°C, which in turn changes to the A-type (hexagonal) 
structure above 1600°C (Baybarz and Haire 1976). It is the C-type structure that is 
readily oxidized to higher oxides; the monoclinic form is very resistent to oxidation and 
the monoclinic to cubic transformation via temperature treatment is very difficult 
("irreversible" transformation). The B to A and the A to B transformations occur more 
readily with temperature. Self-irradiation (especially noticeable with the more readily 
available, shorter-lived Cm-244 isotope) converts the C-form of the sesquioxide to the 
A-form (Wallmann 1964, Noe et al. 1970). 

The dioxide (black) is prepared by oxidation of the cubic form of the sesquioxide at 
modest temperatures (300-400°C) in air or oxygen (preferably in high-pressure oxy- 
gen). Sufficient time (e.g., days; kinetics have not been established) should be allowed for 
the complete uptake of oxygen. The dioxide is thermally unstable above 400°C (Haug 
1967) and with heating eventually yields the sesquioxide around 900°C. It has been 
reported that the dioxide is formed by calcining salts in oxygen (Asprey et al. 1955) 
followed by slow cooling. It is more likely that lower oxides (O/M = 1.5-2.0) of Cm are 
first produced, which are subsequently oxidized to the dioxide upon cooling in 
oxygen-containing atmospheres below 400°C. 
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The CmO 2 lattice parameter (fluorite structure; see table 25) is also affected by 
self-radiation (especially with Cm-244), which causes both the loss of oxygen and 
swelling of the lattice with time. The smallest parameter (potentially the highest O/M 
ratio) has been measured using the long-lived Cm-248 isotope (Noe and Fuger 1971). 
The Cm-248 isotope (normally obtained as a mixture having 3~o Cm-246) has signifi- 
cantly lower radiation levels than Cm-244. 

The question of the actual O/M ratio in CmO 2 is an important one. Magnetic data 
(see later section) yield moments that are too high (1.5 to 3.0 pB versus zero, as expected 
for an 5f 6 electron core), which initially was interpreted to mean that the O/M ratio in 
the oxide was less than two. Several workers have tried different experiments to resolve 
this problem (Nave et al. 1983, Morss et al. 1989) and a theoretical evaluation of this 
problem has also been attempted (Goodman 1992). The simplest answer would be that 
the CmO2 is nonstoichiometric (e.g., O/M < 2.00) but this is not a totally satisfactory 
explanation and is not supported by X-ray analyses of the oxides. Self-irradiation can 
lead to loss of oxygen in such oxides but the Cm-248 oxides should be relatively free of 
these effects over modest time periods. 

Intermediate oxides of Cm that have stoichiometries between the sesquioxide and 
the dioxide have been reported (Noe and Fuger 1971, Stevenson and Peterson 1975). 
Oxides with O/M ratios of 1.50 to 1.65, 1.714 (Cm7012), and 1.79 to 2.00 are the 
structural groupings (bcc, rhombohedral, and fcc, respectively) which have been 
reported. The curium oxygen system bears some resemblance to both the plutonium 
and praseodymium oxygen systems but additional work is needed on it. 

From the above discussion of the sesquioxide phases and the oxidation behavior of 
Cm, it is obvious that some care must be exercised when attempting to prepare CmO 2. 
In calcining salts, one must avoid too high a temperature which would create the 
monoclinic form of the sesquioxide, while still heating to a sufficiently high temperature 
to fully decompose the salts or salt products (e.g., carbonate from the oxalate). It has 
been suggested (Haire 1982, Nave et al. 1983) that the best curium salt to use in this 
preparation is the nitrate since it decomposes below 600°C. After decomposition, the 
resulting curium oxide is cooled slowly to 400°C; it is then cooled very slowly 
(0.5 deg min-1) with holding steps (days to weeks in the 300-400°C region) to room 
temperature while under oxygen pressure (e.g., 100 atm). 

There have not been reports of binary or complex oxides where the Cm exists above 
the tetravalent state. There has been one unsubstantiated report of a ternary complex 
Cm salt (LiCmO3) where a Cm(V) state was claimed (Weigel and Kohl 1985). 

2.6.9. Berkelium oxides 
The quantity of information available for the berkelium oxygen system is far less 

than that for the previous actinides, due mainly to the scarcity and the shorter half-life 
(325 days) of the Bk-249 isotope used in solid-state studies. The sesquioxide and the 
dioxide are the two well-established oxides of Bk, and the dioxide is much more stable 
than the dioxides of Cm and Am. This stability can be attributed in part to the fact that 
the Bk(IV) state results in a half-filled 5f state, as found for TbO 2. However, BkO 2 is 
much more stable and is formed more easily than is TbO 2. 
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There is a single report for the existence of BkO (Fahey et al. 1972) but, as in other 
reports of solid phases of actinide monoxides, evidence for it is not very definitive. The 
NaCl-type lattice parameter for the reported monoxide is given in table 25. 

There are three crystallographic forms of the sesquioxide; the A-, B- and C-type 
rare-earth sesquioxide structures (Hobart and Peterson 1986). The low-temperature 
form is the C-type (cubic) sesquioxide, which is very susceptible to adding oxygen to 
form higher oxides of Bk, especially the dioxide. This C-type sesquioxide converts to 
the B-type, monoclinic sesquioxide at about 1200°C, which itself is converted to the 
A-type hexagonal form at 1742°C. As in the case of Cm sesquioxide, the B to C 
transition does not readily occur and is considered "irreversible". The melting point of 
the sesquioxide has been reported to be 1920°C (Baybarz and Haire 1976). The lattice 
parameters of these different forms of the sesquioxide are listed in table 25. The different 
crystallographic forms of the sesquioxide are pale green to off-white. 

The sesquioxide is formed by reduction of the dioxide in hydrogen or CO/CO 2 
atmospheres at elevated temperatures. Some care must be used to assure that reduction 
is complete (e.g., the O/M ratio reached is 1.50). The dioxide of Bk (black/brown) is 
readily obtained by decomposition of a variety of berkelium salts (e.g., nitrate, oxalate, 
etc.) in air or oxygen-containing atmospheres. In fact, precautions must be used to 
avoid the uptake of oxygen by the sesquioxide, even at room temperature. Heating 
lower oxides of Bk to 500°C in air is sufficient to produce the stoichiometric dioxide. 
The dioxide crystallizes in the fluorite structure (see table 25) and is isostructural with 
the earlier actinide dioxides. 

A quantitative measurement of the oxygen dissociation pressures over berkelium 
oxides with O/M ratios from 1.5 to 2.0 has been reported (Turcotte et al. 1971b). A 
complication in this study was the ingrowth of the Cf-249 daughter, which necessitated 
an assumption about the behavior and influence of the californium oxide present and 
its effect on the decomposition pressure isotherms for the berkelium oxygen system. In 
the study it appeared that there was evidence for the existence of BkTOl> although 
efforts to obtain X-ray data for this material were not successful. A probable oversim- 
plification of the berkelium oxygen system (Turcotte et al. 1979) gives the following 
picture. The cubic sesquioxide can take up oxygen to reach an O/M ratio of 1.71, where 
a rhombohedral structure forms. Further uptake of oxygen (e.g., O/M = 1.8) would 
generate a fluorite structure, which can take up oxygen until the stoichiometric dioxide 
forms. 

2.6.10. Californium oxides 
There has been no evidence for the existence of a monoxide of Cf, although other 

compounds containing divalent Cf are known; e.g., dihalides (Haire 1986). It is possible 
that a monoxide can be attained by high-pressure reaction of californium metal and 
californium oxide, as has been used for the lanthanide monoxides (Leger et al. 1980) but 
this reaction has not been tried with Cf. An NaCl-type lattice parameter of 0.48-0.50 
would be expected for the monoxide. 

The known californium oxides are the sesquioxide (three structural forms), Cf7Oa2 
and the dioxide (Haire 1986). Crystallographic data for these forms are given in 
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table 25. The different crystal forms of the sesquioxide are all light green. The first 
structural form of CfzO 3 that was identified was the monoclinic, B-type (Green and 
Cunningham 1967). This form was followed by the identification of the cubic (C-type) 
form of the oxide (Copeland and Cunningham 1967). It was noted in that work that the 
C-type of Cf sesquioxide took up oxygen when heated in air, eventually giving a dark 
(brown/black) oxide. The cubic form of the sesquioxide can be oxidized by heating in 
air or oxygen to form Cf7012 (Turcotte and Haire 1976, Haire 1976). 

The hexagonal (A-type) of the sesquioxide (Baybarz 1973, Baybarz and Haire 1976) 
is very difficult to prepare, as it only exists in a narrow phase region between the 
monoclinic form and the liquid (melting point reported to be 1750°C). This crystal form 
of Cf20 3 has also been obtained from old hexagonal forms of Bk20 3 after about five 
half-lives (97~ transformation) following the beta decay of Bk-249 oxide. The trans- 
formation of the cubic form to the monoclinic form of sesquioxide occurs between 
1100-1400°C and the transformation of the monoclinic form to the hexagonal form 
occurs at about 1700°C (Baybarz and Haire 1976). 

The monoclinic to cubic transition for BkzO 3 also appears to be "irreversible", while 
the hexagonal-monoclinic transition is readily reversible. This transition behavior is 
typical for the first four transplutonium sesquioxides. 

The preparation of californium dioxide (fluorite structure; see table 25) requires very 
strong oxidizing conditions. It is a black material. It has been prepared by heating the 
cubic form of the sesquioxide under high-pressure oxygen (e.g., 100atm) or under 
atomic oxygen (Baybarz et al. 1972, Haire 1976). The latter is best used for small 
quantities (5-50 micrograms) and thin layers, since recombination of atomic oxygen on 
the surface layers precludes oxidation of bulk forms of the oxide. 

The dioxide, or a slightly substoichiometric dioxide, is also produced when milli- 
gram quantities of the sesquioxide are stored for long periods in air or oxygen, 
presumably due to active oxygen species generated intimately around the oxide by the 
alpha radiation of Cf (Haire 1986). In contrast, with smaller samples (e.g., microgram 
amounts), self-irradiation appears to bring about the loss of oxygen (Baybarz et al. 
1972). The stoiehiometry of aged californium oxides is difficult to ascertain by X-ray 
analyses (e.g., values of the lattice parameter) since the parameters may change due 
either (or both) to the swelling or to an increase/decrease due to the loss/gain of oxygen. 
An earlier review of radiation effects is recommended with reference to this point (Fuger 
1975). 

Complex oxides, such as BaCfO 3 where Cf(IV) is stabilized by the lattice, can be 
readily formed by heating mixtures of the components in air (Haire and Bourges 1980, 
Fuger et al. 1993). The material is stable up to temperatures of at least 1000°C. In 
contrast, CfO2 is thermally unstable above 400°C (Haire 1986). 

A manometric and X-ray diffraction study of the californium oxide system for O/M 
ratios of 1.5 < O/Cf < 1.72 (Turcotte and Haire 1976) established that Cf7012 was the 
stable oxide obtained by heating californium salts (e.g., nitrate, oxalate, etc.) in air or 
oxygen up to 750°C. At" higher temperatures (950°C), oxygen is readily lost (especially 
in vacuum) to yield the sesquioxide. The stoichiometric sesquioxide can also be 
prepared by heating higher oxides of Cf in hydrogen or carbon monoxide atmospheres 
or in vacuum to 1000°C. 
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The californium oxygen system can be summarized as follows. The cubic sesquioxide 
can take up oxygen up to an O/M ratio of about 1.7, where CfTOlz forms (rhombohedral 
structure). This CfTO 12 compound exists only over a narrow range of O/Cf values. For  
O/Cf ratios between 1.8 and 2.0, a fcc (fluorite) structure is observed; the lattice 
parameters for these products decrease with increasing O/Cf ratios. The californium 
oxygen system bears some resemblance to that of the terbium oxygen system, but the 
complex forms known for intermediate O/M ratios in the terbium oxygen system have 
not been identified in the californium oxygen system except for Cf7012. Whether this is 
a real difference between the two systems, or merely signifies that the californium 
oxygen system has been studied in less detail, is not clear. 

In a study of the berkelium oxygen system (Turcotte 1980)it was concluded that the 
growth of the Cf daughter in berkelium oxides gave different effects, depending upon 
the amount of Cf. For a Cf content up to 25 mol ~,  the Cfin the matrix was apparently 
oxidized to a dioxide; when the value reached 64 molto, the Cf content controlled 
the Bk oxidation and the stoichiometry of the mixed cation product was limited to the 
stoichiometry of An7012. The behavior of the mixed oxides is in accord with the 
behaviors known for the two pure oxide systems. 

2.6.11. Einsteinium oxides 
Due both to the scarcity of einsteinium, and the high specific activity of the only 

isotope (Es-253) available in sufficient quantities for solid-state studies, only a limited 
amount of data have been accumulated for this element's oxide system. The high 
specific activity of this isotope makes studies very difficult and rapidly destroys the 
oxide lattice; very likely it would cause the rapid loss of oxygen from higher oxides, 
should any form. 

There has been no evidence for a monoxide of Es even though some divalent halides 
of Es (e.g., bromide, iodide) have been prepared and studied (Hulet 1986). The only 
known oxide of Es is its sesquioxide, which when freshly prepared is white. On standing 
in air at room temperature (the actual temperature may be higher due to self-heating) 
for hours to days, the oxide may attain a tan color. Although indicative of some oxygen 
uptake (e.g., O/Es > 1.5), this color change probably indicates the generation of color 
centers from self-irradiation. As the Bk-249 daughter grows in at a rate of about 3~o per 
day, a mixed oxide system is quickly generated and Bk can also contribute to the tan 
color of the oxide. Attempts to prepare complex oxides (e.g., BaEsO3) where the lattice 
may stabilize Es(IV), as has been done with Cf and other actinides, have not been 
successful (Haire and Bourges 1980). 

The best characterized einsteinium oxide is the cubic (C-type) sesquioxide, prepared 
by calcining nanograms of a nitrate salt and rapidly analyzing the product by electron 
diffraction (Haire and Baybarz 1973). A monoclinic form of the sesquioxide was 
observed when thin films of einsteinium metal were oxidized in oxygen-containing 
atmospheres at temperatures of 800 1000°C (the direct oxidation of other actinide 
metals can also yield the monoclinic form of their sesquioxides at temperatures lower 
than that required for transformation of their C- to the B- forms). This low temperature 
for the monoclinic form of einsteinium sesquioxide is therefore not comparable to the 
established transition temperatures reported for the other actinide sesquioxides. The 
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hexagonal form of the einsteinium sesquioxide was generated following self-irradiation 
of the monoclinic sesquioxide. Both of these latter crystal forms of einsteinium 
sesquioxide were identified by electron diffraction (Haire 1985a, Hulet 1986). 

Extrapolations for the einsteinium oxide transitions based on the lanthanide oxide 
and transplutonium oxide systems would suggest the C- to B-type transition for Es20 3 
to be on the order of 1400°C, and the B- to A-type transition to be at least 1650°C. 
Lattice parameters for the three forms of einsteinium oxide are given in table 25. 

2.6.12. Transeinsteinium oxides 
There has not been any solid-state chemistry reported for pure "bulk" forms of the 

transeinsteinium elements, due to the small amounts of the elements that have been 
available and their short lives. The most abundant of these elements is Fm [nanograms 
of a very short-lived (20 h) Fm-255 isotope] and the above limitations have precluded 
studying its oxide. When reaching the end members of the actinide series, the 
availability of isotopes is a much greater problem; e.g., only a few atoms of a short-lived 
isotope of Lr can be produced. 

Based on speculation, one would expect that the highest oxides formed by the 
transeinsteinium elements would be their sesquioxides, and the C-type structure would 
be the favored, or perhaps the only, structural form. A monoxide may become more 
probable for elements following Fm in the series due to the increased tendency toward 
divalent stability across the series; especially at No. The last member, Lr, almost 
certainly would form a sesquioxide, based on its filled 5f state (5f 14, like Lu in the 
lanthanide series). 

2.7. Thermodynamic properties of binary oxides 

The thermodynamic properties of the actinides are not as well established as those 
for the lanthanides, except for perhaps the elements U and Pu. These latter two 
actinides have a great deal of information available about them because of their 
applications in nuclear energy and weapons. It is also true that summaries of acitinide 
thermodynamics have not kept pace with experimental studies on these elements, 
perhaps because the experimental data tend to be somewhat more limited in scope and 
lacking in agreement than data available for nonradioactive materials. 

There have been some reviews and discussions of thermodynamic properties of the 
actinides. One source of information is the International Atomic Energy Agency's 
reports (IAEA Rep. 1965, 1967) and reviews (Rand 1966, 1975, Wagman et al. 1981, 
Oetting 1967). In addition there are other discussions concerning the thermodynamics 
of the actinides for the reader to consider (Morss 1986, 1983, 1985, 1993). 

For the monoxides in general, which have questionable or limited existence (see 
sections 1.2.1 and 2.4.1), thermodynamic calculations have shown that their stability is 
questionable. Even for the lanthanide monoxides, calculations have shown that these 
are only marginally stable (Morss 1986). In the case of CfO, Morss reports that this 
monoxide would be subject to disproportionating to metal and oxygen. 

With regard to the actinide sesquioxides, excluding Ac20 3, the first sesquioxide 
occurs at Pu in the series and the last experimentally established sesquioxide is Es20 3. 
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TABLE 26 

Experimental enthalpies of formation (a; kJ  t o o l - 1 )  and standard entropies (b; J m o l -  1 K - 1 )  for actinide 
binary oxides. 

An(III)* An(IV) An(V) An(VI)  

P u z O a  
a = - 828(10) 
b = 81.51(0.32) 

A m 2 O a  
a = - 845(8) 

C m z O  3 
a = 841.5(6.0) 

C f 2 0 3  
a = - 826.5(5)E 

T h O  2 
a = - 1226.4 (3.5) 

b = 65.23(0.20) 

U O z  
a =  1085.0 (1.0) 

b = 77.03(0.20) 

N p O 2  
a = - 1074.0 (2.5) 

b =  80.3 (0.4) 

P u O  2 
a =  1056.2 (0.7) 

b = 66.13(0.26) 

A m O  2 

a = - 9 3 2 . 2  (2.7) 

CmO 2 
a =  - 9 1 1  (6) 

C f O  2 

a = - 8 5 4 ( 1 0 )  

UO2.33 U O 3  
a = - 1142.4 (0.9) a = 1223.8 (2.0) 

b = 83.51 b = 96.11(0.40) 

* ~AHfl o (Am203(c ) )  

Thus, one finds that the sesquioxides of Th, Pa, U and Np are thermodynamically 
unstable with regard to disproportionation to the metals and dioxide (Morss 1986). An 
overview of the enthalpies of formation and standard entropies for some binary 
actinide oxides are listed in table 26 (from Katz et al. 1986a). Morss (1986, see also 
ch. 122 in this volume) has described the cycle employed in obtaining the enthalpies of 
solution and formation for these oxides. The enthalpies of solution of the actinide 
oxides is expected to change slowly and smoothly as a function of ionic size of the metal 
ion. The enthalpies of formation of Am sesquioxide (Morss and Sonnenberger 1985), of 
Cm sesquioxides (Morss 1983), and of Cf sesquioxide (Morss et al. 1987, Haire and 
Gibson 1992) have been measured directly. 

All of the actinides from Th through Cf form dioxides but several of these have not 
been studied thermodynamically, due in part to their instability and to limited 
availability (e.g., it is very difficult to prepare multi-milligrams of CfO 2 even though 
such quantities of the isotope are available). Plots of enthalpy of solution for the 
f elements have been established (Morss 1986) which permit estimating values for the 
other actinide dioxides. Although binary oxides above the dioxide stoichiometry are 
known for some of the actinides (Pa, U, Np), little thermodynamic data are available for 
these oxides. 

The situation is different for complex oxide systems. Although this topic is beyond 
the scope of this chapter, one such case is worth mentioning. This deals with the 
MAnO a (M denotes an alkaline earth), perovskite-type compounds, which provide 
stability for the An(IV) oxidation state. Data for several lanthanide and for Am 
compounds of this type have been published (Goudiakas et al. 1990); data for Cm and 
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Cf compounds have been acquired recently (Fuger et al. 1993). A linear relationship 
exists between the heat of formation of these perovskite-type oxide systems and the 
Goldschmidt tolerance factor, which permits estimations for the enthalpies of forma- 
tion of a number of homologous compounds of this type. From data of such Cf 
compounds, the enthalpy of formation of C f O  2 w a s  estimated to be -854  + 10kJ 
tool- 1, in good agreement with a value of - 858 kJ mol- 1 derived from interrelation- 
ships between the molar volumes of dioxides and their standard enthalpies of solution 
(Morss 1986). It has not been feasible to carry out such direct experimental measure- 
ments with CfO 2 and these indirect approaches have provided the only data of this 
type. Data for other actinide oxides can similarly be obtained by these indirect 
approaches. 

Another aspect of the thermodynamics of actinide oxides is their high-temperature 
vaporization/decomposition behaviors. A considerable amount of work has been done 
on the Th through Pu oxide systems but only a limited effort on the transplutonium 
oxides. For this first group of oxides, the dioxides are the systems that are normally 
studied, although the Pu sesquioxide has also been examined. For the transplutonium 
oxides, it is generally the sesquioxides that are studied, as higher oxides decompose at 
relatively low temperatures to the sesquioxides (BkO 2 is an exception). Thus, both the 
sesquioxides and the dioxides of Pu and Bk can be studied at higher temperatures, 
although little is known about the thermal stability of BkO 2. For the lanthanides, such 
high-temperature behavior can be studied only for CeO 2. 

The only thermodynamically stable solid oxide of Th is its dioxide; its monoxide 
disproportionates to the metal and dioxide. The vaporization behavior of ThO 2 has 
been investigated and the vapor species are ThOz(g), ThO(g) and Th(g) (Ackermann 
and Rauh 1973b). The thermodynamic properties of ThO(g) have also been studied 
(Ackermann and Chandrasekharaiah 1974). The free energies of formation of the 
gaseous monoxide, dioxide and solid dioxide are given in table 27. 

The thermodynamic behavior of protactinium oxides is not as well established as for 
the ThO z system. The free energy of formation of PaOz(s) has been derived from 
carbothermic reductions. The entropy of formation of the dioxide is comparable to the 
other actinide dioxides (see table 27; data from Ackermann and Chandrasekharaiah 
(1974)]. A partial study of the reduction of PazO s has also provided data for the 
protactinium oxide system (Kleinschmidt and Ward 1986). 

The uranium oxygen system is complex and has been the topic of numerous studies. 
Part of the problem with the studies has been the exact stoichiometry of the phases 
being examined (see earlier discussion about the numerous oxide phases of U). Most 
efforts have dealt with the dioxide system and several reviews have been made 
(Ackermann and Chandrasekharaiah 1974 and references therein, Weigel 1986). The solid 
monoxide of uranium is at best metastable. Vaporization of the dioxide yields the 
following major species; U(g), UO(g), and UOz(g ). Discrepancies with regard to the free 
energy of formation of UOa(g)-one of the species that has been seen over 
UO 2 + x(s) - have been discussed. 

The condensed oxides of Np have had only limited characterization, especially as 
compared to the uranium system. Early studies suggested that neptunium dioxide did 
not form superstoichiometric compositions, in contrast to the uranium system. The 
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TABLE 27 
Thermodynamic  values for actinide elements and their gaseous/solid oxides. 

473 

Material AH°(kJ mol 1) AGf°(kJ m o l -  1) S O (J K -  ~ m o l -  1) 

Ac (c) 0 0 [62(1)] 
Ac ( g )  [ 4 1 8  ( 1 3 ) ]  - 

Ac20 3 (c) [ -  1756(80)] [67] 
Th (c) 0 0 52.64 
T h O  (g) - 28 (2) 240.0 
T h O  2 (c) - 1226.4(3.5) - 1168.7 65.23(0.20) 
T h O  z (g) 497(3) - 65.22 
Pa (c) 0 0 55(1) 
Pa (g) 370(26) 527 198 
PaO 2 (c) [ -  1109] [ -  1044] [77] 

PazO 5 (c) - - [88] 
U (c) 0 0 50.2 
u o  (c )  - - [ 6 s ]  

U O  (g) 21 12 
U O  2 (c) - 1085.0(1.0) - 1031.8 77.03(0.20) 

UO2 (g) 
U O  3 (c) - 1217.5(1.3) - 1140.6(1.3) 99.4(0.4) 
U O  3 (g) - 816 
Np  (c) 0 0 50.3 
N p  (g) 465 421 198 
N p O  (c) - [69] 
N p O  (g) 
N p O  2 (c) 1074(3) - 1022(3) 80.3(0.4) 

NpO2 (g) - _ _ 
N p O  3 (c) [ -  1070(6)] - 
N p 2 0  a (c) [ -  1522] [ -  14483] [160] 
Pu (c) 0 0 54.46 
Pu (g) 342(2) 305 177 
P u O  (c) [365] - [76(6)] 
P u O  (g) - 92 - 119 249 
P u 2 0  3 (c, c¢) [ - -  836(11)] [ - 795] 76 
P u 2 0  3 (c, ~) [ -  1656] [ -  1580] 163.0(0.6) 
P u O  2 (c) - 1056.2(0.7) - 998.0(0.7) 66.13(0.26) 
P u O  2 (g) - 422 - - 
Am (c) 0 0 55.4(2) 
Am (g) 284(4) 242 194 
A m O  (g) [86] 
A m O  2 (c) - 573 [ -  92] 
ArnzO 3 (c) - 1692(15) [86] 
Cm (c) 0 0 [72(1)] 
Cm (g) 387.4(2.1) 350(2) 197.3 
C m O  (g) 122 - 136 45 
C m 2 0  3 (c) - 1682(12) - [161] 
C m O  2 (c) - 911 (6) [87] 
Bk (c) 0 0 [78 (1)] 
Bk (g) [310(6)] - 200 
Bk20  3 (c) [ -  1694] - - 
BkO 2 (c) [ -  1021] - [89] 
Cf(c) 0 0 [81 (1)] 
Cf(g) 196(i) - - 
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TABLE 27 ( c o n t i n u e d )  

M a t e r i a l  AHr° (kJ  m o l -  1) AG O (kJ  m o l -  1) S° ( J  K -  ! m o l -  1) 

C f 2 0  3 (c) - 1653 

C f O 2  (c) 1-858] - - 
Es  (c) 0 0 [89 ]  

Es  (g) 133 - - 

E s 2 0  3 (c) [ - -  1696]  - - 

E s O  2 (c) [763 ]  - - 
F m  (c) 0 0 [91 ]  

V m  (g) 1-1303 - - 

F m 2 0  3 (c) [_ -  1694(86)]  - - 
M d  (c) 0 0 [87 ]  

M d  (g) [128(8) ]  

M d 2 0  a (c) [ -  1535]  - - 
N o  (c) 0 0 1-65] 

N o  (g) 1-126] - - 

N o 2 0  3 (c) [ - -  1260]  - - 
L r  (c) 0 0 [55 ]  

L r  (g) [341 ]  - - 

L r z O  3 (c) [ - -  1766]  - - 

vaporization behavior ofNpO 2 suggests that a substoichiometric composition is stable 
at temperatures over 2000 K and that an A-type sesquioxide of Np is precipitated upon 
cooling. Thermodynamic properties for Np oxides and the vaporization of neptunium 
monoxide and dioxide have been described (Ackermann et al. 1966a, b, Ackermann 
and Chandrasekharaiah 1974, 1975, Ackermann and Rauh 1975). With NpO 2, one 
observes NpO(g) and NpO2(g) as the vapor species at high temperatures. Some 
pertinent thermodynamic values for neptunium oxides are given in table 27. 

With the plutonium oxygen system, except for some hydrated materials, the highest 
oxides that forms is the dioxide. The dioxide exhibits extensive substoichiometry at 
high temperatures. The equilibrium vapor species for the plutonium oxygen system is 
made up of Pu(g), PuO(g) and PuO2(g ) at high temperatures (Weigel 1986, Baitles et al. 
1969, Ackermann et al. 1966a, Ackermann and Chandrasekharaiah 1974). It appears 
that the congruently vaporizing composition is 1.9 > O/Pu > 1.8, which is within the 
substoichiometric region of the dioxide phase between 1600-2400 K. An IAEA panel 
(Morss 1986) adopted a value of 82.4 + 4.2 J mol- 1 K-  1 for the absolute entropy of 
PuO 2 at 298 K corrected for magnetic ordering; the latter has not been observed 
experimentally. Sandenaw (1963) measured an entropy of 68.2 J mol- 1 K-  1. The data 
in table 27 for plutonium dioxide are revised without including the magnetic ordering. 
It has been determined (Morss 1986) that solid PuO is just unstable to disproportiona- 
tion to Pu(1) and Pu203(s ). 

The number of vaporization studies that have been carried out on the oxides of Th, U 
and Pu is large compared to those performed on the transuranium oxides. At times the 
results of the studies on the lighter actinide oxides conflict with one another. These 
differences and the thermodynamics of these systems have been summarized (Acker- 
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mann and Chandrasekharaiah 1974, Ackermann and Thorn 1962, Ohse and Ciani 
1968, Markin and Rand 1966, Ackermann et al. 1966b, Ackermann and Rauh 1975). 

The quantity of high-temperature data for the transplutonium oxides is very limited, 
which is unfortunate as  these are the actinides most like the lanthanides. Some 
vaporization data from a mixed PuO1.6/Am20 3 system have indicated that the main 
mode of vaporization/decomposition for americium sesquioxide is via the generation 
of Am(g) and O2(g  ) (Ackermann and Chandrasekharaiah 1974). This finding has been 
supported by other unpublished work (Kleinschmidt 1992, Haire 1992a). The solid 
monoxide of Am has been considered to be barely stable toward disproportionation in 
the solid phase and its existence as a gaseous species is reasonable. Based on the 
tendency toward divalency for higher members in the series, the monoxide would be 
expected to become the most prevalent vapor species. 

A study of the americium dioxide system is complicated by the fact that the dioxide 
begins to lose oxygen above 1000°C and the stoichiometry of the resulting oxide phase 
becomes less certain. The enthalpy of formation of this dioxide has been estimated from 
a relationship of the enthalpies of formation of other actinide dioxides with the 
enthalpies of formation of the An + 4 aquo ions (Morss 1986). The phase behavior and 
the partial molar free energy of oxygen over AmO 2 x(s) between 870 and 1170°C have 
been determined and these data have been used to yield the standard free energies, 
enthalpy and entropy of formation for the Am oxides (Chikalla and Eyring 1967). 

The vaporization behavior for Cm sesquioxide has been reported (Smith and 
Peterson 1970). Mass-spectrometric data were not obtained in this study and the 
species were assigned based only on the systematics. The researchers believed these 
data support the congruent vaporization of Cm20 3 to yield CmO(g) and O(g). An 
enthalpy of vaporization of 1795 kJmol-1 at OK was derived. Curium oxides with 
O/M ratios higher than 1.5 are not stable above 900°C (CmO 2 decomposes above 
400°C), and therefore the vaporization processes of oxides having O/M ratios above 1.5 
cannot be measured experimentally. 

Data for berkelium oxides and the transcalifornium oxides are not published, 
although initial studies of BkO 2 have been carried out (Haire 1992a). Just as with 
curium oxides, californium oxides above the sesquioxide are not stable at temperatures 
where vaporization processes can be studied. Preliminary data for the vaporization/ 
decomposition of Cf203 (Haire and Gibson 1992, Haire 1994) show tl~at the process 
yields Cf(g) and O(g) as products, and has an enthalpy of decomposition of about 
1025kJmo1-1 at an average temperature of 1800K. An enthalpy of formation of 
Cf20 3 of -1694 kJmo1-1 at 298K was estimated, which agrees with a value of 
-1653kJmo1-1 derived from solution calorimetry (Morss 1986). It is likely that 
transcalifornium sesquioxides through No would also vaporize/decompose ,via gener- 
ation of atomic vapor and oxygen atoms (see section 3). For Lr203, the behavior would 
be expected to be more comparable to that reported for Cm20 3 (Haire 199,4). 

2.8. Magnetic properties of binary oxides 

If the actinide series were characterized by the filling of the 5f shell with localized 
electrons across the series, the magnetic behavior of the actinides would be analogous 
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to that found for the lanthanides. In reality, many of the early actinides have itinerant 5f 
electrons which affect their magnetic behavior, since the magnetic properties arise from 
the spin and orbital angular momenta of unpaired electrons. If unpaired electrons are 
not present in a material (e.g., f electrons are involved in bonding), a magnetic moment 
would not be observed. In addition to the magnetic moments per se, one is also 
interested in the magnetic properties: in the behavior of a material as a function of 
temperature and in the existence of magnetic transitions (e.g., antiferromagnetic, 
paramagnetic, etc.). 

The magnetic properties of the binary actinide oxides have been reviewed (Huray 
and Nave 1987, Edelstein and Goffart 1986, Huray et al. 1983b). Many of the early 
actinide oxides have itinerant electrons and display low or zero moments, depending 
on the oxidation state of the actinide in the oxide. There have been some detailed 
studies on UO2, both as a pure oxide and as a dopant in ThO 2. Magnetic measure- 
ments have also been reported for NpO2; above 60K, the susceptibility of NpO 2 
follows a Curie-Weiss law with a Uer f moment of about 3 #~. PuO 2 exhibits tempera- 
ture-independent paramagnetism between 4 and 1000K. For  the transplutonium 
oxides, the 5f electrons are localized; consequently a near free ion behavior is achieved 
and the materials exhibit paramagnetic moments. 

The transplutonium oxides are useful for studying crystal-field effects or interactions, 
as the dioxides and the C-type sesquioxides have cubic symmetry and both oxide 
stoichiometries are available for most of the oxides. The magnetic behavior of these 
transplutonium oxides is compared with their lanthanide counterparts in section 3. 
The behavior of individual oxides is discussed briefly here and data are provided in 
table 28. 

Trivalent americium oxides are expected to have a 5f 6 core and therefore should 
display a zero moment. Due to the existence of low-lying excited electronic states, this 
zero moment is difficult to observe experimentally (Kannelakopulos et al. 1978). 
Measurements (Soderholm et al. 1986) of a pure A-type americium sesquioxide have 
indicated temperature-independent paramagnetism from 5 to 300 K. In other work, 
Karraker (1975a) studied AmO 2 between 2 and 97 K, but found two different regions 
that displayed Curie-Weiss behavior. 

Curium sesquioxide has been studied by various groups (Nave et al. 1983, Morss 
et al. 1983). A trivalent curium ion should have a 5f 7 free-ion moment of 7.92 (simple 
L - S  coupling) or 7.55 #B based on intermediate coupling. These values are in accord 
with the range of values that have been measured (see table 28). 

The dioxide of Cm presents another situation. The expected 5f  6 c o r e  of Cm(IV) 
should produce a zero moment (as does the f6 core of Am203), but a temperature- 
independent paramagnetic behavior has not been observed for CmO z to date (Nave 
et al. 1983). Thus Cm(IV) compounds in general show an anomalous temperature 
dependence and display moments ranging from 2 -4  #B instead of the expected zero 
moment. The smallest measured moment reported for CmO z was 1.63 PB. This sample 
had the smallest X-ray lattice parameter of the dioxide samples that have been studied, 
which suggests it had the highest O/M ratio (very close or equal to 2.00). 

The simplest interpretion or explanation for a nonzero moment in CmO 2 would be 
nonstoichiometry due to the preparation difficulties or radiation damage and lower- 
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TABLE 28 
Magnetic properties of actinide oxides. 
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Oxide Configuration #eff(/l/B) ~eff (#B) @p(K) Details 
(structure) (I.C.) 

A c 2 0 3  (laex) fo _ 

ThO 2 (fcc) fo 0 0 
PaO 2 (fcc) fl - 1.0 
UO 2 (fcc) fz - 3.7 
NpO 2 (fcc) f3 - 3.0 
PuO 2 (fcc) f4 _ 

AmO 2 (fcc) fs 1.2 1.3 
1.5 

Am20 3 (hex) f6 0 0 
CmO 2 (fcc) f6 0 1.6-2.3 
BaCmO 3 (fcc) f6 0 1.6-1.7 
Cm20 3 (fcc) f7 7.6 8.2 

7.9 
244Cm20 3 (.9) f7 7.6 6.1 
Cm20 3 (mono) f7 7.6 7.5 
Cm20 3 (mono) f7 7.6 7.7 
Cm20 3 (bcc) f7 7.6 7.5 
BkO 2 (fcc) f7 7.6 7.8 

BkO 2 (fcc) f7 7.6 8.1 

(BkO2) ThO 2 
(fcc) f7 7.6 7.7 

5.8 
Bk20 3 (bcc) f8 9.3 9.0 

CfO 2 (fcc) f8 9.3 9.1 
BaCfO s (bcc) f8 9.3 9.2 
Cf7012 (rhom) (40~ f9 + 6070 flo) 9.7 9.5 
Cf20 3 (mono) f9 10.2 10.1 
Cf20 3 (bcc) f9 10.2 9.8 
Es20 s (bcc) flo 10.3 10.5 

Not studied 

Above 60 K 
Exhibits TIP 

between 4 -  I00 K 
21 15 40 K (FT) 
41 50-100 K (Fs) 
- TIP 5-300 K 

12-25 
18-30 
+ 149 20-80 K 
+ 130 100-300 K 

22.5 2-50 K 
72 100-300 K 

130 50-300 K 
110 50 300K 
250 50-300 K 

(3% Cf) 
224 50-300 K 

(370 Cf) 

12 10-95 K (F6) 
- 34 95-200 K (F8) 

141 60-300 K 
(270 CO 

70 100-340 K 
210 100-340 K 
95 100-340 K 
80 100-340 K 

115 100-340K 
53 4.2-180K 

(1370 Bk) 

t h a n - e x p e c t e d  o x y g e n  con ten t ,  b u t  this is n o t  sa t i s fac to ry  based  on  X - r a y  and  n e u t r o n  

d i f f rac t ion  d a t a  ava i l ab l e  for  the  samples  s tudied.  An  a l t e rna t ive  e x p l a n a t i o n  w o u l d  be 

an  e l ec t ron i c  c o n f i g u r a t i o n  tha t  dev ia te s  f r o m  the  p u r e  5f 6 s ta te  t ha t  is p r e d i c t e d  for  

C m O v  At  the  p resen t  t ime  the  r e a s o n  for  this n o n z e r o  m o m e n t  for  C m O 2  r ema ins  

u n a n s w e r e d .  

B e y o n d  c u r i u m  in the  ac t in ide  series, the  a m o u n t  of  m a g n e t i c  d a t a  ava i l ab le  b e c o m e s  

m u c h  smaller .  M e a s u r e m e n t s  for  B k O  2 ( N a v e  et al. 1983) a n d  for  B k O  z in T h O  2 

( K a r r a k e r  1975b) h a v e  been  m a d e  a n d  s o m e  w o r k  has  been  r e p o r t e d  for  s tudies  o f  

B k 2 0  3 ( H u r a y  a n d  N a v e  1987). T h e  m o m e n t s  for  the  d iox ide  a n d  the  s e squ iox ide  of  Bk 
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are in fair agreement with the moments expected for these materials based on their 
electronic configurations (see table 28). 

The magnetic behavior of Cf203, Cf7012 and BaCfO3 have been reported (Moore 
et al. 1986). CfO z could not be prepared in significant quantities for magnetic measure- 
ment; the Cf(IV) state was attained instead in the BaCfO3 compound. All three 
compounds exhibited Curie Weiss behavior above 100K and gave evidence for 
antiferromagnetic ordering. The moments for these oxides are in reasonable agreement 
with the expected values for them (see table 28). The moment of the Cf7012 compound 
was calculated using a weighted susceptibility based on the expected presence of the 
two oxidation states [e.g., 60~ Cf(IV) and 40~o Cf(III)]. 

A single magnetic measurement has been made on Es20 3 (Huray et al. 1983a). The 
moment for the latter material was in reasonably good agreement with that expected 
for a 5f 1° configuration, considering the experimental difficulties incurred with the 
highly radioactive Es sample. Experimental magnetic data for higher members of the 
actinide series have not been, and likely will not be, measured. 

2.9. Other properties of binary actinide oxides 

It is worthwhile to mention briefly other aspects concerning the oxides. One area is 
the photoelectron spectrometry of the actinides covering the elements Ac through Es, 
which provides binding energies for selected electrons (Krause et al. 1988). 

Another aspect is the electronic structure of the oxides. A recent report (Goodman 
1992) has compared experimental results with two type of calculations (molecular 
orbital and traditional crystal field). In this latter work, the problem of the magnetic 
susceptibility of CmO 2 is discussed. The thermal diffusivity and conduction of Cm20 3 
has also been reported and compared to data for ThO2, UOa and PuO 2 (Gibby et al. 
1970). The thermal expansion coefficient of CmO2 using the Cm-248 isotope has been 
reported (Noe and Peterson 1972). Lattice defects in dioxides, both due to self- 
irradiation and from reactor irradiations, have been discussed (Kapshukov et al. 1976, 
Matzke 1976, Vallath 1976). A more extensive and general discussion of self-irradiation 
has been published (Fuger 1975). 

The high-pressure behaviors and bulk moduli of the actinide dioxides ThO 2, PuO2, 
AmO 2 (Dancausse 1991), UO2 (Benedict et al. 1992a, b) and NpOz (Benedict et al. 
1986) have been reported. The tendency is for the cubic (fluorite) structure to undergo a 
phase transition under pressure to yield a structure of orthorhombic symmetry. The 
bulk moduli, derived from such high-pressure studies of these dioxides, are all large: 
ThO z, 252GPa; UO 2, 207GPa; NpO2, 200GPa; PuO 2, 367GPa; and AmO 2, 
280 GPa. These values indicate a "stiff" lattice which is not very compressible. 

A review and a discussion of the electron paramagnetic resonance of the actinides has 
been published (Boatner and Abraham 1980). Discussions and references cited in this 
report are relevant to oxide systems. 

Other aspects of the actinide oxides are discussed and the general properties 
and behavior of the actinide oxides compared to those of the lanthanide oxides in 
section 3. 
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3. Comparison of the binary oxides of the lanthanide and actinide elements 

The objective of this section of the chapter is to compare the properties and 
behaviors of the binary oxides of the lanthanide and actinide elements. The trends and 
the differences between the binary oxides of each series of elements are reviewed but a 
discussion of the more complex (e.g., ternary or larger) oxides that these elements are 
known to form is excluded. Essentially this section offers a comparison of the 
monoxides, sesquioxides, dioxides and binary oxides with O/M ratios intermediate to 
those found in these three oxides. Since the lanthanide elements do not form oxides 
with higher O/M ratios than 2.0, actinide oxides with higher oxygen stoichiometries are 
not discussed in this section. 

3.1. General comparison 

The actinides are probably more like the lanthanides in their oxide forms than in the 
solid phases of their other compounds. This is especially true when considering the 
metallic states, where large deviations are apparent. If an actinide exists in a particular 
oxide stoichiometry (e.g., a sesquioxide), it is likely to have comparable chemical and 
physical behavior to that of a lanthanide sesquioxide that has a similar ionic radius. 
The first important point for these two series of oxides is whether a particular 
stoichiometry is formed by different members of each series. 

A comparison of oxides is shown in fig. 15 which compares and summarizes, in a 
simple fashion, the oxide formation behavior for the two series of elements. It is obvious 
that, excluding the behavior of Pa, U and Np, the actinides show a greater tendency for 
variable oxide stoichiometries than do the lanthanides. The most striking difference 
(besides the fact that the elements Pa through U form oxides above the dioxide) is that 
all the actinides from Th through Cf form dioxides, while lanthanide dioxides are 
known only for Ce, Pr and Tb (the dioxides of Pr and Tb are more difficult to form). 
Only two oxide stoichiometries are shown for Ce and Pu in fig. 15. In reality, oxides 
with O/M ratios between 1.5 and 2.0 are known for both elements, although those for 

F]P 
LANTHANIDE METALS 

~ r ~ F , ~  sm Eu Gd ~IDy Ho Er Tm Vb Lu I 

ACTINIDE OXIDES 

I O/M > 2.00 

I O/M = 2.00 

M0 No Lr 

~ O/M = 1.5- 2.0 

'"'] O/M = 1.50 Fig. 15. Oxides of the lanthanides 
and actinides. 
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Pu are limited in scope. As mentioned in section two, the fact that Cm (the homolog of 
Gd) forms a dioxide is in itself surprising. The reason for the greater tendency for the 
actinides to form dioxides must be due, for the most part, to the larger spatial extension 
and energetics of their 5f orbitals. 

Another significant difference between the two series is that, except for actinium 
(which like lanthnaium is not always considered the first member of its series) the earlier 
members of the actinide series (Th Np) do not form sesquioxides. The first sesquioxide 
in the series occurs with Pu203. There are several good correlations between the 
sesquioxides of the first five transplutonium elements and those of the lanthanides, 
although these correlations involve a shift of the actinide with regard to a given 
lanthanide (see below). 

Table 29 gives the electronic configurations for the lanthanide and actinide elements 
[configurations for gaseous atoms; configurations can be different in the solid state, see 
Brooks et al. (1984), Fournier and Manes (1985), Katz et al. (1986a), for their ions, and 
for their established solid oxides of a single oxidation state (intermediate valence states 
are excluded)]. Examination of these data can be informative, and give a feeling why 
each element forms a particular oxide. However, care must be used not to overextend 
the use of these configurations. 

In the case of Ce (which forms both a sesquioxide and a dioxide) and Th (which 
essentially forms only a dioxide) there is a large difference in the stability of these 
nominally one f-electron elements, which is evident in their chemistry. With Cm, it is 
perhaps surprising that the stability of attaining a half-filled 5f orbital is not a 
controlling factor in the formation of oxides, as it appears to be in the case of Gd. Thus, 

TABLE 29 

E lec t ron ic  c o n f i g u r a t i o n s  o f  f -b lock  a t o m s  a n d  ions*. 

L a n t h a n i d e  series Act in ide  series 

E lemen t  A t o m  M 3 + M 4 + E lemen t  A t o m  M + M 2 + M 3 + M 4 + 

L a  5 d 6 s  2 Ac  6d 7s 2 7s 2 7s 

Ce 4 f 5 d  6s 2 4f 1 T h  6d 27s  2 6d 7s 2 5 f 6 d  5f 1 

P r  4f  a 6s 2 4f  / 4f  1 P a  5f 2 6 d 7 s  2 5f 27s  2 5f 2 6d 5f 2 5f 1 

N d  4 f46s  2 4f  a U 5f36d 7s a 5f a 7s 2 5f 36d?  5f a 5f 2 

P m  4f 56s  2 4f  4 N p  5f 4 6 d  7s 2 5f 57s?  5f5? 5f 4 5f a 

Sm 4f66s  2 4f  5 P u  5f 67s  2 5f 67s  5f 6 5f 5 5f 4 

E u  4f 76s  2 4f 6 A m  5f 77s  2 5f 77s  5f 7 5f 6 5f s 

G d  4f 7 5 d  6s 2 4f 7 C m  5f 7 6 d  7s 2 5f 77s  2 5f 8 5f 7 5f 6 

T b  4f 96s  2 4f 8 4f  7 Bk  5f 97s  2 5f 97s  5f 9 5f 8 5f 7 

D y  4f 1° 6s 2 4f  9 Cf  5f 1° 7s 2 5f 1° 7s 5f 1° 5f 9 5f 8 

H o  4f  aa 6s 2 4f 1° Es 5f 11 7s z 5f 1~ 7s 5f 11 5f 1° (5f 9) 
Er  4f  12 6s z 4f 11 F m  5f 127s 2 (5f 117s) (5f 12) (5f 11 ) (52°) 

T m  4f  136s 2 4f lz M d  (5f 137s 2 ) (5f 137s) (5f 13 ) (5f 12) (5f la ) 

Yb 4 f l a 6 s  2 4f  j3 N o  (5f147s 2) (5f147s) (5f TM) (5f 13) (5f 12) 

L u  4f  1 4 5 d 6 s  2 4f 14 L r  • ( 5 f 1 4 6 d 7 s  2) ( 5 f l a 7 s  2) (5f147s) (5f 14) (5f 13) 

* C o n f i g u r a t i o n s  f o r  e lec t rons  b e y o n d  the  R n  core;  

ions,  

• Nonre la t iv i s t ic  conf igura t ions .  

d a t a  are  fo r  the  g r o u n d - s t a t e  g a s e o u s  a t o m s  a n d  c h a r g e d  
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curium forms a dioxide expected to have a 5f 6 configuration at the expense of the 
stabilizing effect provided by having a half-filled f orbital. 

In comparing berkelium and terbium, the situation with their configurations seems 
clearer; both form a half-filled f orbital in their dioxides, although there is a large 
difference in ease of formation and stability of these two dioxides. The dioxide of Bk is 
very stable and readily forms in air, whereas the formation of TbO2 requires highly 
oxidizing conditions and TbO 2 is less stable thermally. 

One final comparison can be made by looking at the oxides formed by Dy and Cf, 
which are electronic homologs. The oxide system of Dy is essentially that of Dy20 3, 
while with Cf, in addition to its sesquioxide, there are Cf7012 and CfO 2 (CfO 2 is 
difficult to form, as is TbO2). Comparisons between other pairs of lanthanide and 
actinide oxides are also informative. 

A useful comparison of the relative stabilities of the oxidation states for the two series 
of elements is obtained from examining oxidation-reduction potentials. Although, as 
in the case of electronic configurations, these potentials for predicting oxide formation 
must be used cautiously, and at best this is only qualitative in nature since many other 
factors play a role in determining the compounds that are formed (e.g., complexation). 
These potentials are best used for correlating the stabilities of species in solution. 
Comparative oxidation potentials for the lanthanide and actinides were published 
many years ago (Nugent et al. 1971) as shown in figs. 16 and 17; there have also been 
several other compilations of potentials for the actinides (Katz et al. 1986b, Samhoun 
and David 1976). 

Ac Th Po 

-~ t==-t ' -~ ~, . . . .  & I I 
-4  ~ACTINIDES 

z 

~" - 2  

i - I  

t 

2 I I 
Lo Ce Pr 

ACTINIDE ELEMENTS 
U Np Pu Am Cm Bk Cf Es Fm Md No 

/ I I I I I 

\ - 

k. •..~ ~ 

I I I L I I I I I I I 
Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Fig.  16. Reduc t ion  

LANTHANIDE ELEMENTS M(III)/(II) couples. 
potentials for the 
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Fig. 17. Reduction potentials for the M(IV)/ 
(III) couples. 

With these oxidation potentials as a basis for comparison, examining the data in 
fig. 16 and assigning Eu as a reference f element for forming a divalent oxide (e.g., a 
monoxide), the first actinides expected to have stable monoxides would be Md and No. 
Although there have been reports (see section 2) of earlier actinides forming monoxides, 
it is questionable if a stable bulk form of a monoxide for these actinides actually exists. 
Three actinides, Cf, Es and Fro, show (III)/(II) couples close to that for Yb. It has been 
shown that YbO (see section 1) is much more difficult to prepare than EuO; on this 
basis, preparing the monoxides of Cf, Es or Fm (none of which have been reported to 
date) should be rather difficult and probably would require reactions between carefully 
controlled quantities of their oxides and their metals under pressure. However, solid 
dihalides of Yb are known and several dihalides of Cf and Es have been prepared, 
showing that this oxidation is a viable one for these two elements. 

A qualitative picture can be formed by examining fig. 17, where the (IV)/(III) couples 
are shown for the lanthanides and actinides, and by assigning Pr and Tb as the 
reference lanthanides for formation of a dioxide. It would be expected that all the 
actinides before Es would form dioxides (which they do); curium and californium 
dioxides would only be marginally stable, and should be more difficult to prepare than 
the other actinides dioxides (which is also correct). Further, BkO 2 should be more 
stable than TbO 2, which is seen experimentally. For reference, the order of stability of 
the transplutonium and lanthanide dioxides has been determined to be: Bk > Ce > 
Am > Cm > Pr > Tb > Cf; this order is in agreement with that predicted from the 
curves in fig. 17. 
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TABLE 30 

C o m p a r i s o n  of  selected radi i  o f  ac t in ides  and  lanthanides .  
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Ion  C o m p o u n d  Rad ius*  Ion  C o m p o u n d  Rad ius*  

n m  x 10 n m  × 10 

La  3 + 

Ce  3 + 

p r  a + 

N d  ~+ 

P m a  + 

Sm3 ÷ 
Eu 3 + 

Gd3 + 

T b  3 + 

Dy3 + 

H o  3+ 

Er  a ÷ 
T m  3 + 

y b  3 + 

Lu  3 + 

Ce 4 + 
p r  4 + 

T b  4 + d ioxide  

sesquioxide  

sesquioxide  

sesquioxide  

sesquioxide  

sesquloxide  

sesquioxide  

sesquioxide  

sesquioxide  

sesquioxide  

s e sqmox ide  

sesquioxide  

sesquioxide  

sesquioxide  

sesqu iox ide  

sesquioxide  

d ioxide  

d ioxide  

1.018 Ac3 + sesquioxide  1.016 

t .018 T h  a÷ - - 

1.008 P a  3 + - - 

0.995 U a ÷ 

0.976 N p  3 ÷ - - 

0.964 P u  a + - 0.987 

0.950 A m  3 ÷ - 0.985 

0.938 C m  3 ÷ - 0.979 

0.920 Bk a ÷ - 0.954 

0.907 Cf  3 ÷ - 0.949 

0.894 Es 3 ÷ - 0.928 

0.881 F m  3 ÷ - - 

0.869 M d  3 ÷ - - 

0.858 N o  3 ÷ - - 

0.848 L r  3 ÷ - - 

0.898 T h  4 ÷ d ioxide  0.984 

0.890 P a  4 + d ioxide  0.944 

U ~+ d ioxide  0.929 

N p  4 ÷ d ioxide  0.913 

Pu  4÷ dioxide  0.896 

A m  4+ dioxide  0.888 

C m  *+ dioxide  0.886 

0.817 Bk 4 ÷ d ioxide  0.870 

Cf  4+ dioxide  0.859 

Es 4 + _ _ 

* Radi i  der ived  f r o m  sesquioxide  latt ice p a r a m e t e r s  us ing  an  oxygen  rad ius  of  0.146 n m  and  a d d i n g  0.88 n m  

for cova len t  M - O  b o n d  character ;  s ix -coord ina ted  meta l  ion. Radi i  der ived  f rom d ioxide  latt ice p a r a m e t e r s  

us ing  the s a m e  oxygen  radius ,  cor rec t ing  for cova len t  cha rac te r  of  M - O  b o n d  ( +  0. 0 1 0 n m )  and  for  

coo r d i n a t i o n  n u m b e r s  of  e ight  to six ( -  0.008 nm). 

Assuming that the lanthanide and actinide dioxides are truly stoichiometric, a 
self-consistent and relative set of quadrivalent radii can be calculated from their lattice 
parameters. These radii are given in table 30. The actinide dioxides are known to have 
larger lattice parameters than their lanthanide electronic homologs. Thus, PuO 2 has a 
parameter similar to that for CeO2, which is four elements to the left of samarium, the 
vertical 4f homolog of Pu. This is a greater shift than that observed with the 
sesquioxides (see below). Structurally, the dioxides of the lanthanides and actinides are 
isostructural, and crystallize in the fluorite-type, cubic (fcc) structure. 

A similar approach can be taken in comparing the sesquioxides of both series, 
although some approximations must be considered (Templeton and Dauben 1957) in 
deriving radii from the sesquioxide lattice parameters. Radii based on these sesqui- 
oxides have also been compiled by others (Shannon 1976, Haire and Baybarz 1973). 
Trivalent radii for these f-element oxides are given in table 30. Radii and cubic lattice 
parameters are also plotted in fig. 18. Based on such radii, it can be seen that the 



484 R.G. HAIRE and L. EYRING 

11"2 1-125 

I I '0 1-075 

10-8 1.025 ~ 

o %% = 

10-6 0.975 o 

10-4 0 .925 

....... Radius "-a 

. Lanthonides ""°'~..o." 
10.2 • Act in ides " '~ .  0-875 

Pu Am Cm Bk Cf Em "'o..~,~ 
Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm ¥b Lu 

I I I I I I I I I I I I I I 

Fig. 18. Sesquioxide lattice parameters and ionic radii for the lanthanides and actinides. 

actinide sesquioxides have larger parameters than their lanthanide electronic 
homologs; a particular actinide parameter or radius corresponds best to a lanthanide 
some two and one half elements to the left (earlier in the series) than the actinide's 
vertical homolog. Thus, americium and neodymium sesquioxides are more compar- 
able than americium and europium sesquioxides. This relationship is useful for 
comparing the phase behavior, ionic radii and crystal lattice parameters of the 
lanthanide and actinide sesquioxides. The phase behaviors of the lanthanide and 
actinide sesquioxides having comparable radii are similar (e.g., that of Am and Nd). 

The sesquioxides of the lanthanide and actinides are multiphasic. Figure 19 is a plot 
of phase formation as a function of temperature and radius of the lanthanide sesqui- 
oxides, and is based on a published plot (Chikalla et al. 1973, Schulz 1976). Included in 
a section of the plot are the radii for the first six actinide sesquioxides (Pu forms the first 
sesquioxide in the series if Ac is excluded) placed above comparable radii of the 
lanthanides, as opposed to their positions in the periodic table. If the very high 
temperature phases of the lanthanides (e.g., X, H phases) and the melting-point 
behaviors are excluded, there is a reasonable agreement between the expected and 
observed actinide sesquioxide behaviors based on radii. The X, H phases as such have 
not been reported for the actinide sesquioxides and there is a discrepancy with the 
melting points; the latter is discussed below. 

From fig. 19, it would be expected that plutonium sesquioxide would form both a 
cubic and a hexagonal phase, and that curium and berkelium sesquioxides would both 
form cubic, monoclinic, and hexagonal phases. This is what is found experimentally. 
For americium sesquioxide, a cubic and a hexagonal phase would be expected, with a 
slight possibility that a monoclinic phase would also form. There has been some 
disagreement whether or not a pure Am monoclinic sesquioxide phase exists; there is a 
good probability that it does not. For californium and einsteinium sesquioxides, fig. 19 
would predict the existence of a cubic and monoclinic phase for each; experimentally, 
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both structure types as well as a hexagonal form (A type) are known for each of these 
elements. Whether the hexagonal boundary line "bends over" for the actinides or 
whether the californium and einsteinium sesquioxide hexagonal phases may even 
represent an actinide "H" phase is not clear. With einsteinium sesquioxide, both the 
hexagonal and monoclinic phases were observed as self-irradiation-induced phases in 
the initial cubic form of the oxide. A temperature phase diagram for the first six 
transplutonium sesquioxides is given in fig. 20. (Baybarz and Haire 1976), which can be 
compared to predictions based on radii that are shown in fig. 19. 
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There is a significant difference in both the value of melting points and their trend 
with Z for the lanthanide and actinide oxides. From the data in fig. 21 it can be seen that 
there is a uniform increase in the melting points of the lanthanide sesquioxides, except 
for a slight cusp at gadolinium sesquioxide (half-filled 4f shell). For the actinide 
sesquioxides, there is also an increase in the melting points from Pu to Cm (half-filled 5f 
shell); there appears an unexpected, sharp decrease for the subsequent actinide 
sesquioxides. There have been some questions raised as to whether or not the melting 
points for berkelium and californium sesquioxides are correct, due to the microscale 
method that was required to obtain these points (Schulz 1976). However, the same 
technique has given comparable melting points for curium sesquioxide to those 
determined by a more conventional method (Chikalla et al. 1971). These are the only 
values available for berkelium and californium sesquioxides; additional studies of the 
melting points have not been carried out since these values were reported many years 
ago. A value for the melting point of einsteinium sesquioxide has not been reported. 

The melting points of the lanthanide and actinide dioxides are also given in fig. 21. 
For the lanthanides, the only dioxide sufficiently stable to permit a measurement of its 
melting point is CeO 2. The stability of the transplutonium dioxides also limits 
obtaining melting points for their dioxides, except for the possible case of BkO 2, for 
which a value has not been reported. The downward trend observed in fig. 21 for the 
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melting points of the actinide dioxides with increasing atomic number reflects the 
decreasing stability of the tetravalent oxidation state across the series. 

A summary and a comparison of the different phases of the lanthanide and actinide 
sesquioxides is given in fig. 22 taken from Baybarz and Haire (1976), where the 
molecular volumes of the hexagonal, monoclinic and cubic forms are plotted. There is a 
considerable densification in going from the cubic (six coordinated) to the monoclinic 
(six and seven coordinated) and finally to the hexagonal (seven coordinated) forms of 
these oxides. It is evident that the monoclinic form has been observed at a larger 
molecular volume in the lanthanide sesquioxide series than in the actinide sesquioxide 
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series, which suggests that a monoclinic form of plutonium sesquioxide should exist. 
The latter has not been reported; its absence may be due to oxygen stoiehiometry, as 
plutonium sesquioxide has a propensity for the uptake of oxygen to form higher oxides. 

Another observation that can be made from fig. 22 is that the hexagonal structure 
appears to persist to a smaller molecular volume in the actinide series than in the 
lanthanide series (e.g., curium sesquioxide should be the highest member to form a 
hexagonal phase based on the lanthanide radius relationship). The hexagonal form of 
californium sesquioxide has a very narrow phase field and it is very difficult experi- 
mentally to retain this structural form of the sesquioxide at room temperature (e.g., to 
"quench-in" this form). This latter factor may have some bearing on this volume 
discrepancy (e.g., the volumes may be affected by the preparation). Finally, the volume 
data for the cubic forms of both series, the hexagonal forms of the actinides and the 
monoclinic forms of the lanthanides, all show a cusp at elements with half-filled shells. 

The behavior and the structural details for the so-called intermediate oxides 
(1.5 < O/M < 2.0) are not as well established for the actinides as they have been for the 
lanthanides. Given the range of the above O/M ratios, the five actinides which qualify 
as potentially being able to exhibit such intermediate oxides are Pu through Cf. This 
limitation arises as Ac and the transcalifornium elements do not have known dioxides, 
and the first actinide sesquioxide appears at the position of Pu in the series. 

In some cases, the behaviors of different intermediate oxides of the lanthanides have 
been used to assess the limited data available for such actinide oxides, and to assign 
phases to the actinide oxides. In general, these intermediate oxides can be viewed as 
oxygen-deficient fluorite structure (see section 1). A simplistic model for the actinide 
intermediate oxide phases would be the following: (a)a stoichiometric cubic sesqui- 
oxide (O/M = 1.50); (b) a cubic sesquioxide with some of the vacancies occupied by 
oxygen (O/M = 1.5-1.7) and showing variable lattice parameters; (c)an oxide phase 
corresponding to the R,O2,_ 2 homologous series (rhombohedral, narrow 
stoichiometry range; e.g., Cf7012); (d) a fcc substoichiometric dioxide (O/M = 1.8-2.0) 
phase with variable and larger parameters than the stoichiometric dioxide; and (e) the 
stoichiometric dioxide (O/M = 2.00). 

Although a rhombohedral intermediate oxide phase has only been verified for Cm 
and Cf, in principle it may also exist for Pu, Am and Bk. Of these three, the plutonium 
oxygen system has been the most extensively studied and a rhombohedral intermediate 
oxide (e.g., Pu7012 ) has not been reported. The stability of the dioxide of these three 
actinides may be contributing to the inability to obtain this particular intermediate 
phase (e.g., they are too easily oxidized to the dioxide). A study of the lanthanide 
systems (see section 1) provides a complete picture of the complexities that these 
intermediate oxide systems can exhibit. Whether or not these actinide oxide systems are 
more closely comparable to the lanthanide systems requires more extensive studies. 

In fig. 23 plots are shown of the lattice parameters for the cubic sesquioxides and 
mononitrides of the lanthanides and actinides, and the atomic volumes for the metals of 
both series (Haire and Gibson 1992). The purpose of these plots is to point out that 
relationships (such as bonding, volumes of electronic homologs, etc.) between these 
series change considerably with the material being considered; i.e., the bonding 
involved in the oxides differs from that in the nitrides, which also varies from that in the 
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metals. As discussed earlier in connection with the sesquioxides, the actinide oxide 
parameters correspond to lanthanide oxide parameters about two elements earlier in 
the lanthanide series; with the transplutonium nitrides, the parameters of electronic 
homologs of each series are essentially the same. For uranium, neptunium and 
plutonium nitrides, one encounters a special case where there is additional bonding as 
compared to the transplutonium nitrides; this leads to much smaller parameters than 
expected for these lighter actinide nitrides. With the metals, the volumes of the actinides 
are all essentially smaller than their lanthanide homologs; it can be observed that the 
volumes of Am and Cm metals correspond most closely to those for Tm or Lu. Thus, 
there is a wide variation in the nature of the bonding between these three lanthanide 
and actinide materials; it is expected that the oxides are the most ionic. 

3.2. Thermodynamic and high-temperature behavior 

A review of the thermodynamic properties of the actinides and selected comparative 
data for the lanthanides have been given (Morss 1986). One experimental approach 
that has been frequently used for obtaining enthalpies of formation of the oxides has 
been through solution calorimetry, and many data have been acquired for the actinide 
oxides through Cf in the series. Elements with a higher Z than Cf are not amenable to 
this technique. 

A cycle for yielding the enthalpy of solution of the lanthanide and actinide sesqui- 
oxides has been used and is described by Morss. A graphical approach (see fig. 24) has 
been devised using data for the different crystal forms of the lanthanide and actinide 
sesquioxides, which is useful for predictive purposes. The enthalpies of formation and 
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solution for the different lanthanide and actinide sesquioxides are also given in table 31 
taken from Morss (1986). From the data in fig. 24 it can be concluded that the actinide 
sesquioxides are slightly more stable than their respective, and structurally similar, 
lanthanide counterparts. 

All of the actinides from Th through Cf form dioxides, whereas only three lantha- 
nides, Ce, Pr and Tb, form dioxides. A correlation similar to that developed for the 
sesquioxides (using their enthalpy of solution and molar volume) has been devised from 
data for the dioxides (Morss 1986, Morss and Fuger 1981, Fuger 1982). This relation- 
ship provides both correlative and predictive capabilities, similar to that provided in 
fig. 24. One noted difference is that, for the dioxides, there does not appear to be a shift 
in the enthalpies for the elements in the two series, as is seen for the sesquioxides. The 
enthalpies of formation and solution for the dioxides are listed in table 31. 

In terms of both the amount of data and the degree of understanding, the vapori- 
zation/decomposition behaviors of the lanthanide series are far better established than 
those of the actinide series, except for Th, U and Pu. Just as for the situation with 
intermediate oxide behavior, the high-temperature vaporization behavior of the 
actinides is often interpretated on the basis of the behaviors known for the lanthanide 
oxides. A comprehensive review of the lanthanide oxides has been given (Chandra- 
sekharaiah and Gingerich 1989; see section 1). Since the only lanthanide dioxide that is 
sufficiently stable at temperatures where vaporization is encountered is CeO2, a 
comparison between such high-temperature behavior for lanthanide and actinide 
oxides is essentially limited to that of the sesquioxides. With CeO2, one finds that CeO 
and CeO 2 are the main vapor species encountered in vaporization studies, as is 
observed with the actinide dioxides (see section 2). 
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TABLE 31 
Enthalpies of formation and solution of lanthanide and actinide oxides. 

491 

Lanthanide AH°o,. AHf ° Actinide AH~o,.° AH o 
oxide (kJ mol- 1), (kJ mol- 1), oxide (kJ mol- a), (kJ mol- 1), 

La20 3 -482  + _ 1794 + Ac20 3 ( -  1256) + ( -  1756) + 
Ce/O a -462  + - 1796 + Th no sesquioxide - - 
Pr20 3 --446 + -- 1828 + Pa no sesquioxide - - 
NdzO 3 - 442 + - 1808 + U20 3 ( -  379) + ( -  1456) + 
Pm20 3 ( -  420) ( -  1813) Np20 a ( -  389) + ( -  1552) + 
Sm203 - 423 - 1828 Pu20 a ( -  385) + ( -  1656) + 
EU203 - -4 12  - 1663 Am20 a - 1233 - 1690 + 
Gd203 - 410 - 1827 Cm20 a - 1230 - 1682 
Tb20 3 - 388 - 1865 Bk203  - 1202 ( -  1694) 
DY203 -- 386 - 1863 Cf20 3 ( -  1154) - 1653 
HO203 -- 390 - 1881 ES203 (-- 1192) (-- 1696) 
Er20 a -- 378 -- 1898 Fm20 a ( -  1184) ( -  1694) 
Tm20 a -- 380 - 1889 Md20 3 ( -  1020) ( -  1534) 
Yb20 a - 392 - 1815 No203 ( -  740) ( -  1260) 
L u 2 0 3  -- 384 -- 1878 Lr20 a ( -  1246) ( -  1766) 
CeO 2 - 63 - 1089 ThO 2 - 115 - 1226 
PrO 2 - 62 - 958 PaO 2 ( -  851) ( -  1109) 

U O  2 - -  78 - 1085 
NpO 2 - 54 - 1074 
PuO 2 - 52 - 1056 
AmO 2 ( -  46) - 932 
CmO 2 ( -41)  - 911 

TbO 2 - 43 - 972 BkO 2 ( -  36) ( -  1021) 
CfO 2 (-- 27) (-- 858) 
EsO 2 ( -  20) ( -  763) 

* cubic form of oxide 
+ hexagonal form of oxide 
() estimated/calculated values 

W i t h  the  l a n t h a n i d e  se squ iox ides ,  the  h i g h - t e m p e r a t u r e  v a p o r  species  e n c o u n t e r e d  

a b o v e  the  m o l t e n  o r  so l id  ox ides  r a n g e  f r o m  R, R O ,  R 2 0  a n d  R 2 0  2. T h e r m o d y n a m i c  

p r o p e r t i e s  o f  t he  l a n t h a n i d e  ox ides  h a v e  b e e n  g iven  in  s ec t i o n  1 a n d  a re  t h e r e f o r e  on ly  

r e v i e w e d  br ief ly  in th is  s ec t ion  fo r  ease  o f  c o m p a r i s o n .  

T h e r e  a p p e a r s  to  be  t w o  p r i m a r y  v a p o r i z a t i o n / d e c o m p o s i t i o n  m o d e s  fo r  t he  l a n t h a -  

n ide  s e squ iox ide s ,  w h i c h  i nvo lve  e i t he r  t he  e v o l u t i o n  o f  R O  a n d  oxygen ,  R a n d  oxygen ,  

o r  b o t h  m e t a l  b e a r i n g  v a p o r  spec ies  as s h o w n  be low:  

R203(S  ) ~ 2 RO(g)  + O(g) ( l ighter  m e m b e r s )  

R2Oa( s  ) , 2 R ( g ) +  3 0 ( g )  (heav ie r  m e m b e r s )  

In  p rac t i ce ,  the  v a p o r i z a t i o n  p r o c e s s  o f t en  invo lves  b o t h  r eac t ions ,  as  well  as  a d d i t i o n a l  

m i n o r  r e a c t i o n s  t h a t  g e n e r a t e  o t h e r  species .  

C o n c e n t r a t i n g  o n l y  o n  t h e s e  m a i n  r eac t i ons ,  for  ox ides  w h e r e  b o t h  p r o c e s s e s  are  

o c c u r r i n g  as  c o m p e t i t i v e  r eac t i ons ,  it  is p o s s i b l e  to  ca l cu la t e  r a t i o s  o f  t he  t w o  
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TABLE 32 
Vapor species over selected lanthanide sesquioxides (species 

formed at 2000 K) (Parrish 1961). 

P(atm x 10 9) 

Ln203 Ln LnO Ln +/LnO + 

Pr < 10 100 0.1 
Nd < 5 50 < 0.1 
Sm 3 3 1 
Eu 70 9 8 

metal-bearing vapor species that are generated. Some ratios (Parrish 1961) for selected 
lanthanides sesquioxides are given in table 32. 

The major controlling factor in determining which vaporization/decomposition 
process occurs is the dissociation energy of the particular element's gaseous monoxide. 
The dissociation energies of these monoxides are known to vary irregularly across the 
lanthanide series and the monoxides tend to be the vapor products observed for the 
monoxides that have large dissociation energies. In general, the monoxide dissociation 
energies tend to decrease: (a) in progressing across the lanthanide series (greater 
f-electron occupancy); and (b) with a larger promotion energy for divalent-trivalent 
metallic states (promotion of an f electron to the conduction band; e.g., fns2 ~ fn- 1 ds2). 

It might be expected that lanthanides which exhibit divalent states, like Eu and Yb, 
would be most likely to have their sesquioxides vaporize via the generation of 
monoxide vapor species. Instead these sesquioxides tend to form atomic vapor (e.g., R) 
species and oxygen due to the greater stability of R versus RO. Thus, for the 
sesquioxides of actinides with a greater tendency towards divalency or that are divalent 
metals (e.g., Cf, Es and Fm), the more likely it is that the vaporization mode of their 
sesquioxides is via generation of elemental vapor plus oxygen. 

The first actinide sesquioxide encountered is plutonium sesquioxide (if actinium 
sesquioxide is excluded; vaporization data for it are not available) and Cfis the highest 
sesquioxide in the actinide series for which vaporization/decomposition data have been 
reported (Haire and Gibson 1992). Thus a comparison between the vaporization 
behaviors of the sesquioxides of the two f series can be made only between the 
lanthanides and the first six transneptunium oxides (Haire 1994). 

In the case of plutonium sesquioxide, its vaporization has been reported to proceed 
mainly by the generation of PuO rather than via metal vapor (Ackermann et al. 
1966a, b, Mulford and Lamar 1960). A limited amount of information has been 
published for americium sesquioxide (Ackermann et al. 1966a, b), although some 
unpublished data also exist for it (Kleinschmidt 1992, Haire 1992a). The vaporization 
mode for americium sesquioxide appears to be via the generation of atomic Am vapor 
and oxygen. In the case of curium sesquioxide, the actual vapor species have not been 
determined directly but rather from thermodynamic considerations (Smith and 
Peterson 1970) of high-temperature data for curium sesquioxide. From these data, it 
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has been reported that curium sesquioxide vaporizes via generation of CmO and 
oxygen. With californium sesquioxide, the mechanism has been reported to involve the 
production of Cf vapor and oxygen rather than CfO (Haire and Gibson 1992). From 
preliminary data for einsteinium sesquioxide, its vaporization/decomposition behavior 
is similar to that of californium sesquioxide. Preliminary data for berkelium sesqui- 
oxide indicate a mixture of atomic berkelium and berkelium monoxide vapor (Haire 
1994). 

The vaporization/decomposition behavior of these actinide sesquioxides :is in accord 
with the tendencies expected using the behavior of the lanthanide sesquioxides in 
conjunction with properties of the actinide sesquioxides (e.g., dissociation energies of 
monoxides, metallic valence, promotion energies, etc.). In fig. 25 are given known 
dissociation energies of RO for the lanthanides (Chandrasekharaiah and Gingerich 
1989) and for some the actinides (Ackermann and Chandrasekharaiah 1974). The 
values shown for californium and monoxides (Haire 1992a, b) is preliminary but demon- 
strates the expected trend of decreasing dissociation energies for higher actinides 
up to Lr. The dissociation energy for lawrencium monoxide would be expected to 
be larger and be similar in magnitude to that for lutetium monoxide. 

The value for the dissociation energy of americium monoxide that is plotted appears 
to be too large and it is likely that the actual value may be smaller. From this plot it 
would be expected that the F m - N o  sesquioxides would vaporize/decompose via 
atomic-metal vapor and oxygen. It appears that actinide monoxides having dissocia- 
tion energies above 700 kJ mol- 1 vaporize mainly via evolution of their monoxides 
while those having lower dissociation energies tend to favor vaporization via evolution 
of metal vapor and oxygen. 

Another interesting correlation exists between the enthalpy of formation of the 
sesquioxides and the enthalpy of formation of the trivalent aquo ions, as shown in 
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tion of the trivalent aquo ion. 

fig. 26. As discussed above, the enthalpy of formation of the sesquioxide can be derived 
from the enthalpy of solution data for the oxides, or it can be calculated from the 
high-temperature decomposition of the oxides. The data shown are from the plot of 
Morss (1986) plus the Cf and Es values derived from high-temperature vaporizations 
(Haire and Gibson 1992, Haire 1994). Such a plot has use for actinides where high- 
temperature values can be obtained but where it may not be possible to determine their 
heat of solutions experimentally. The points shown for U, Np and Bk are calculated 
values, as the sesquioxides of U and Np are not known and experimental data are not 
available for berkelium sesquioxide. 

3.3. Comparison of magnetic behavior 

A complete comparison of the magnetic properties and behavior (e.g., magnetic 
structure, transitions, etc.) of the lanthanide and actinide oxides is beyond the scope of 
this chapter. Some information on these topics is given in sections 1 and 2 of the 
chapter. The main aspect addressed here is the general scope of the magnetic suscep- 
tibilities and the agreement of the magnetic moments with the so-called free-ion 
concept; i.e., the applicability of L-S coupling and Hund's rule for the f-element oxides. 
These concepts have been useful for the 4f elements for some time but only more 
recently have they been demonstrated for the more spatially extended electrons of the 5f 
series (Edelstein and Goffart 1986, Huray et al. 1983a, Huray and Nave 1987). 

For the comparisons of the magnetic moments for the 4f- and 5f-element oxides, one 
is basically limited to comparing data for their sesquioxides and dioxides. Further, for 
the actinide series, the last member for which any information has been reported is Es. 
The 4f and 5f elements in well-defined ionic configurations have experimentally 
determined paramagnetic moments that are in reasonable agreement with theoretical 
moments that have been derived, based on the following assumptions. These are: 
(1) only highly localized felectrons contribute to the moments; and (2) the ground state 
is defined by Hund's rule and L-S or intermediate coupling. It is therefore of interest to 
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compare experimentally determined paramagnetic moments of the actinide oxides 
with the moments of the lanthanide oxides, as well as with the general pattern of 
moments for other ionic lanthanide materials. 

A simplistic picture of the situation is to have a relationship between the effective 
moments of the f-element materials with the probable ion configuration. In this 
situation, localized f electrons in the metal would have the same moment as localized 
f electrons in a compound. The moment would depend on the number of such localized 
electrons regardless of the particular f-element's chemical form. Thus, the number of 
localized f electrons in Gd metal is s e v e n  (4f 7 with three electrons in ad s  2 conduction 
band), as it is in Cm metal (5f 7 configuration); there are also seven localized f electrons 
in both gadolinium and curium sesquioxides. Further, terbium and berkelium dioxides 
have seven localized f electrons. All six materials should have the same moment based 
on seven, unpaired "free-ion" electrons. 

In fig. 27 plots are shown of some calculated effective moments based on probable 
electronic configurations of the lanthanides (L-S coupling and Hund's rule) (Huray 
et al. 1983a, Huray and Nave 1987). A perturbation may arise due to low-lying excited 
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states populated from thermal excitation (see dashed line). The experimental moments 
for some selected lanthanide and actinide materials in addition to moments for their 
oxides are also placed in this figure. In general, it can be seen that the lanthanide and 
actinide oxides give reasonably similar magnetic behavior with regard to their mo- 
ments. Such a plot provides a summary of the magnetic moments for the two series of 
oxides. 

A few additional comments concerning fig. 27 are worthwhile. The lighter actinide 
metals with nonlocalized f electrons display essentially zero moments. For thorium 
dioxide, a zero moment is also expected on the basis of the absence of f electrons. The 
situation with the dioxides of U and Pu is somewhat complex; e.g., experimental data 
for plutonium dioxide tend to support the electronic configuration expected for it but 
there is evidence that the 6d levels of this oxide may also be partially occupied. 
However, the halides of Pa, U and Np give reasonable agreement with the expected 
magnetic moments for the particular materials. Thus, the comparison of the magnetic 
moments of actinide oxides for a particular oxidation state seems to be best applied in 
the case of the transplutonium oxides. Table 33 (Huray and Nave 1987) provides a 
good summary of magnetic data for the transplutonium oxides. 

3.4. Concluding comments 

From the above discussions it should be clear that the lanthanides and the actinides 
series are not "mirror images". The elements of neither series reflect perfectly a series 

TABLE 33 
Comparat ive  magnetic properties of lanthanide and actinide oxides. 

Electronic G r o u n d  Saturated Rare- Experimental  Actinide Experimental  
configuration term moment  earth moments  (III) moment  

(I.C.) a (III) ion (#B) oxide (PB) 

fo 1S o 0 La 0 Ac203 - 
fl 2F5/z 2.14 Ce (2.56) - - 
f2 aH 4 3.24 Pr  3.55 - - 
f3 419/2 3.42 Nd  3.66 - - 
f4 sI 4 2.59 P m  (2.83) - - 
f5 6H5/2 1.04 Sm 1.54 P u 2 0  a 1.0 
f6 7F o 0 Eu 3.51 b A m 2 0  3 0 
f7 8S7/2 6.7 G d  7.90 C m 2 0  3 7.5 7.9 
fs 7F 6 9.0 Tb 9.63 Bk203 9.0 
f9 6H15/2 10.0 Dy 10.5 Cf20  3 9.8 
flo 5I 8 10.0 Ho  10.5 Es203 10.5 
fl 1 4115/2 9.0 Er 9.5 F m 2 0  3 - 
f12 3H 6 7.0 Tm 7.39 Md203  
fl 3 2F7/2 4.0 Yb 4.34 No203  - 
fl4 1S o 0 Lu 0 L r20  3 

a I.C. = intermediate coupling 
b Low-lying excited state alters momen t  
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that regularly adds a localized f electron when progressing to higher atomic numbers. 
The lanthanide series approximate this situation the closest; these elements and their 
compounds display very similar chemical behaviors, especially in the case of their 
oxides. The sesquioxide is the dominant oxide form for the lanthanide elements. Three 
different lanthanides form a dioxide, although CeO 2 is the only dioxide that readily 
forms in air atmospheres; PrO 2 and TbO 2 require special preparative conditions. It 
appears that EuO is the only divalent oxide (conflicting reports exist for YbO) that can 
be formed without special (e.g., high-pressure) preparative conditions. 

The actinide series deviates the most from a regular filling of f orbitals, and the 
itinerant f electrons found in the early members give rise to a unique chemistry, which 
often is quite different from the chemistry observed for the lanthanides or the 
transplutonium elements. The early actinides generally exhibit higher oxidation states 
and more complex oxide behavior. It is only following plutonium in the series that the 
actinide oxides become more similar to the lanthanide oxides, in terms of oxidation 
states and structures. Even with the transplutonium elements, the prevalence of 
dioxides for the next four elements (Am Cf) emphasizes a difference in behavior as 
compared to that for the lanthanides. The formation of curium dioxide, which destroys 
a half-filled f orbital, is especially striking in this regard. The sesquioxides of these 
transplutonium elements are more lanthanide-like and the sesquioxides ,of the two 
series share many crystal structures, exhibit similar phase behaviors, and display 
similar vaporization processes. 

It is not feasible to consider conventional-type studies (structure, vaporization 
behavior, etc.) for the transeinsteinium oxides, given their scarcity and short lifetimes. 
Presumably their oxide chemistry would be very similar to that of the lanthanide 
oxides, especially for the trivalent oxidation state. However, there is an increased 
tendency for actinides in the second half of the series toward divalency. This suggests 
that the monoxides of the higher actinides (e.g., transeinsteinium elements) could be 
potentially more stable, perhaps approaching the stability of Eu monoxide. With No 
(element 102; homolog of Yb), the monoxide could be its most stable oxide. 

Finally, the lanthanide oxides have been studied more thoroughly than the trans- 
plutonium oxides and it is possible that future studies of the latter oxides will determine 
further similarities between the chemistry and the physics of the oxides of these two 
series. One case may be the so-called intermediate oxides (e.g., oxides with O/M ratios 
between 1.5 and 2.0). It will require many careful studies in future years to elucidate the 
behavior of the actinide oxides to the present level of knowledge that is available for the 
intermediate oxides of. the lanthanides. 
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1. lntroduction 

The powerful proton acidity produced by the combination of strong Lewis acids and 
anhydrous hydrogen fluoride or fluorosulfuric acid (media generally referred to as 
ù superacids") have been known for more than thirty years (Olah et al. 1985, Gillespie 
and Peel 1973). Because of their extreme acidity, superacids such as HF/SbF 5 or 
HSO3F/SbF 5 (also known as magic acid) have been used by inorganic and organic 
chemists to stabilize such electrophilic species as carbocations and polyhalogen or 
polychalcogen cations (e.g., I ~) in solution. One of the major advantages of the use of 
superacids as solvents in the characterization of unusual species- inorganic and 
organic- is the unprecedented solubility of common and unusual moieties in this 
media, making appreciable concentrations readily available for spectroscopic study. In 
actinide and lanthanide chemistry, these superacids dissolve more different com- 
pounds, more rapidly, and to a higher final metal concentration, than any other known 
solvent. Of the lanthanide and mid-actinide compounds studied, only the tetrafluorides 
of thorium, uranium, neptunium, and plutonium lack any appreciable solubility (i.e., 
greater than 10-2M) in these solvents. While refractory compounds such as di- 
oxides - which are highly soluble in superacids - lose oxygen from the actinide coor- 
dination shell, uranyl compounds (and presumably neptunyl and plutonyl compounds) 
retain the UO 2+ configuration. A second feature of superacids is their strongly 
electrophilic nature, thereby rendering most metals and many nonmetals soluble as 
cationic species, typically with a fluorosulfate, hexafluoroantimonate, or poly- 
fluoroantimonate anion. The property of superacids which stabilizes strong elec- 
trophiles also allows unprecedented observation and study of unusual oxidation states. 
Spectral characterization of such compounds, usually by UV-visible (and occasionally 
near-IR) spectroscopy, displays features of the superacid solvent coordination which 
are distinct from those observed in either aqueous acids or bases or molten salts. 
Typically these are manifested as substantial shifts in the position of d-f or d-d 
transitions of the order of 100-1000 cm-1 relative to those in aqueous media. Lantha- 
nide spectra are unusual in this respect, since electronic spectra of the rare earths 
obtained in superacids, aqueous acids and in crystalline LaF3 are nearly identical in 
peak position and relative magnitude of absorbances, indicating very similar coordina- 
tion and electronic structure. This chapter reviews the reported chemistry of the 
lanthanides as well as thorium, uranium, neptunium, plutonium, and americium in 
these strongly acidic media. 

2. Discussion 

2.1. Lanthanides 

Although lanthanides are well-characterized in the solid state in divalent (e.g., Sm, 
Eu, Tm, and Yb) and tetravalent (e.g., Ce, Tb, Pr, and less commonly Nd and Dy) 
oxidation st~ttes, the "normal" oxidation state of these elements in aqueous solution is 
the trivalent. While the rare earths are similar in their redox behavior to the late 
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Fig. 1. UV-visible spectra of Nd(III) in (A) 5 M 
HF/SbF 5 ; and (B) 1 M HC10 4. Reprinted with 
permission from (O'Donnell  1992) as on p. 29. 

actinides (Cm-Lr), they are vastly different from the mid-actinides Th Am which 
exhibit stable valences of III to VII in aqueous media. As an additional contrast to the 
actinides, the electronic spectra of the lanthanides are relatively insensitive to media 
(i.e., aqueous versus nonaqueous or doped into crystalline LaF3) or to anion (e.g., CI-, 
C104, or SbF6). This is illustrated for the case of neodymium(III) in HF/SbF 5 and 
aqueous (1 M) perchloric acid, shown in fig. 1 (O'Donnel11992). As is shown in table 1 
by the values of the peak positions and intensities of Nd(III) in aqueous and superacid 
media, as weU as NdF 3 doped into LaF3, peak positions vary by less than 5 nm indi- 
cating a similarity in the ionic/covalent nature of the lanthanide ion as well as the co- 
ordination sphere surrounding the ion. For comparison, uranium and neptunium differ 

TABLE 1 
MNor  peak positions o fneodymium(I I l )  in va r iousmedia (O 'Donne l l  1992). 

Anhydrous  HF/  5 M SbF 5 H 2 0 - 1  M HC104 LaF a 
2 (nm) E (cm-  1) 2 (nm) E (cm - 1) 2 (nm) E (cm - 1) 

861 11 600 862 11 600 865 11 560 
791 12460 793 12 610 794 12 590 
735 13 610 736 13 590 740 13 510 
572 17 500 575 17 390 575 17 390 
519 19 270 520 19 230 522 19 160 
507 19 720 510 19 610 512 19 530 
351 28490 354 28 250 
344 29070 345 29000 
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by as much as 20 nm, still far less than the shifts of 25 to 150 nm (depending on band 
positions) observed for typical d-transition metals in anhydrous HF or aqueous acid. 

Structural characterization (X-ray crystallography) of the aqueous lanthanide com- 
pounds Nd(BrO3)3.9H20 and La(OSO3C2H»)3.9H20 reveals nine-fold coordinated 
(tricapped trigonal prismatic) aquo ions (Albertson and Elding 1977, Sikka 1969, 
Fitzwater and Rundle 1959, Hubbard et al. 1974, Broach et al. 1979). Studies of 
lanthanide coordination in solution, including X-ray diffraction studies of concen- 
trated aqueous Ln a ÷ solutions (Smith and Wertz 1975, 1977, Habenschuss and Sped- 
ding 1979a, b, 1980), are not entirely conclusive with respect to the coordination 
number of the ion, but suggest that at least in dilute solutions the coordination number 
is at least eight and probably nine in the early members of the series and decreases along 
the series to eight as the ionic radius decreases through lanthanide contraction. Given 
the established nine-fold coordination of trivalent Nd in the solid state, and the 
likelihood of nine-coordinate Nd 3+ existing in solution, it is entirely possible that 
superacid solutions also exist in high coordination numbers such as eight or nine. The 
nearly identical electronic spectra observed for Nd 3+ irrespective of matrix (i.e., 
superacids, aqueous acid, and doped into lanthanum fiuoride) either supports such a 
hypothesis or suggests that the electronic spectra oflanthanides are not only insensitive 
to the coordinated species but also to the coordination number as weil, a conjecture 
unsupported by data. 

With the exception of cerium, which is easily oxidized to the tetravalent state, 
lanthanides invariably occur as trivalent species in aqueous media. Lanthanide(III) 
cations were generated in HF for spectroscopic investigation by treating solid LnF 3 
with HF and the weak Lewis acid BF a (Barraclough et al. 1977). Sm 2÷, Eu 2÷, and 
Yb 2 ÷ have been characterized spectroscopically by treating the metals with anhydrous 
HF (Barraclough et al. 1991). Gilbert and co-workers (1978) produced stable solutions 
of Eu(II), Yb(II), and Sm(II) in molten salts by voltammetric reduction of the three 

]anthanides in oxidation state(III) in acidic chloroaluminates (A1C13 : NaCI, 60 : 40 at 
175°C). Members of this same group reported spectroscopic and electrochemical 
behavior of Yb(III)-Yb(II) and Sm(III)-Sm(II) (Schoebrechts et al. 1983a) and of 
Eu(III)-Eu(II) and Tm(III)-Tm(II) (Schoebrechts et al. 1983b) in acidic room témpera- 
ture melts (A1C13 : 1-n-butylpyridinium chloride, > 60 : < 40). 

2.2. Actinide metals 

While actinide metals are easily soluble in some mineral acids such as HC1 ard  
HC104, they are typically found in solution in valences IV to VI. However, Baluka and 
co-workers first reported in 1981 that dissolution of U and Np metals in superacids 
produces initially trivalent actinides (Baluka et al. 1981). The UV-visible spectra of the 
U and Np solutions, shown in fig. 2, are characteristic of the trivalent actinides found in 
aqueous acidic or basic systems. Avens and colleagues (1988) have dissolved both Pu 
and Am metal and observed trivalent species by UV-visible spectroscopy. The stability 
of oxidation state (III) for U, Np and Pu is all the more striking especially in light of the 
lower stability of the series U (III)-Pu (III) relative to higher oxidation states; e.g., 
trivalent uranium (III) is able to reduce water under normal conditions. In addition to 
the unusually low oxidation state obtained, another feature of actinide dissolution in 
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Fig. 2. (a) UV-visible spectra of U(III) in HF/BF a 
and (b) Np(III) in HF/AsF s. Reprinted with per- 
mission from (O'Donnell 1992 b). 

superacids is the high concentration of actinides which are obtained. For example, 
0.155 g (0.916 mmol) of Np metal dissolves in 2.9 g of HF containing 2.35 g (7 mol~o) 
SbF» although complete dissolution at ambient temperature takes on the order of 
weeks. The final concentration of neptunium in solution after several days is in excess of 
0.3 M, a surprisingly large amount considering the usual concentrations obtained from 
mineral acid dissolution (typically less than 0.1 M). For comparison, this equates to 
over 70g Np/liter of solution. In the dissolution of neptunium metal, the only 
neptunium species observed in HF/SbF 5 was Np(III), which agrees well with Baluka's 
observation (Baluka et al. 1981). At the completion of the dissolution, evaporation of 
the solvent afforded a light-blue solid. In fact, the upper limits of actinide concentration 
in superacids is not known: solutions of U and Pu in HF/SbF 5 in excess of 0.5 M have 
been obtained. 

Although U, Np, Pu, and Am metals react easily to form solutions in superacids at 
ambient temperature, the same cannot be said for thorium metal. In fact, thorium metal 
incurred no weight change after either refluxing in magic acid for hours or standing in 
HF/SbF 5 for several months. This is consistent with observations that Th does not 
exist in fluoride media in oxidation states lower than (IV) and that the very high lattice 
energy of ThF 4 would binder dissolution eren in superacids. 

When actinide metals are oxidized as they dissolve in HF/BF» hydrogen gas is 
evolved (Baluka et al. 1981, Avens et al. 1988), while in HF/SbF» there is evidence that 
antimony metal (Tarnero 1967), SbF» hydrogen, or one of several SbF3/SbF » com- 
plexes - previously characterized by Gillespie and co-workers (Birchall et al. 1973) or 
Passmore and co-workers (Shantha Nandana et al. 1985, 1987) - may form. For 
instance, in the dissolution of Pu metal (see appendix) at different times evidence for all 
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of these products can be observed. The difference in observations may be a result of 
differences in the concentration of the Lewis acid in HF  and of the differing kinetics for 
various competing reactions. Thus, in superacid solutions containing high mol ratios of 
actinide to SbF» reduction of Sb ÷ 5 to Sb ÷ 3 and subsequently to Sb ° may be kinetically 
more labile than reduction of HF  to H 2, and therefore may occur more rapidly. 
Although it takes place more slowly, the subsequent reaction of Sb metal with HF  to 
form SbF 3 and liberate H 2 may nevertheless occur for thermodynamic reasons. 
Finally, the SbF 3 formed is sufficiently basic to form a complex with any Lewis acid 
remaining in the superacid. A variety of complexes formulated as nSbF3.mSbF » 
(n = 1, 2, 3, 6; m = 1, 3, 4, 5) have been identified structurally from reactions ofSbF 5 with 
Sb, SbF3, or various reducing agents by the groups referenced above. A possible overall 
sequence of reactions may be as follows: 

anhydrous HF 
+ 3  5An ° + 3SbF 5 ,5Anso~v" + 3Sb ° ~, (1) 

9 H 3Sb ° + 9HF ' 3SbF3 + ~ 2 T, (2) 
anhydrous HF 

SbF 3 -t- nSbF 5 » SbF3'  nSbF51. (3) 

2.3. Actinide halides 

Whereas U(III) has been shown to be stable indefinitely in weakly acidic HF  
(HF/BF3), its instability towards base-induced disproportionation has been strikingly 

300 850 4~o 5~o «~o 7~o 
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Nanometers 

Fig. 3. UV-visible spectrum of P u C I  3 in HF/SbF» 
(top) and HSO3F/SbF s (bottom). 
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demonstrated by O'Donnell (1987). Upon successive addition of the Lewis base NaF in 
HF to a solution of U(III) in superacid, UF 4 and either metallic uranium particles or - 
rarely - even a mirror of uranium metal precipitates. In our laboratories, when we 
treated a blue solution of Pu(III) - obtained from dissolution of metal in HF/SbF» 
with a solution of NaF  in anhydrous HF, only a lavender solid, indicative of Pu(III), 
precipitates (Avens and Abney 1988). We found no evidence for the formation of Pu 
metal or PuF 4 under such conditions. While this experiment has not been confirmed, 
this evidence supports the suggestion of O'Donnell (Barraclough et al. 1977, Baluka 
et al. 1981, Burns et al. 1981) that U(III) is far less stable (to disproportionation) than 
Pu(III) and presumably Np(III) due to the increasing f-element (i.e., lanthanide- 
like) character of the later actinides, and the corresponding decrease in d-element 
(transition-metaMike) character from U to Pu in higher valences. 

To confirm the identity of the Pu species from metal dissolution, Avens et al. (1988) 
dissolved PuC13 in both HSO3F/SbF » and HF/SbF 5. The resulting UV spectrum, 
shown in fig. 3, confirms that, indeed, Pu(III) results from the dissolution of metal. An 
additional feature ofthis experiment is that SbF 3 and complexes arising from oxidation 
of Pu metal are absent. 

2.4. Actinide( IV) oxides 

2.4.1. Uranium, neptunium and plutonium dioxide 
While Baluka et al. (1981) showed that the tetrafluorides of uranium, neptunium and 

plutonium are only sparingly soluble in HF/BF 3 (0.02 M in I-U]), even after extended 
periods of time, Avens et al. (1988) found that UO 2, NpO2, and PuO 2 are extremely 
soluble in both HF/SbF 5 and HF/AsF 5 mixtures. In routine actinide processing, 
dissolution of the highly refractory actinide dioxides to produce even low concentra- 
tions (0.1 M) requires cascade dissolution in refluxing concentrated HNO3/10 ~ HF for 
days. It is therefore surprising that even uranium dioxide fired at temperatures in excess 
of 1000°C for over 24 hours dissolves in a matter of hours at ambient temperature in 
HF/SbF» to final concentrations in excess of 0.5 M uranium. Apparently, the solubility 
of uranium, neptunium, and plutonium are affected not only by the oxidation state, but 
also by the coordination number of the actinide, and more importantly, by the 
availability of moieties such as oxygen in the solid to react with the solvent. It seems 
likely that the oxygen atoms bound to an actinide are far more susceptible than fluorine 
atoms to attack by either HF, H2F +, or SbF» leading to formation of the hydronium 
salt and fluorination of the uranium. Dissolution of the tetrafluorides, which have very 
large lattice energies, requires removal of U atoms as HF-solvated U(IV) cations. 
However, O atoms are successfully abstracted from the dioxides by protonation, 
forming O H - ,  H20,  and H 3 0  ÷ in turn. The latter is known to occur in HF/SbF 5 as the 
formal entity (H30+)(SbF6).  In either case, UF 2+ and SbF 6 ions are formed. The 
reaction for the dissolution o fUO 2 by HF/SbF» is very much more thermodynamically 
favorable than that for U F  4. 

The dissolution of actinide metal dioxides proceeds according to reaction 4 where 
the dissolution rate increases from Th to Pu. Based upon studies by O'Donnell (1992), it 
is highly likely that, at least for the case of uranium, a solvated fluoro-actinide cation, 
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such as (UF2 z+) (SbF6)2, is formed in highly acidic solution. Although spectral data 
strongly suggest that a cationic fluorocomplex also exists for Np and Pu, the lack of 
supporting data (i.e., structural data, results of electromigration experiments) renders 
the situation less clear for these elements. In addition, increasing similarities of the 
UV-visible spectra in superacids and in aqueous media (Baluka et al. 1981, Avens et al. 
1988) for these elements may indicate different cationic species than the fluorocation 
UF~ z÷ for these elements or, as has been suggested for the lanthanides (O'Donnell 
1992), a decreasing sensitivity of the metal to the nature of the coordinating ligand. As 
shown by several analytical techniques, the dissolution reaction also results in the 
formation of stable group 15 oxonium salts: 

AnO 2 + xs HF/SbF 5 ,AnF4.2SbFs~solv ) + 2(H30 +) (SbF6)(so=v) 

[An = Th, U, Np, Pu]. (4) 

Both solution and solid-state vibrational spectroscopy have been employed to 
characterize the reaction shown above. In addition, X-ray powder diffraction of the 
recovered solids from the uranium experiment shows the presence of both (H30 +) 
(SbF6) and UF4.2SbF 5. Raman spectroscopy of the solid mixture after vacuum 
removal of the solvent features bands at 667, 561, and 295 cm-  1 due to the vl, v 2, and v 5 
stretching and bending modes of SbF 6, respectively. The infrared spectrum of the solid 
also shows a broad band at 3058 cm-  1 (v3) and a sharp band at 1623 cm-  1 (v4) due to 
the (H3 O+) moiety. Little difference between the spectra reported for pure (H3 O+) 
(SbF6) (Christe et al. 1984) and our heterogeneous mixtures was observed. Therefore, 
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Fig. 4. UV-visible spectrum of UF 4 (top) and UO 2 
(bottom) in HF/SbF 5. 
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no An-F  stretching and bending modes, where An is Th, U, Np, or Pu, could be 
uniquely assigned since those modes must underlie the Sb-F modes and/or are weak 
scatterers. 

The UV-visible spectrum of the green solution resulting from UO 2 and UF 4 dis- 
solution, shown in fig. 4, displays bands characteristic of U(IV), and is similar to the 
spectrum obtained by others for UF« in HF/AsF» (Baluka et al. 1981). Removal of the 
HF/SbF» solvent under vacuum provided a mixture of green uranium substrate and 
colorless oxonium crystals. Analysis of the green material established the formula 
UF4.2SbF » which formally contains the UF22+ ion found by O'Donnel (1992) from 
dissolution of UF 4. 

Determination of the structure of the colorless crystals isolated from the dissolution 
ofUO 2 in HF/SbF 5 by X-ray diffraction has revealed the material to be (H30 +) (SbF 6) 
(Larson et al. 1991) providing further confirmation for reaction 4. Evidence for the 
oxonium salt, (H30 +) (SbF 6), as weil as other reaction products was also found in the 
X-ray powder diffraction pattern and was consistent with the results of the Raman, 
infrared and thermogravimetric (vide infra) investigations of the resulting residues. The 
reflection indices were identical to those of pure (HaO +) (SbF 6) reported by Christe 
et al. (1984). 

2.4.2. Americium dioxide 
Although the dissolution of AmO 2 in superacid is more rapid than even that of 

PuO2, the reaction does not, in contrast to the earlier actinides, lead to a solution of 
Am(IV). Instead, dissolution of AmO 2 in either HF/SbF 5 or HSO3F/SbF 5 results in 
reduction of the dioxide to a complex of Am(III) (Avens and Abney 1988). This is 
further evidence for the increasing f-element character of the later actinides, as well as 
the tendency of superacids to favor lower oxidation states. Reduction of Am(IV) to 
Am(III) in magic acid may be accompanied by formation of a volatile oxidation 
product such as 0 2 since no solid oxidation product was found. The presence of 
Am(III) in both HF/SbF 5 and HSO3F/SbF 5 was confirmed by comparison of the 
UV-visible spectrum, shown in fig. 5, with that of Am(III) in HC10 4 (Keenan 1959). 

2.5. Uranium (FI) oxides 

The chemistry of uranium trioxide and sesquioxide (U308) in superacids is charac- 
terized by incomplete fluorination rather than oxidation thus forming oxide fluoride- 
containing species such as solvated UO2F 2. This contrasts with the case of uranium 
dioxide which undergoes complete fluorination to form the fluorocation UF 2 ÷ in the 
compound UF4.2SbF » and uranium metal which undergoes oxidation to U(III). 
Thus, dissolution of higher uranium oxides and oxide fluorides provides yellow or 
green solutions indicative of uranium (VI) complexes. 

2.5.1. Uranium trioxide 
Dissolution of UO 3 in HF/SbF 5 is complete within minutes of adding the 

superacid, giving a yellow soluti~on. After removal of the solvent, weight gains of the 
solid suggest that six or more equivalents of SbF 5 may be associated with the complex 
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Fig. 5. UV-visible spectrum of Am(III) from AmO 2 
dissolution in 5~ S b F j H F  (top) and 25~ 
SbFs/HSO 3 F (bottom). 

in the form of either SbF6, Sb2F ~,  Sb3F~-6, or as lattice solvate. Direct evidence for 
UO~ + formation is found in the vibrational spectra of the solution, where the 
Raman-active symmetric UO22 + stretch is observed at 925 cm - 1 and the infrared-active 
asymmetric stretch is observed at 1013 cm 1. In addition, the UV-visible solution 
spectrum is identical to those observed for solutions of other uranyl compounds. 
Therefore we believe dissolution of UO 3 in HF/SbF 5 proceeds as follows: 

UO 3 q- 3HF + (3 + n)SbF s ,(UO22 +) (SbF6) 2 'nSbF s + (H30+)(SbF6) (5) 

2.5.2. Uranium sesquioxide (U308) 
Like the dioxide, U308 dissolves in HF/SbF 5 with stirring at ambient temperature 

in a matter of hours to give a blue-green solution. Inasmuch as U308 is a mixture of 
uranium(IV) and uranium(VI) oxides, it is not surprising that the UV-visible spectrum 
of this solution displays features characteristic of both uranium valences. UV-visible 
spectra of both UO 3 and U308 are shown in fig. 6. 

2.6. Reactions of An (IV) with An (VI) in superacid media 

As we have shown, the dissolution of UO 2 o r  U F  4 in HF/SbF s produces a 
blue-green solution typical of U(IV), whereas the dissolution of U(VI) species such 
as UOF  4 or UO2F 2 (vide infra) provides orange or yellow solutions characteristic 
of the U(VI) oxidation state. While redistribution reactions occur fairly rapidly 
for some U(VI) species, both UO 2+ and the U(IV) oxidation state are indefinitely 
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Fig. 6. UV-visible spectrum ofU308 (top) and UO 3 
(bottom) in HF/SbF». 

stable in superacid media. In fact, from the dissolution of uranium sesquioxide, 
U30 8, we can see that the two species coexist without reaction. Therefore, we 
found it extremely interesting that treatment of a superacid solution of U(IV) from 
UO 2 or UF,~ with UF 6 results in a conproportionation reaction, producing two 
equivalents of a blue U(V) species.The only other report of such a reaction of uranium 
was the observation of Bennett and Ferris (1974) of the conproportionation of UF 4 and 
U F  6 in molten salts. The existence of the U(V) oxidation state has been confirmed by 
UV-visible absorption spectroscopy shown in fig. 7, in comparison with the reported 
spectrum of UCI» in A1C13 (Gruen and McBeth 1968). Based on product weight gains, 
the final product of the reaction of U F  6 with U F  4 is UF»'2SbF» which has been 
previously characterized by Bougon and Charpin (1979), and Sawodny and Rediess 

.Q  

g 
J¢z 

3~o ~~o 5óo 6~o ~~o 8~o 
Nanometers 

Fig. 7. UV-visible spectrum of U(V) resulting from 
the reaction of UF 6 with UO 2 in HF/SbF 5. 
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(1980). The stability, and lack of oxidizing character of UO 2+ relative to U F  6 in 
solution may explain the difference in conproportionation of UF 2 + with UO2 z + and 
with U F  6. 

By contrast, treatment of a solution of Pu(IV) in H F/SbF» with PuF 6 res ulted only in 
a solution of Pu(IV). This result may be explained by another experiment in which 
PuF 6 spontaneously reduced in the strong-acid HF/SbF» to Pu(IV) and presumably 
fluorine gas. Nevertheless, additional studies are needed to further characterize these 
reactions as well as to explore whether the analogous reactions for Np occur. 

2.7. Uranium (VI) oxyfluorides 

2.7.1. Uranium oxide tetrafluoride 
The chemistry of uranium oxide tetrafluoride (UOF4) in superacids has been 

thoroughly studied by Holloway and co-workers (Bougon et al. 1978, 1979, Holloway 
et al. 1983). Due to the limited solubility of UOF 4 in HF or HF-based superacids, and 
also because such UOF4 solutions are unstable, undergoing redistribution reactions 
with time to form UO~ + and UF6, these compounds are best prepared by direct 
reaction o f U O F  4 and the Lewis acid in the absence of anhydrous HF. U O F  4 is known 
to form three discrete complexes with SbF» of the formula UOF4 .nSbF  » where 
n = 1-3 (Bougon et al. 1978). The intermediate product, UOF 4 • 2SbF» can also be 
prepared by vacuum decomposition of U O F  4" 3SbF» at 60-70°C. After vacuum 
removal of the reactants and solvent, the X-ray structure of the solid U O F  4" 2SbF 5 
adduct was determined, revealing a covalent structure of heptacoordinated (approxi- 
mately pentagonal bipyramidal) uranium bridged through the five equatorial fluorine 
atoms to two SbF» moieties, each in turn connected by fluorine bridges to adjacent 
uranium atoms. The remaining two atoms, one oxygen and one fluorine, bound axially 
to the uranium, are unbridged and indistinguishable in the structure. Not  surprisingly, 
there is no evidence for a contribution from an ionic U O F  + species, since such a 
species would probably be extremely electrophilic. Investigation of the UOF4/SbF 5 
system in solution by 19F NMR shows fluorine exchange between SbF 5 and UOF4, 
although no signals arising from ionic SbF 6 were observed (Bougon et al. 1979). This is 
supported by the solid phase and solution vibrational data where a shift of the U z O  
stretching frequency to higher wavenumbers occurred; however, no bands attributable 
to SbF 6 or Sb2F(1 were observed. Obviously, the uranium-oxygen bonds are 
weakened through delocalization of electrons to the coordinated SbF» but remain 
reasonably strong, since formation of U F  6 and UOzF z • nSbF» is slow. 

In weaker superacids, e.g., HF /TaF  s and H F / N b F »  only the 1:3 complex appears to 
be appreciably stable in the solid phase (Holloway et al. 1983). Upon varying the 
stoichiometry and reaction conditions to those suited for the preparation of 
U OF  4 - 2SbF» and UOF 4 .SbF»  only the 1:3 complexes, unreacted U O F  4, and UO 2 + 
species were obtained. Both complexes are insoluble in or react with common 19F 
NMR solvents, preventing satisfactory solution NMR studies. An interesting aspect of 
U O F  4 chemistry is that it does not form adducts with AsF», either alone or in 
anhydrous HF, even under conditions of prolonged exposure to elevated temperatures 
(40°C for 12hours) (Holloway et al. 1983). With BiF» in HF, only a 1:2 complex 
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(UOF4" 2BiF 5) is formed. After extended exposure to HF/BiF» the vibrational spectra 
o f U O F  4 • 2BiF 5 shows only a weak band due to the uranyl component (ca. 928 cm-  1), 
indicating a greater solvolytic stability than the NbF» or TaF5 adducts. 

Both the oxide tetrafluorides of neptunium (Drobyshevskii et al. 1975, Peacock and 
Edelstein 1976) and plutonium (Bums and O'Donnell 1977) are known, although their 
chemistry in superacid media has been explored only in a limited sense. It is interesting 
to note, however, that U O F  4 and NpOF 4 are stable in anhydrous HF (in the absence of 
Lewis acids), but PuOF 4 is observed to undergo redistribution in HF even in the 
absence of Lewis acids to give PuO2F 2 and PuF 6. 

2.7.2. Uranyl fluoride 
In contrast to the unstable superacid solutions of UOF 4, dissolution of U O 2 F  2 in 

HF/AsF 5 and HF/SbF 5 affords extremely stable solutions of UO 2 + (Fawcett et al. 
1982). The spectrum of UO22+ in HF/AsF 5 shows rauch better resolution than in 
aqueous HC10 4 (Barraclough et al. 1981). Upon removal of the HF solvent and excess 
SbF s from the HF/SbF 5 system, a solid of composition UO2F2.3SbF » is found. 
Thermal decomposition of this salt begins at 125°C with the liberation of SbF 5 and 
formation o f  U O 2 F  2 • 2SbFs; which in turn decomposes to UO2F2 and SbF 5 at 245°C. 
Structural characterization of the UO2F2 • 3SbF 5 adduct shows a polymeric system of 
six- and eight-membered rings composed of pentagonal bipyramidal uranium atoms 
connected by two of the equatorial bridging fluorine atoms to two SbF 6 octahedra and 
by three equatorial bridging fluorine atoms to two Sb2F11 groups. As with the similar 
U O F  4 compound, the two axial ligands - both oxygen atoms in this c a s e -  are 
nonbridging. Like UO2F2, the oxygen atoms in the Qranyl ion are nearly linear 
(/__ O - U - O  = 179.3(1.3)°), although from crystallographic measurements and infrared 
spectroscopy the U - - O  bond distance is somewhat shorter (1.68(3)A versus 1.74(2)A 
for UO2F2). The frequency of the asymmetric UO 2 stretch increases from 990 cm-  1 for 
U O 2 F  2 to 1004cm -1 for UO2F2.2SbF 5 to 1012cm -1 for UO2F2.3SbF » and is 
consistent with a lowering of the electron density on the uranium atom by the 
additional Lewis aeid. 

The instability of UOF 4 in HF/SbF» with respect to molecular rearrangement has 
lead to isolation of a third UO2F2/SbF 5 adduct (Holloway et al. 1982). When previ- 
ously prepared UOF 4 • 2SbF 5 is treated with anhydrous HF for eight or more hours the 
solution changes color from orange to yellow. Eventually, UF 6 precipitates and can be 
removed under vacuum along with the solvent. Elemental analysis of the remaining 
colorless solid Supports the formula U O 2 F  2 • 4SbF 5. The fact that UO2F 2 • 3SbF 5 is 
not formed eren in dilute solutions of UOF 4 • 2SbF 5 in H F /S b F »  and the fact that 
UO2F 2 • 4SbF» cannot be prepared from UO2F 2 and SbF» directly suggests that the 
SbF 6 and Sb2F~- ~ coordination sphere surrounding U O F  4 in the solid persists even in 
solution, 

2[-UOF 4 • 2SbFs](solv) anhyd . . . .  HF/SbVs , UF6 + UO2F2 "4SbFs(solv). (6) 

Under vacuum, U O 2 F  2 • 4SbF s thermally decomposes at 70°C to volatile SbF» and 
the previously discussed complex UO2F 2 • 3SbF 5. In all of these species, coordination 
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and subsequent reaction of HF with UOF 4 may occur since features of the vibrational 
spectra and powder diffraction pattern indicative of (H30 +) (SbF 6) are evident even 
when rigorously dried HF is employed. 

2.8. Thermogravimetric studies of uranium and thorium fluoroantimonates 

One method of determining the approximate stoichiometry of reaction 4 above 
involved thermogravimetric analysis (TGA) on the solids after vacuum removal of all 
volatiles at ambient temperature. Observed weight gains for the reaction with UO 2 
suggest that residues isolated after the vacuum drying process have a formula of 
UF~ +- (SbF 6)2 [occasionally UF 2 +" (Sb2Fa-a)2] with two equivalents of oxonium salt, 
(H3 O+) (SbF6), also being formed. Variation of the SbF»:UO/ra t io  from 10:1 to 
65 : 1 does not significantly alter the apparent weight of the resulting residue after 
drying. 

Analysis (TGA) of the HF/SbFs dissolution products has been performed and 
supports the AnF4.2SbF » +2(H3 O+) (SbF6) formulation for both U and Th 
systems. A typical TGA run is shown in fig. 8. Equations (7)-(11) indicate the 
possible- through by no means certain processes occurring during the stepwise 
thermal decomposition of the uranium salt, 

< 140°C 

UF 4. 2SbF» + 2(H30 +)(SbF6) , UF, .  2SbFs(s ) 

+ 2SbOF3(s ) + 6HF(g), (7) 
< 240°C 

UF 4 • 2SbF 5 + 2SbOF 3 ) UF~(s) + 2SbFs(g) + 2SbOF3(s ), (8) 

< 350°C 

U F  4 + 2 S b O F  3 , U F 4 ( s  ) + SbO2F(s ) + SbF3(g  ) + F2(g), (9) 

> 400°C 

UF 4 + SbO2F , UO2(s ) + SbFs(g ). (10) 

The net reaction is 

UV 4.2SbF 5 + 2(H30+)(SbV6) 

+ SbF3(g ) + 6HF(g) + F2(g ). 

, UO2(s ) + 3SbF5(g) 

(11) 
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UF4.2SbF » + 2(H30+) (SbF~) 
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TABLE 2 
Results of the thermogravimetric analysis of UF4.2SbF 5 + 

2(H30+)(SbF 6) 

Final weight 

Theoretical Experimental 

Rxn(7) 90.4~ 92.5~ 
Rxn(8) 56.0~ 60.1~ 
Rxn(9) 38.7~ 31.8~ 
Rxn(10) 21.5~ 21.6~ 

521 

The final weight percent at 800°C for the pyrolysis shown in fig. 8 was 21.6~o as 
compared to a theoretical value of 21.5~o for the high-temperature reactions which 
follow. Although a formulation of (UF4.2SbF») and 2(H30 ÷)(SbF 6) agrees with the 
weight gain and TGA results, in one dissolution experiment the formula UF 4 • 4SbF» 
was determined from single-crystal X-ray diffraction of a set of blue-green crystals 
(O'Donnell 1992a). The overall results of the TGA analyses for reaction 4 containing U 
or Th are shown in table 2. 

The reactions (7) (11), although speculative, are supported by several observations. 
First, the identity of the final pyrolysis product was suggested by its black color and 
confirmed by the X-ray powder diffraction pattern. The formation of SbF 3 in reaction 
(9) was identified by its X-ray powder diffraction pattern where the thermolysis was 
quenched below 350°C. Residual gas analysis (RGA) by quadrupole mass spectroscopy 
of the volatile products at 240°C also confirmed the presence of SbFù fragments from 
SbF 5 and/or SbF 3. The high-temperature decomposition of (H30 +) (SbF 6) by itself 
does not proceed by simple dissociation to HF, H20 and SbF» since in the RGA of 
pure (H3 O+) (SbF6), no SbF~ or SbF~ fragments were observed as are seen for pure 
SbF 5. The exact decomposition mechanism of (H30 +) (SbF~) is uncertain and 
formation of SbOF3, SbO2F, and F 2 (and other antimony oxides) are highly specula- 
tive, especially in light of the small sample size and possible wall reactions. For instance, 
atmospheric moisture present during the decomposition of SbOF 3 will likely lead to 
the formation of HF instead of F 2. 

The TGA of the product isolated from the ThO z dissolution reaction is also 
eonsistent with the high-temperature decomposition reactions reported above. The 

TABLE 3 
Thermogravimetric analysis ofThF 4 • 2SbF 5 + 2(H30 +) (SbF 6). 

Weight loss 

Theoretical Experimental 

Rxn(12) 65.4~ 76.4~o 
Rxn(13) 55.8~ 54.7~ 
Rxn(14) 38.4~o 34.7~ 
Rxn(15) 21.1~o 19.3~ 
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theoretical versus experimental weight changes for the decomposition of ThF 4 • 2SbF» 
and 2(H30 +) (SbF6) are reported in table 3. Weight losses in the TGA are consistent 
with the following reactions: 

< 200°C 

ThF4" 2SbF 5 + 2(H30+)(SbF6) , ThF4(s ) + 2(H30+)(SbF6) 

+ 2SbF»(g), (12) 
< 310~C 

ThF4 + 2(H30+)(SbF6) ,ThF 4 + 2SbOFa(s ) + 6HF(g), (13) 

< 500°C 

ThF4 + 2SbOF3 ' ThF4 + SbO2F(s) + SbF3(g) + F2(g), (14) 
» 500°C 

ThF4 + SbO2F » ThOa(s) + SbFs(g). (15) 

The net reaction is 

ThF4" 2SbF 5 + 2(H30+)(SbF6) » ThO2(s ) 

+ 3SbFs(g ) + SbF3(g ) + 6HF(g) + F2(g ). (16) 

Like the analogous uranium experiment, X-ray diffraction, vibrational spectro- 
scopy, and RGA techniques were used to identify many of products of the ThO 2 
dissolution as weil as the high-temperature TGA decomposition products. 

2.9. Cyclic-voltammetry studies of U, Np, Pu and Am-fluorosulfonates 
in HSO 3 F/SbF» 

We have established the electrochemical range for a 1:4 SbFs:HSO3F (25~o magic 
acid) superacid mixture as + 2.5 to - 0.5 V versus copper on a glassy carbon electrode. 
For a 1 : 1 SbF» : HSO3F (100~ magic acid) superacid mixture the electrochemical 
range was determined to be + 3.0 to 0.0 V. The selection of 100~o or of 25~ magic acid 
as the solvent was based upon the electrochemical region ofinterest and the wave under 
investigation. 

The cyclic voltammetry investigation of U, Np, Pu and Am in magic acid revealed a 
single wave attributable to the An(III/IV) couple only for U, Np, and Pu. The 
An(III)/An(IV) potential for Pu was observed at + 1.66V, for Np at +0.66V, and 
-0.2 V for U. Thus, the ease of electrochemical oxidation increases from Pu(III) to 
Np(III) and finally to U(III), as would be expected from the known chemical behavior 
of these actinides. Unfortunately, the An(IV)/An(V) of U, Np, and Pu redox waves lie 
outside the useable solvent range for magic acid. This is especially disappointing in the 
case of uranium where Bougon has isolated U(V) complexes of the type UF3(SO3F)2 
(Masson et al. 1978). It is therefore surprising that the uranium(IV)/(VI) conpropor- 
tionation reaction to form U(V) is observed in the superacid HF/SbFs. The 
Am(III)/Am(IV) potential unfortunately also must lie outside the solvent range, which 
is consistent with the fact previously reported that AmO 2 spontaneously reduces to 
Am(III) in superacids. 
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3. Conclusions 

When solutions are generated from compounds already in oxidation state(III), e.g., 
LnF» lanthanides exist in superacid solutions as Ln 3+ cations, with spectra, and 
therefore probably solvent coordination, very similar to those in water. When the 
metals are reacted with superacids and also in acidic melts, the resulting Ln 2 + cations 
are very much more stable than in aqueous media. 

The chemistry of the mid-actinide metals (zero valent) in superacid chemistry is 
characterized by rapid dissolution and formation of solvated M 3 + cations. The final 
reduction products of these reactions is uncertain, but may be speculated as being H z 
for HF-based superacids and SO 2 for HSO3F solutions. While the dissolution of the 
metals occurs with oxidation/reduction reactions, with the exception of americium the 
dissolution of the dioxides proceeds with the formation of completely solvated 
fluoroactinide cations and (H30 +)(SbF 6) with no change in the actinide oxidation 
state. Since Am (III) is expected to be the favored oxidation state in superacid media, it 
is not surprising that AmO 2 is reduced to Am(III) in both HF/SbF» and HSO3F/SbF ». 
These observations are consistent with the cyclic-voltammetry studies performed in 
magic-acid media where it has been observed that the resistance to oxidation for the 
(III/IV) potential increases from U to Pu and is above the solvent range for Am. 
Investigations by O'Donnell's group suggest that in solution in HF or in other 
superacids Containing free F-  ions, solvated AnF 2 + is formed from both dioxides and 
tetrafluorides of uranium (the situation is less clear for the other mid-actinides), where- 
as other groups have found evidence in the solid state for the existence of AnF4.nSbF » 
(n = 2,4) complexes. The chemistry of the U(VI) oxide fluoride, UOF,~, is dominated by 
the redistribution of the oxide and fluoride ligands to form the more stable compounds 
UO2F2(solv ) and UF 6. In addition, the U(VI) oxidation state appears to be indefinitely 
stable in superacid media when present as UO 2 + and, of course, as UF 6. Finally, it has 
been observed that it is possible to form U(V) species in solution by the conpropor- 
tionation reaction of U(IV) fluorocations with UF 6. 
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Appendix 

Experimental procedures 

Because of the corrosiveness and moisture-sensitivity of superacids and actinide and 
rare-earth compounds treated with these materials, some introduction to the experi- 
mental details of this area of chemistry is warranted. Interested persons are urged to 
consult such standard textbooks as the one by Shriver and Drezdzon (1986). 

Materials 
[Caution: anhydrous HF, antimony pentafluoride, HSO3F/SbFs, and HF/SbF 5 

mixtures are extremely corrosive and reactive materials. Superacids mixed with strong 
oxidizers such as xenon hexafluoride, krypton difluoride, or dioxygen difluoride (O2F2) 
should be handled only in metal or synthetic sapphire containers since these mixtures 
can react vigorously with eren fluorocarbon plastic apparatus. Appropriate protective 
equipment (e.g., gloves, face shields and safety glasses) should always be used when 
handling these materials outside of gloveboxes. Superacids react violently with watet 
and organic materials, producing copious HF fumes and heat, and should be treated 
with respect. Excess or spent acid should be neutralized by slowly pouring onto 
activated alumina (followed by neutralization with aqueous Na2CO 3 or NaHCO3) or 
soda lime in a fume hood, and the apparatus and residues rinsed with CF2CICFCI ~ 
(Freon 113) prior to neutralization with watet or base. Mild skin bums resulting from 
exposure to superacids may be treated topically with commercial calcium gluconate 
salve or quaternary ammonium solutions (i.e., Hyamine TM); eye or inhalation injuries, 
or severe skin burns should be immediately seen by a doctor.] 

Anhydrous HF (Matheson) typically contains 0.5-1% watet and can be dried with 
K2NiF 6, BiF» or elemental fluorine prior to use. Antimony pentafluoride (Aldrich, 
Ozark-Mahoning ATO) and fluorosulfuric acid (Aldrich)were distilled under vacuum 
in all-glass apparatus prior to use. Magie acid, 25% and 100% (Aldrich, 1 : 4 and 1:1 
SbF 5 :HF, respectively), were used as received without further purification. Thorium, 
uranium, neptunium, and plutonium metals, oxides, fluofides, and oxide fluorides were 
either supplied by or prepared from materials supplied by the Nuclear Materials 
Division, Los Alamos National Laboratory. Americium oxide (243 AmO2 ) was made 
available through the US Department of Energy's Heavy Elements Production 
Program. 

Apparatus 
Experiments employing anhydrous HF or HF/SbF 5 mixtures were conducted in 

apparatus made of metal (typically nickel or MonelTM), KeI-F TM, sapphire, or teflon 
PFA TM, with the latter two the most satisfactory from the standpoint of corrosion. 
Magic-acid solutions could be safely handled in glass apparatus although some etching 
of the glass occurred with time. UV-visible spectra of magic-acid solutions were 
recorded in quartz cuvettes while those of HF/SbF s solutions were recorded in 1/2" or 
3/8" PFA tubes which have approximately the same UV cutoff as borosilicate glass 
(~ 350 nm). Thermogravimetric analyses were performed on a thermal analyzer moun- 
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red in an inert atmosphere glovebox. Infrared spectra of solid residues were obtained by 
pressing the solid residues between silver chloride plates on an FTIR spectrometer. 
Raman spectra of solid residues were obtained by sealing the solids in glass capillaries 
under inert atmosphere. The irradiating laser line selected depended on the presence of 
fluorescent impurities and sensitivity to decomposition in the laser beam. 

The electrochemical measurements were made using a standard three-electrode cell 
configuration. The counter electrode was a platinum wire and the working electrode 
was a platinum wire or a glassy carbon disk sealed in Kel-F (Bioanalytical Systems). 
Since the carbon electrode gave a slightly wider potential window and fewer extraneous 
peaks in background scans, all of the voltammograms reported in this chapter were 
done with the carbon electrode. The reference electrode was a copper wire inserted in a 
thin glass tube containing the acid solution, separated from the bulk solution by a fine 
porosity glass frit. The acid slowly attacked the frit rendering it unusable after a few 
experiments. Theoretically the copper wire formed only a quasi-reference electrode 
since no copper ion was introduced into the reference compartment; however, during 
the experiment some of the copper reacted leaving a pale green insoluble salt in the 
bottom of the container. The concentration of copper ions was dictated by the 
solubility Of this salt and was essentially fixed since the composition of this solvent did 
not change. In that sense it behaved quite similarly to a standard aqueous calomel 
electrode. There was never any measurable drift in electrode potential during the 
course of an experiment. 

Voltammetric measurements were carried out in a small H-cell with a medium 
porosity glass frit separating the two compartments. The working compartment 
contained the metal or salt ofinterest that had been previously dissolved in a given acid 
solution. The auxiliary compartment contained only the pure acid. Each side held 
approximately 20 ml total volume. The electrodes were held in position with teflon 
caps. 

Example procedure 

Dissolution ofplutonium metal. In a glovebox fitted for transuranic chemistry under 
inert atmosphere, a 0.155 g Pu metal coupon (0.648 mmol) and a small teflon-coated 
stirring bar are placed in a PFA tube closed at one end. A teflon PFA valve (Galtek ®, 
Inc.) equipped with a compression tube fitting is attached to the tube and the fitting 
tightened until leak-tight. The reactor is attached to an all-metal and teflon PFA 
vacuum line, evacuated, and 0.815 g (3.76 mmol) SbF» and 1.633 g (81.6 mmol) anhyd- 
rous HF distilled in. Upon warming to room temperature, a black solid formed on the 
surface of the metal coupon, which eventually broke loose and dissolved. As the Pu 
coupon dissolved, a blue color characteristic of Pu(III) developed, colorless crystals 
eventually formed which later analyses (i.e., TGA) were suggested to be an SbF3.nSbF 5 
complex; and late in the dissolution a noncondensable gas evolved from the solution. 
The transparency range of teflon PFA to UV light (wavelength cutoff approximately 
350 nm) permitted nearly continuous observation of the UV-visible spectrum of the 
solution through a spectroscopy dropout in the glovebox. The crystals could be 
partially separated from the solution by inverting the tube and attaching another tube 



526 S.A. KINKEAD et al. 

with a valve. When the valves were cracked open to allow a slow trickle of superacid, 
nearly all of the colorless crystals remained in the first tube for further analysis. 
Filtration through a PTFE filter material (e.g., Zytex) also served to separate the 
crystalline material. The solvent could then be removed from the Pu(III) in the lower 
tube by vacuum. 
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1. Introduction 

Knowledge of the properties of hydrated ions is of fundamental importance to 
understand the chemistry of these ions in aqueous solutions. The fact that many 
f-element salts which have relatively large lattice energies are fairly soluble in water is a 
reflection of the strength of the interactions between the metal cations and water 
molecules. In turn, this strong hydration competes with complexation by a ligand as the 
process ofcomplexation involves the displacement of one or more water molecules by a 
ligand. 

For  cations in aqueous solution, a model which uses four structurally different zones 
of solvation about  the cation (Burgess 1978) can serve to illustrate some important  
aspects. Zone A is the primary solvation shell in which water molecules are directly 
bonded to the metal ion. The number of water molecules in this zone, N, defines the 
pr imary hydration number. Zone B represents the extended sphere in which an 
additional number  of water molecules are influenced by the charge field of the cation. 
The number  of water molecules in this zone, designated by H, is strongly dependent on 
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Fig. 1. Hydration zones of a cation in solution. • Metal cation; Zone A, the primary hydration sphere; zone 
B, the secondary hydration sphere; zone C, the disordered water; zone D, the bulk water. 

the charge density of the cation. The total number of water molecules of hydration, h, is 
equal to H + N (Impey et al. 1983). In the outermost zone, D, the water has the 
hydrogen-bonded structure of bulk water while zone C is a disordered region in which 
the cation-oriented waters of zone B compete with the bulk structure of D. A schematic 
representation of this model is given in fig. 1. A requirement for such a model is that the 
solutions be sufficiently dilute that there be a zone D (i.e., the cations are sufficiently 
separated that their B and C zone do not overlap). Of  course, the concept of defined 
zones is a formality although a distinction between zones A and B can sometimes be 
made when there is a slow rate of solvent exchange for the water molecules between 
these zones. The net ordering is the difference between the number  of water molecules in 
zones A + B and the number  of water molecules in zone C. Ions with low charge 
densities act as net structure breakers (zones A + B < zone C) and those of high charge 
densities act as net structure makers (zones A + B > zone C). 

Solvation in mixed solvents may be described similarly; however, the compositions 
of the four zones would differ markedly as a result of the differences in cat ion-solvent  
and solvent solvent interactions. 

Classical measurements such as ion mobilities, apparent hydrated radii, enthalpies 
and entropies of solution, etc. fail to provide an explicit distinction between water 
molecules in zones A and B. Methods which can probe the primary hydration sphere of 
a cation include optical spectroscopy, nuclear magnetic resonance, electron spin 
resonance, extended X-ray absorption fine structure (EXAFS), X-ray diffraction and 
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neutron scattering measurements. The principles and limitations of the individual 
techniques when applied to lanthanide cations have been reviewed recently (Rizkalla 
and Choppin 1991). 

This chapter discusses recent developments in solvation dynamics and ther- 
modynamics of f-element cations and the hydrolytic tendencies of these ions in aqueous 
media. Direct comparisons are made for the trivalent cations of the lanthanides and 
actinides while the data for the other oxidation states of the actinides are reviewed to 
assess the effects of charge density and structure on hydration and hydrolysis. Since the 
lanthanides were reviewed recently, major attention is given to the actinid,es and the 
similarities and differences in their behavior with that of the lanthanides. 

2. Hydration studies 

2.1. Solid-state hydrates 

The structural aspects of solid hydrated coordination compounds have been re- 
viewed for the actinides by Bombieri and De Paoli (1985) and for the lanthanides by 
Rizkalla and Choppin (1991). Problems associated with the radioactivity of the 
transuranium elements have usually limited solid-state studies to thorium (the IV state) 
and uranium (the IV and VI states). The coordination numbers and geometries vary 
significantly with both the metal-ion oxidation state and the ligand denticity (Kepert 
1982). While structural investigations of trivalent hydrated actinides have not been 
reported, they would be expected to resemble closely the structure of the known 
lanthanide hydrates. Lanthanide bromates (Helmholz 1939, Singh 1944, S]kka 1969, 
Albertsson and Elding 1977), trifluoromethylsulfonates (Lincoln 1986, Harrowfield 
et al. 1983a, Santos et al. 1985, Chatterjee et al. 1988) and ethylsulfates (Fitzwater and 
Rundle 1959, Hubbard et al. 1974, Broach et al. 1979, Albertsson and Elding 1977, 
Gerkin and Reppart 1984) form enneahydrates with hexagonal symmetries. The cation 
is coordinated to an oxygen of each of the nine water molecules, forming a tricapped 
trigonal prism (TCTP) (Broach et al. 1979, Mackay et al. 1977). However, depending 
on the anion, structural differences exist which have been attributed to hydrogen- 
bonded networks in the crystal lattice (Albertsson and Elding 1977, Harrowfield et al. 
1983a). In the ethylsulfate and trifluoromethylsulfonate structures, the six prismatic 
oxygens (Op) form a regular trigonal prism. The three capping oxygen (O~) lie in the 
mirror plane, forming an equatorial triangle that is rotated slightly about the C 3 axis 
from the D3h position of an ideal TCTP geometry. The result is a Cab symmetry. 

The difference between the Ln-Op and the Ln -O  c bond lengths in these complexes 
(table 1) has been examined with point-on-a-sphere repulsion calculations (Harrowfield 
et al. 1983a). In the minimum-energy TCTP geometry obtained by these calculations, 
the four nearest interligand distances for a capping ligand were, on average, shorter 
than those for a prismatic ligand. This led to the prediction that the capping ligands 
experience an excess steric repulsion which is alleviated by an increase in the metal to 
ligand bonds. Molecular mechanics calculations (Hay 1991) yielded a regular TCTP 
geometry of Dab symmetry as the minimum-energy conformation of the oxygen atoms. 
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TABLE 1 
Metal-oxygen distances in TCTP lanthanide hydrates. 

Species* L n - O  (capping) Ln O (prismatic) rLn a+ 

(3,) (A) (~,) 

[La(HzO)9]A3 2.62 2.52 1.22 
[Gd(HzO)9] Aa 2.55 2.40 1.11 
[Lu (H 20)9] A a 2.50 2.29 1.03 
[Y (H20)9] A 3 2.53 2.34 1.08 

[Pr(HzO)9] B 3 2.59 2.47 1.05 
[Ho(H20)9] B 3 2.47 2.37 1.07 
[Er(H20) 9]Ba 2.52 2.32 1.06 
[Yb(H20)9]B9 2.52 2.32 1.04 
[Y(H20)9] B 3 2.52 2.37 1.08 

[Pr (H20)9 ] C 3 2.52 2.49 1.18 
[Sm(H20)9] C 3 2.55 2.46 1.13 
[Yb(H20)9]C3 2.43 2.32 1.04 

*A=CF3SO~;  B=EtOSO~;  C =BrO~.  

This calculated conformation is similar to the observed structures in that both contain 
regular trigonal prisms and have identical orientations of the capping hydrogens but 
differ in the positioning of the O¢ atoms and the orientation of the prismatic hydrogens. 
The structural differences represent distortions from the calculated conformation to 
achieve optimum hydrogen bonding in the crystal lattice. Except for Lu(III), the values 
of the calculated and observed Ln-Op and Ln-O¢ bond lengths are accurate to 
_ 0.02A and O - L n - O  bond angles to + 3 ° over the entire lanthanide series (Hay 
1991). The strain energy increased from - 21.1 kJ mol- 1 for La(III) to + 18.0 kJ mol- 1 
for Lu(III) which was attributed to increased (unfavorable) oxygen-oxygen steric 
interactions as the size of the metal ion decreases. 

In the case of bromate salts, the structure was symmetrical with a D3h  point group. 
Calculations to minimize the conformation using the input coordinates of the observed 
structure gave a D3d, rather than the expected D3h symmetry, which was due to 
rotations about the Ln-Op bonds as well as to hydrogen-bonding effects (Hay 1991). 

In Ln(BrO3) 3 • 9HzO (Ln denotes Eu or Tb) (Moret et al. 1991) the metal-ion site 
symmetry is lowered from D3h to C3v as the metal-oxygen distances change when the 
temperature is decreased from 295 to 200 K. These observations agreed with high- 
resolution and polarized luminescence spectra of Eu(BrO3)3" 9D20 which indicated a 
gradual decrease in symmetry around the Eu(III) ion as the temperature was decreased. 
These spectra indicated the presence of several distinct metal-ion sites at lower 
temperatures (Moret et al. 1991). 

An example of actinide solids is the structure of Th(NO3) 4- 5H20 which was 
determined by X-ray (Ueki et al. 1966) and neutron diffraction (Taylor et al. 1966). The 
Th(IV) atom was shown to be surrounded by eleven oxygen atoms in an irregular 
icosahedron. The structure has a polar arrangement (fig. 2) with the four bidentate 
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/ / ', 

Fig. 2. Oxygen arrangement around the thorium 
atom in Th(NO3)4.5HzO as viewed in the b direc- 
tion. 

nitrates bound about one hemisphere and three of the water molecules capping the 
coordination sphere. 

The linear dioxo actinide cations have no analogs in the lanthanides but their 
structure reflects the steric effects of such cations. The only structure reported for a 
binary UO 2+ hydrate is that of [UO2(H20)2] 2 +X IX is (B12HZ2) (Mikhailov et al. 
1982) or (C10~-) 2 (Alcock and Esperas 1977)]. The cation has a characteristic pentag- 
onal bipyramidal geometry with some slight deviations attributable to different degrees 
of hydrogen bonding. The average distance of the O(uranyl) to O(aqua) is 2.98 A which 
is close to the expected non-bonding O. . .O contact distance, indicating that 
[ U O 2 ( H 2 0 ) 5 ]  2 + has the maximum possible hydration number. Metal solvates such as 
[UO2(DMSO)5] 2+ (Harrowfield et al. 1983b) also have five solvent molecules in the 
coordination sphere but shorter U-O(DMSO) bond distance due to the stronger 
basicity of the oxygen donor in the DMSO molecule. 

Mixed hydrates with monodentate ligands [e.g., [UOz(H20)(urea)4] 2 + (Dalley et al. 
1972)] have a similar structure to that of binary hydrates. Inclusion of bidentate ligands 
in the equatorial plane can lead to expansion of the coordination number of the uranyl 
ion to six (Dalley et al. 1971, Taylor and Mueller 1965, Hallet al. 1965, Bombieri et al. 
1976, Eller and Penneman 1976, Ritger et al. 1983), as in the structure of the neutral 
I U O z ( H z O ) 2 ( N O 3 ) 2 ]  unit. The U O (water) distances in these compounds ranges 
from 2.42 to 2.47 A. 

Perry et al. (1980) isolated the dimeric complex [UOz(NO3)2(H20)]2.2C3H4N 2 
(C3H4N 2 is imidazole) in which water acts as a bridging ligand. In each unit, the 
uranium atom is in the center of a distorted hexagonal bipyramid geometry with the 
two uranyl oxygens at the apices. The O U O axis is nearly perpendicular to the 
distorted equatorial plane. The slight twist of the nitrate group out of this plane reflects 
some crowding inthe coordination about UO 2 +. The U - O H  2 distances are approxi- 
mately 0.07-0.12 A shorter than the U-O distances for a non-bridging solvate water. 
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2.2. Hydrated cations in solution 

2.2.1. Experimental data 
Few experimental  results on the hydra t ion  of actinide ions have been reported. 

Literature values for hydra t ion  of the tr ivalent actinide cations has been derived from 
analogy to the experimental  data  of lan thanide  ions. Perhaps the most  comprehensive 
set of l an thanide-ca t ion  data  is that from diffraction measurements  by Habenschuss  
and Spedding (1979a, b, 1980). The radial d is t r ibut ion functions (RDF) for concen- 
trated lan thanide  chloride solut ions were interpreted as reflecting three distinct zones 

at ca. 2.5, 3.0 and 5.0 A corresponding to L n - H 2 0 ,  H 2 0 - H 2 0  and C 1 - H 2 0  interac- 
tions, respectively. The resolut ion of the first peak in the R D F  was based on the 
assumpt ion  of a gaussian dis t r ibut ion from which the average L n - H 2 0  coord ina t ion  
was calculated. Table 2 summarizes these results together with those obta ined  from 

neu t ron  diffraction measurements  (Narten and H a h n  1982, Annis  et al. 1985, Cossy 
et al. 1989, Helm and Merbach 1991). The data  are consistent with format ion by the 

early lanthanides  ( L a - N d )  of an  isostructural  series with coord ina t ion  n u m b e r  nine in 
a T C T P  structure. The later members  ( T b - L u )  form a second series with coordina t ion  

TABLE 2 
Lanthanide hydration data obtained from diffraction measurements. 

Cation Ln-O Hydration Method Reference t 
distance (A) number 

La 2.58 9.1 X-ray a 
Pr 2.54 9.2 a 
Nd 2.51 8.9 a 

2.48 8.5 Neutron diffraction b 
1.00" 9.0 g 
1.00"* 6.0 g 

3.0 
0.30 8.9 g 

Sm 2.47 8.8 X-ray c 
1.00 8.5 Neutron diffraction g 

Eu 2.45 8.3 X-ray c 
Tb 2.41 8.2 " d 
Dy 2.37 7.4 Neutron diffraction e 

1.00 8.0 f, g 
0.30 8.0 f, g 
2.40 7.9 X-ray d 

Er 2.37 8.2 " d 
Tm 2.36 8.1 " d 
Yb 1.00 7.9 Neutron diffraction f, g 
Lu 2.34 8.0 X-ray d 

* Estimated with the assumption that all water molecules have the same distance. 
** Obtained with the assumption of an hydration geometry with water molecules at two different distances 
from the metal ion; the ratio of the areas of these two sites was fixed to 2 : 1. 
* (a) Habenschuss and Spedding (1979b); (b) Narten and Hahn (1982); (c) Habenschuss and Spedding (1980); 
(d) Habenschuss and Spedding (1979a); (e) Annis et al. (1985); (f) Cossy et al. (1989); (g) Helm and Merbach 
(1991) 
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number eight in a square prismatic structure. The hydrated ions in the middle of the 
series were assumed either to have structures that represented some transition between 
those of the two major groups or to exist in an equilibrium mixture of these two 
structures. 

The broad peaks, observed in the neutron diffraction measurements of the light 
elements, indicate unequal metal-oxygen distances for the water molecules in the first 
coordination shell presumably due to the formation of a TCTP structure similar to that 
present in the solid-state hydrates. The broadening of the peaks in Sm(III) solution was 
attributed to the superposition of three strongly overlapping gaussians, one corre- 
sponding to the eight equidistant water molecules in the first sphere and two due to the 
water molecules in the primary hydration sphere when C = 9 as these are not all 
equivalent. These conclusions were also supported by the extended X-ray absorption 
fine structure (EXAFS) measurements of concentrated aqueous lanthanide perchlor- 
ates (Yamaguchi et al. 1988). In both liquid and glassy states, the hydration number is 
approximately nine for the light elements and eight for the heavy lanthanides with a 
transition between these hydration numbers occurring from Sm(III) to Gd(III). The 
average Debye-Waller factor of the Ln-OH2 bonds for the light rare earth ions 
calculated by the use of a symmetric shell model was larger than that for the heavy ions, 
consistent with the presence of different L n - O H  2 distances within the hydrated 
species. A better least-squares fit of the EXAFS data of the light elements was obtained 
when a model based on six short and three long Ln-O bonds in the first hydration 
sphere was employed. 

The use of fluorescence lifetime studies to evaluate the primary hydration number of 
Eu(III) and Tb(III) in perchlorate solution has been reviewed recently (Rizkalla and 
Choppin 1991). Values of 9.6 +_ 0.5 for Eu(III) and 9.0_ 0.5 for Tb(III) led to the 
proposal that hydration numbers are ten for La-Nd and nine for Tb -Lu  (Horrocks 
and Sudnick 1979). 

The X-ray techniques have limited applications in actinide systems because the high 
concentration required for the measurements (ca. 2-3 M) does not allow study of 
elements for which only isotopes of high specific radioactivity are available. Beitz (1991) 
calculated the hydration number of some curium complexes using luminescence 
lifetime measurements and assuming a hydration number of nine of the free ion. 
Electrophoretic measurements using tracer concentrations (Lundqvist 1981, Lundqvist 
et al. 1981) have provided estimates of the hydrated radii (rh) for Eu, Am, Cm, Cf, Es, 
Fm and Md from Stokes' law. The hydrated radii were used, in turn, to calculate 
hydration numbers, h, by dividing the volume of the hydrated sphere by the volume of a 
water molecule (--- 30 ~3). Since the volume occupied by the bare metal ion is small 
[2-5 ~3 for Ln(III) and An(III)], it was neglected in comparison with the volume of the 
water molecules. The results are listed in table 3. 

Generally, the values of h differ somewhat with different methods of calculation, but 
they consistently show an increase in h of 10-20~o throughout the lanthanide series 
(Bertha and Choppin 1969). Thus, hydration numbers range from 9.0-11.0 and 
12.8-13.9 as calculated from partial molal volumes (Padova 1967) and conductivity 
(Choppin and Graffeo 1965) measurements. Under similar experimental conditions, 
the relative values of h for An(III) ions and Eu(III) indicate that actinide ions are more 
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TAaLE 3 
Hydration numbers and hydration radii of trivalent actinide and lanthanide ions obtained by 
electrophoresis and diffusion measurements (Lundqvist et al. 1981, Fourest et al. 1984, David 1986). 

Ln 3 + r h h An 3 + r h h N 

La 4.51 12.8 
Ce 4.51 12.8 

4.53 12.7" 
Pr 4.52 12.9 
Nd 4.53 13.0 
Sm 4.55 13.2 
Eu 4.58 13.4 Am 4.60 13.6 

4.58 13.3" 4.51 12.6" 9.0 
Gd 4.60 13.6 Cm 4.69 14.4 

4.69 14.2" 4.55 13.0 8.9 
Tb 4.67 14.0" 
Dy 4.65 14.0 Cf 4.90 16.4 

4.64 13.8" 8.2 
Es 4.92 16.6 

4.68 14.1" 8.0 
Fm 4.95 16.9 
Md 4.88 16.2 

Ho 4.62 13.8 

Er 4.64 13.9 
Tm 4.65 14.0 

4.67 14.1" 
Yb 4.65 14.0 

4.67 14.1 

* Data obtained from diffusion measurements. 

hydrated than lanthanide ions of similar ionic radii. Such a difference was attributed to 
differences in the shielding properties of the 4f and 5f electrons (Lundqvist et al. 1981). 

Diffusion measurements were also used to estimate the overall hydration numbers of 
the trivalent Am, Cm, Cf and Es ions (Fourest et al. 1982, 1983, 1984, 1988, Latrous 
et al. 1982). The "open-end capillary" method was claimed to have an accuracy better 
than 1~o for 7-emitters and 1 - 2 ~  for a-emitters. The results are included in table 3. 
Comparison of the data obtained by the electrophoretic and the diffusion methods 
reflect the uncertainty of the measurements; e.g., the individual h values for the Ln(III) 
cations are roughly the same for both methods while those for the An(III) cations from 
the diffusion measurements are lower than those from electrophoresis. 

Assuming that the interaction between the primary hydration sphere and the 
secondary water molecules of hydration are strongly electrostatic for both f-element 
series, Fourest et al. (1984) were able to estimate the inner-sphere hydration numbers of 
the trivalent actinide ions by interpolation using the values for the lanthanide elements 
(Habenschuss and Spedding 1979a, b, 1980). The interpolated values are listed in the 
last column of table 3 and shown in fig. 3. 

The increase of the net hydration, h, with decreasing ionic radii, r, for both the 4f and 
5f elements (Fourest et al. 1984) shown in fig. 4 can be attributed to the increase in the 
surface charge density as the atomic number increases. The break in the lanthanide 
series for the ions from Nd to Gd is also observed for other bulk physical data such as 
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Fig. 3. S-shaped variation of the primary hy- 
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hides and actinides, versus r c (coordination 
number is eight) : (O) Values given by Haben- 
schuss and Spedding (1979a, b, 1980); (v)  Inter- 
polated values. 
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Fig. 4. S-shaped variation of the overall 
hydration number, h, derived from diffu- 
sion measurements, as a function of crys- 
tallographic radius, ro (C = 8) for some 
trivalent 4f and 5f ions. 

apparent molal volumes (Spedding et al. 1966b, 1975b), relative viscosities (Spedding 
and Pikal 1966, Spedding et al. 1975a), apparent molal heat capacities (Spedding and 
Jones 1966), heats of dilution (Spedding et al. 1966a), and electrical conductance 
(Spedding et al. 1974). For the actinide elements, this discontinuity is shifted to Bk-Cf. 

The information relating to solvation numbers of tetravalent actinide ions is rather 
sparse. From NMR peak area, an estimate of the hydration number of Th(IV) in an 
aqueous-acetone solution of Th(C104) 4 at - 100°C indicated a value of nine (Butler 
and Symons 1969, Fratiello et al. 1970b) whereas an indirect NMR linewidth method 
gave a hydration number of ten (Swift and Sayre 1966). An entirely different method for 
the estimation of hydration numbers from conductivity measurements has been 
proposed and developed by Gusev (1971, 1972, 1973). The dependence of conductance 
on concentration in acidic solutions of metal salts shows the pattern given in fig. 5. 
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Fig. 5. Thedependenceoftheconductanceontheconcentration of 
perchloric acid in NaC104-HCIO 4 solutions (Gusev 1971, 1972, 
1973). 

Gusev assumed that the point of intersection indicates the absence of free (i.e., 
non-solvating) water, so there is minimal proton transport through the solution. The 
water:cation mole ratio at that point is presumably the hydration number of the 
cation, including both primary and secondary solvation. This method gave a value of 
h = 20 for Th(IV) which can be compared to the value of 22 obtained from compressi- 
bility measurements (Bockris and Saluja 1972a, b, 1973) based on the lower compressi- 
bility of solvated solvent molecules (Passynski 1938) as a result of electrostriction. 

Reviews of the available evidence pertaining to hydration numbers of U(IV) and 
Np(IV) have suggested that two forms of each of these aquo ions may exist, differing in 
geometry and possibly in coordination number (Rykov et al. 1971, Sullivan et al. 1976). 
Radial distribution curves from X-ray measurements 6n uranium(IV) perchlorate 
solutions indicate a primary hydration number of eight for the U(IV) cation with no 
perchlorate in the primary coordination sphere (Pocev and Johansson 1973). 

Hydration studies for higher oxidation state actinides are reported for some AnOz z ÷ 
salts (UOZ2 + or NpO2 z +) but not for any AnO~ systems. The Raman spectra of aqueous 
uranyl solutions were interpreted to show the presence of six water molecules coor- 
dinated in the primary plane perpendicular to the O - U - O  axis (Sutton 1952). 
However, similar hydration numbers have been obtained by methods in which the 
secondary hydration shell may also contribute to the value. For example, the activity 
coefficient measurements suggest a hydration number of 7.4 [relative to an assumed 
hydration number of zero for Cs(I) (Hinton and Amis 1971)]. Similarly, a hydration 
number of seven has been derived from Gusev's conductivity method (Gusev 1971, 
1972, 1973). 

Solvation of f-element cations in mixed aqueous solvents has been studied using the 
fluorescence technique. With Eu(III) ion as a probe (Tanaka et al. 1988, Lis and 
Choppin 1991), in water-acetone, water-acetonitrile and water- 1, 4-dioxane, the first 
solvation sphere is occupied exclusively by water molecules even at bulk-phase mole 
fractions of water as low as 0.1 (fig. 6, curve I). However, in solvents with more basic 
donors such as DMSO (DMSO is dimethylsulphoxide), the metal ion is preferentially 
solvated by DMSO even for very low mole fractions of DMSO in the solvent (curve II, 
fig. 6). Less regular behavior can be expected for systems in which (a) strong interac- 
tions exist between the components of the solvent mixture or between the coordinated 



L A N T H A N I D E S  A N D  A C T I N I D E S  H Y D R A T I O N  A N D  H Y D R O L Y S I S  539 

1.00 

._~ 0.50 

0.00 
0.0 0.5 1.0 

(Xs) 

Fig. 6. Relationship between the mole fraction in the 
first hydration sphere (Is) and the mole fraction in the 
bulk (Xs). (I) water + methanol;  (II) water  + DMSO;  
(III) water  + D M F .  

and bulk solvent molecules, and (b)the steric barrier increases markedly with the 
degree of solvation. Such an irregular pattern is observed for solvation by DMF-water 
mixtures (DMF is dimethylformamide). In this case, Eu(III) is preferentially solvated 
by DMF when the mole fraction of DMF is < 0.7. At higher mole fractions, the DMF is 
present in the solvation sphere in about the same mole fraction as in the bulk phase 
which may reflect the effect of steric crowding by the large DMF molecules. 

Solvation of UO 2 ÷ ions in water-acetone and water-dioxane mixtures was studied 
by ultrasound and 1H-NMR techniques and the estimated hydration numbers given in 
table 4 (Ernst and Jezowska-Trzebiatowska 1975a, b). The results indicate a decrease in 
the hydration numbers with increasing dioxane concentration. This was attributed to a 
probable partial replacement of waters of hydration by the organic solvent although 
inner-sphere complexation by the anion would also reduce the hydration number. 

TABLE 4 
Hydration numbers of AnO22 + ions in aqueous and mixed solvents. 

Salt Medium Method h Reference* 

UO2SO 4 Water ultrasound 10.3 a 
UO2(NO3) 2 Water  " 11.9 a 
UO2SO 4 dioxane-water (20%) " 6.3 a 
UO2(NO3)  2 dioxane-water (20%) " 6.3 a 
UO2SO 4 dioxane-water (45%) " 4.8 a 
UO2(NO3)  2 dioxane-water (45%) " 5.8 a 
UO2(C104) 2 acetone-water  P M R  4.0 b 
UO2(NOa)  2 ace tone-wate r  P M R  2.0 b 
UO2(C104) 2 ace tone-wate r  P M R  6.0 c 
UO2(NO3)  2 ace tone-wa te r  P M R  6.0 c 
UO2C12 ace tone-wa te r  P M R  6.0 c 
N p O  2 + ace tone-wa te r  P M R  6.0 d 

* (a) Ernst and Jezowska-Trzebiatowska (1975a); (b) Fratiello et al, (1970a); (c) Ernst and Jezowska- 
Trzebiatowska (1975b); (d) Shcherbakov and Jorga (1977). 
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Fig. 7. Dependence of the aver- 
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molecules on the molar ratio, P, 
for aqueous acetone solutions of 
uranyl perchlorate (e), chloride 
(X), nitrate (A). 

These results are in broad agreement with the low-temperature PMR measurements 
for both UOzX2 (X is ClOg, C1- and NO3) (Shcherbakov and Shcherbakova 1976, 
Fratiello et al. 1970a) and NpO 2+ (Shcherbakov and Jorga 1977) compounds (see 
table 4). For uranyl, the average numbers of bound waters were shown to increase with 
increasing molar ratio (=  [H20]/[UO22 +]) to a limiting value of six at values ranging 
from 40 to 70 depending on the anion (Shcherbakov and Shcherbakova 1976, Shcher- 
bakov and Jorga 1977). The stronger the complexing ability of the anion, the higher the 
ratio required to reach maximum aquation (fig. 7). 

Solvation numbers of actinide cations in non-aqueous media are almost an unex- 
amined field. FT-IR investigations of the homologous solvates [Ln(NO3)3(DMSO),] 
in anhydrous acetonitrile (Biinzli et al. 1990) indicated a change in coordination 
number in the middle of the series [ca. Eu(III)] from nine to eight with increasing 
atomic number. In the presence of large excess of DMSO([DMSO]t/[Ln]t  = 6), the 
coordination numbers can be increased by one unit. NMR spectroscopy and crystal 
stoichiometries have indicated a solvation number of two for the uranyl cation in pure 
TBP (TBP is tributylphosphate). The overall coordination number in this case should 
include two for TBPs coordination and four for the bidentate nitrate coordination 
(Siddall and Stewart 1967). 

2.2.2. Thermodynamic and theoretical studies 
The thermodynamic properties of the f-elements and their compounds for oxidation 

states II to IV for the lanthanides and II to VI for the actinides has been reviewed 
comprehensively by several authors (Morss 1976, Fuger and Oetting 1976, Fuger 1982, 
Bratsch and Lagowski 1985a, b, 1986, David 1986). Calorimetric measurements of the 
heats of formation of the trivalent actinide cations are limited to those cations available 
in macroscopic quantities and with isotopes of relatively low specific radioactivity such 
as Pu(III) (Hinchey and Cobble 1970, Smith et al. 1981), Am(III) (Fuger et al. 1972), 
Cm(III) (Fuger et al. 1975, Morss et al. 1983), Bk(III) (Fuger and Haire 1975, Fuger 
et al. 1981) and Cf(III) (Fuger et al. 1984). Heats of formation of the hexavalent UO2 z + 
(Coulter et al. 1940) and NpO 2 + (Brand and Cobble 1970) ions were also determined. 
Data on other species were estimated from various ionic models. 



L A N T H A N I D E S  A N D  A C T I N I D E S  H Y D R A T I O N  A N D  H Y D R O L Y S I S  5 4 1  

David et al. (1985) proposed a general expression for the calculation of the absolute 
o enthalpy of hydration, AHhyd, based on a semiempirical model of Bockris and Reddy 

(1970). The hydration enthalpy is related to the crystallographic radii, R, the hydration 
number, n, and the ionic charge, z, 

AHOyd = ~zzZ(R + 2Rw)- 1 + flzn(R + Rw)- 2 + ~zn(R + Rw)- 3 

+ 6zZn(R + R w )  - 4  + W + P(- 1 )  z ,  ( 1 )  

T A B L E  5 

Gibbs free energies of formation of the gaseous and hydrated actinide ions. 

Element G a s p h a s e  a'b'c A q u o i o n s  ",b,d 

+ 2  + 3  + 4  + 6  + 2  + 3  + 4  + 5  + 6  

A c  2 0 0 7  3 8 3 2  . . . . .  1 6 7  - 6 1 4  . . . .  

T h  2 2 5 3  4 1 8 2  6 9 6 0  - 1 4 8  e - 3 1 4  - -  7 0 4  

P a  2 2 0 5  4 1 3 6  7 1 2 8  - 1 6 0  e - 4 1 1  - 6 0 6  

U 2 1 8 4  4 1 1 4  7 2 5 9  1 1 7 7  - 6 3  - 4 7 7  - 5 3 9  

N p  2 1 1 8  4 1 1 5  7 3 5 7  - 1 4 9  - 5 1 6  - 4 9 7  

P u  1 9 9 5  4 0 9 5  7 4 3 2  - 2 9 1  - 5 7 1  - 4 7 5  

A m  1 9 4 4  4 1 1 0  7 5 9 8  - 3 6 0  - 5 9 0  - 3 5 6  

C m  2 0 9 7  4 1 4 4  7 7 0 0  - 2 2 3  - 5 8 6  - 2 9 8  

B k  2 0 3 4  4 1 8 6  7 6 2 2  - -  3 0 1  - 5 7 4  - 4 1 6  

C f  1 9 4 5  4 2 2 2  7 8 2 2  - 4 0 5  - -  5 6 3  - 2 5 0  

E s  1 9 3 0  4 2 5 6  7 9 9 0  - - 4 3 3  - -  5 5 4  - 1 1 6  

F m  1 9 3 0  4 2 8 5  8 0 7 6  - - 4 4 5  - - 5 4 7  - 61  

M d  1 9 3 0  4 3 7 9  8 2 1 9  - 4 5 8  - 4 7 6  + 51  

N o  1 9 2 3  4 5 2 3  8 4 7 7  - 4 7 6  - 3 5 1  + 2 8 2  

L r  2 1 2 5  4 3 4 7  8 4 5 2  - -  2 9 1  - 5 4 6  + 2 3 3  

- 1 0 5 0  

- 9 6 9  - 9 5 3  

- 9 1 5  - 7 9 6  

- 8 5 0  - 7 5 7  

- 7 4 1  - 5 8 7  

a k J m o l - 1 ;  b Bratsch and L a g o w s k i  ( 1 9 8 6 ) ;  c calculated for the lowest energy ground state; d M a r c u s  

and L o e w e n s c h u s s  ( 1 9 8 6 ) ;  e corrected for L F S E .  

Element A G  °a 

+ 2  + 3  + 4  + 6  

A c  - 1 2 7 2  - 3 0 9 3  . . . . .  

T h  - 1 4 9 9  - 3 1 4 3  - 5 8 6 0  

P a  - 1 4 6 3  - 3 1 9 4  - 5 9 3 0  

U - 1 3 4 5  - 3 2 3 8  - 5 9 9 4  

N p  - 1 3 6 5  - 3 2 7 8  - 6 0 5 0  

P u  - 1 3 8 4  - 3 3 1 3  - 6 1 0 5  

A m  - 1 4 0 2  - 3 3 4 7  - 6 1 5 0  

C m  - 1 4 1 8  - 3 3 7 7  - 6 1 9 4  

B k  - 1 4 3 3  - 3 4 0 7  - 6 2 3 4  

C f  - 1 4 4 8  - 3 4 3 2  - 6 2 6 8  

E s  - 1 4 6 1  - 3 4 5 7  - 6 3 0 2  

F m  - 1 4 7 3  - 3 4 7 9  - -  6 3 3 3  

M d  - 1 4 8 6  - 3 5 0 2  - 6 3 6 4  

N o  - 1 4 9 7  - 3 5 2 1  - 6 3 9 1  

L r  - 1 5 1 4  - 3 5 4 0  - 6 4 1 5  

- -  1 2 2 8  

a kJ m o l -  1 
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where W is the sum of the work done to break the hydrate cluster structure and the 
work to condense one water molecule while R w is the radius of water molecule (1.38 A). 
The numerical values of the coefficients (~,/~, etc.) ofeq. (1) were computed using precise 
hydration enthalpies of 35 mono-, di-, tri- and tetravalent ions (David et al. 1985). The 
calculations were based on the assumption that n is four for monovalent, six for 
divalent, and eight for trivalent and tetravalent cations. The estimated error between 
experimental and calculated enthalpies from this equation is ca. 0.4-0.5~o. 

Alternatively, Bratsch and Lagowski (1985a, b, 1986) proposed an ionic model to 
calculate the thermodynamics of hydration AG °, AH ° and AS ° using standard 
thermochemical cycles. This model is based on the knowledge of the values of 
quantities such as the enthalpy of formation of the monoatomic gas [AH°(Mg)], the 
ionization potential sum for the oxidation state under consideration and the crystal 
ionic radius of the metal ion. This approach, however, is difficult to apply for the 
actinides since the ionization potentials are, for the most part, unavailable. To 
overcome this problem, the authors "back-calculated" an internally consistent set of 
"thermochemical" ionization potentials from selected thermodynamic data (Bratsch 
and Lagowski 1986). The general set of equations developed are: 

o z+ o z+ z[AHO(H;) AHO(HL)], - -  a n f ( M g  ) + + (2) A n h (  M ) = A H f ( M a  q )  o z+ 

AS°(M ~+) = S°(M: +) - S°(M~ +) + z[S°(H +) + AS°(H+)], (3) 

AGO(M~+)= o z+ o ~+ z[AGO(H;) AGO(H+)]. AGf(Maq ) -  AGf(Mg ) + + (4) 

In these equations, + the reference states of Haq is equal to - 1091 4- 10 kJ (Hallinwell and 
Nyburg 1963) and the functions AHf°(e~ -) and AGf°(e~ -) are equal to zero. A list of the 
calculated Gibbs free energies and enthalpies of hydration for the actinide elements are 
given in tables 5 and 6. The corresponding values of the lanthanide elements are listed 
in our earlier review (Rizkalla and Choppin 1991). The trends in these parameters 
across the two series of elements are esssentially the same with the standard enthalpy 
and Gibbs free energy of formation of U(IV) more negative than anticipated due to the 
ligand-field stabilization energy (LFSE). The spectroscopic analysis of Nugent et al. 
(1973a, b) and the standard electrode potential compiled by Mikheev (1984) showed 
that the LFSE z + (Maq , 6d x) is greater than the LFSE of the corresponding lanthanide 

2+ (Maq, 5dl). It should be noted that the values of Bratsch and Lagowski (1986) in tables 
5 and 6 used LFSE values for (M, z+, 6d") of 140 and 200 kJ mol-  1, respectively, for n = 1 
and 2 which are the values of the lanthanide ions. 

The absolute entropies for the gaseous ions are calculated from statistical mechanics 
(Johnson 1982) by 

S°(M~ +) = 1.5R In(at wt.) + R ln(2J + 1) + 108.745. (5) 

The values of the entropies of the aquo actinide ions were obtained by interpolation 
from the dependence of the corrected entropy term, S o of the lanthanides on ionic radii 
(fig. 8) where 

S o o z+  = S ( M a q )  - -  S e - -  S M. (6) 

These correlated values are claimed to be dependent on the structure of the aquo ion 
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TABLE 6 

S t a n d a r d  e n t h a l p i e s  o f  f o r m a t i o n  o f  t he  g a s e o u s  a n d  h y d r a t e d  a c t i n i d e  i o n s  ( d a t a  b e t w e e n  b r a c k e t s  d e n o t e  

e x p e r i m e n t a l  da t a ) .  

E l e m e n t  G a s  p h a s e  a' b A q u o  i o n s  ~' ¢ 

+ 2  + 3  + 4  + 6  + 2  + 3  + 4  + 5  + 6  

A c  2 0 5 5  3 8 8 5  . . . . .  124  - 6 3 3  . . . .  

T h  2 3 0 6  4 2 4 2  7 0 2 2  - 113 - 3 2 7  - 7 6 6  

P a  2 2 6 1  4 1 9 7  7 1 9 4  - 1 3 0  - 4 2 3  - 6 6 4  - 6 7 7  

U 2 2 4 0  4 1 7 6  7 3 2 7  1 2 1 0  - 35 - 4 8 9  - 595  - 1032  ( -  1019)  

N p  2 1 7 3  4 1 7 7  7 4 2 5  - 124  - 528  - 553  - 9 7 8  - 861 

P u  2 0 4 4  4 1 5 4  7 4 9 8  - 2 7 0  - 5 8 7  - 5 3 4  - 9 1 5  - 8 2 2  

( -  592)  

A m  1998 4 1 6 5  7 6 6 4  - 338  - 608  - 4 1 4  - 8 0 5  - 6 5 2  

( - - 6 1 7 )  

C m  2 1 4 7  4 1 9 9  7 7 5 6  - 2 0 5  - 6 0 8  - 3 6 4  

( - 6 1 5 )  

B k  2 0 8 3  4 2 4 1  7 6 8 2  - 2 8 5  - 597  - 4 8 0  

( -  601)  

C f  1 9 9 4  4 2 7 7  7 8 8 2  - 3 8 9  - 587  - 3 1 4  

( - 5 7 7 )  

Es  1 9 7 6  4 3 0 8  8 0 4 8  - - 4 2 0  - 5 8 4  - 182  

F m  1 9 7 6  4 3 3 7  8 1 3 5  - 4 3 3  - 5 8 0  - 127  

M d  1 9 7 6  4 4 3 2  8 2 7 9  - 4 4 6  - 5 1 0  - 13 

N o  1 9 6 9  4 5 8 0  8 5 4 2  - 4 6 4  - 3 8 2  + 2 2 3  

L r  2 1 7 6  4 4 0 2  8 5 1 8  . . . . .  581 + 175 

a k J  m o l - I ;  b B r a t s c h  a n d  L a g o w s k i  (1986) ;  c M a r c u s  a n d  L o e w e n s c h u s s  (1986) .  

E l e m e n t  A H  °"  

+ 2  + 3  + 4  + 6  

A c  - 1317  - 3 2 2 4  . . . . .  

T h  - 1 5 5 7  - 3 2 7 5  - 6 0 6 3  

P a  - 1 5 2 9  - 3 3 2 6  - 6 1 3 3  

U - 1413  - 3371  - 6 1 9 7  

N p  - 1435  - -  3411  - 6 2 5 3  

P u  - 1 4 5 2  - 3 4 4 7  - -  6 3 0 7  

A m  - - 1 4 7 4  - 3 4 7 9  - 6 3 5 3  

C m  - 1 4 9 0  - 3 5 1 3  - 6 3 9 5  

B k  - 1 5 0 6  - 3 5 4 4  - 6 4 3 7  

C f  - 1521 - 3 5 7 0  - 6471  

Es  - 1 5 3 4  - 3 5 9 8  - 6 5 0 5  

F m  - 1 5 4 7  - 3 6 2 3  - 6 5 3 7  

M d  - 1 5 6 0  - 3 6 4 8  - 6 5 6 7  

N o  - 1571  - 3 6 6 8  - 6 5 9 4  

L r  . . . . . .  3 6 8 9  - 6 6 1 8  

- 1 3 4 5  

kJ m o l -  I. 
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Fig. 8. Variation of the "corrected entropy", So, with r c the tripositive crystallographic radius (C = 8): 
• experimental data for Ln(III) and Pu(III) ions; © interpolated actinide data. 

only (David et al. 1985). A justification of this approach is provided by the fair 
agreement of the calculated value of S o of Pu(III) and that obtained from experimental 
data (Fuger and Oetting 1976). A summary of these values is given in table 7. Similarly, 
the hydration entropies of the divalent and tetravalent actinides were obtained from the 
pertinent data on the divalent alkaline earths and Th(IV) (Morss and McCue 1976) and 
Ce 4+ (Morss 1976). 

Differences in lanthanide and actinide hydration thermodynamics have been dis- 
cussed by Bratsch and Lagowski (1986) who attributed the differences to relativistic 
effects in the actinides which cause changes in the energies of the s, p, d, and f orbitals. 
For example, the first and second ionization potentials of the electrons of the 7s state of 
the actinides are higher than those of the 6s state of the lanthanides whereas the third 
ionization potentials are similar for both families and the fourth ionization potential is 
lower for the actinides than the lanthanides. The small decrease in IP 3 and IP 4 for the f7 

configuration in the actinides results in smooth variations in the relative stabilities of 
the adjacent oxidation states across the actinide series while the greater spatial 
extension of the 5f orbitals increases the actinide susceptibility to environmental effects 
(Johnson 1982). 

Nugent et al. (1973a, b) proposed the following correlation as a basis for comparison 
of the aetinide and lanthanide thermodynamics: 

P(M) = AH°(Mg) + AE(M) - A o M 3 + nf (  ,q ), (7) 

where AE(M) is the promotion energy from the ground-state electron configuration to 
the fqdls z configuration where q varies from 0 (La, Ac) to 14 (Lu, Lr). AE is 
approximately zero or near zero for La, Ce, Gd, and Lu, and for Ac, Pa, U, Np, Cm, and 
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TABLE 7 

S t a n d a r d  en t rop ie s  of  f o r m a t i o n  of  the g a s e o u s  a n d  h y d r a t e d  ac t in ide  ions.  

545 

E lemen t  G a s  p h a s e  a' b, c, d A q u o  ions  a' e 

+ 2  + 3  + 4  + 5  + 6  + 2  + 3  + 4  + 5  + 6  

Ac  182 176 --- 75 - 199 . . . .  

T h  190 192 177 39 - 186 - 417 

P a  197 195 192 19 - 1 8 3  - 4 0 2  

U 197 196 195 275 258 12 - 183 - 399 

N p  192 195 196 280 273 2 - - 1 8 5  - - 3 9 8  

P u  177 192 196 281 277 - 8 - -  190 - 399 

A m  195 177 192 > 271 278 - 1 - 199 - 402  

C m  199 195 178 0 - 194 - 4 0 8  

Bk 201 199 195 1 - 194 - 399 

C f  201 201 199 0 - 197 - 395 

Es 201 201 201 - -  1 - 206 - 393 

F m  199 201 202 - 4  - 2 1 5  - 3 9 3  

M d  195 199 201 - 9 - 224 - 3 9 3  

N o  178 195 199 - 27 - 231 - 395 

L r  184 178 195 . . . .  255 - 399 

- 2 1  

- 2 6  

21 

- 2 1  

- 2 1  

- 2 5  

- 30 

- 2 2  

- 9 8  

- 94 

- 9 2  

- 88 

- 8 8  

a j K -  a m o l -  a; b B ra t s ch  a n d  L a g o w s k i  (1986); c c a l cu l a t ed  for  the lowest  ene rgy  g r o u n d  states;  
d M a r c u s  a n d  L o e w e n s c h u s s  (1986); e D a v i d  (1986). 

E lemen t  AS h°a 

+ 2  + 3  + 4  + 5  + 6  

Ac  - 151 - 441 . . . .  

T h  - 195 - 4 4 4  - 682 

P a  - 222 - 444  - 682 

U - 229 - 445 - 682 

N p  - 234 - 446 - 682 

P u  - 229 - 448 - 683 

A m  - 240 - 442 - 682 

C m  - 243 - 4 5 5  - 674 

Bk - 244 - 4 5 9  - 682 

Cf  - 245 - 464 - 682 

Es - 246 - 473 - -  682 

F m  - 2 4 7  - 4 8 2  - - 6 8 3  

M d  - 248 - 489 - 682 

N o  - 2 4 9  - 4 9 2  - 6 8 2  

L r  . . . . .  499 - -  682 

- -  323 - 400  

- -  323 - 411 

- -  324 - 4 1 3  

< - 314 - 410  

~ j K - 1  m o l - 1 .  

L r .  F o r  t h e  o t h e r  f - e l e m e n t s ,  i t  i s  p o s i t i v e  a n d  t h e  v a l u e s  a r e  a c c u r a t e l y  k n o w n  f r o m  

s p e c t r o s c o p i c  m e a s u r e m e n t s  ( B r a t s c h  1 9 8 3 ) .  

A p l o t  o f  t h e  l a n t h a n i d e  P ( M )  v a l u e s  v e r s u s  q i s  r o u g h l y  V - s h a p e d  w i t h  a b r e a k  a t  

g a d o l i n i u m  ( N u g e n t  e t  a l .  1 9 7 3 a ,  b ) .  T h e  d e v i a t i o n  f r o m  t h i s  p l o t  w a s  a t t r i b u t e d  t o  a 

" t e t r a d "  e f f e c t  ( N u g e n t  1 9 7 0 ,  F i d e l i s  a n d  M i o d u s k i  1 9 8 1 ) .  S i m i l a r l y ,  t h e  l i g h t  a c t i n i d e s  

f a l l  o n  a s e p a r a t e  b u t  p a r a l l e l  p l o t  ( N u g e n t  e t  a l .  1 9 7 3 a ,  b ) .  A s s u m i n g  a p a r a l l e l i s m  
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Fig. 9. Plot of P(M) against atomic 
number Z for the lanthanide and ac- 
tinide series: • 4f experimental data; 
• 5fexperimental data; A 5fextrapo- 
lated data. 

throughout both series (including a break at q = 7), the values of o 3+ AHr(M,q ) were 
predicted for the heavy elements. 

Subsequent electro- and thermochemical analysis prompted David et al. (1978) to 
re-evaluate the actinide P(M) function. They found that P(M) varies linearly with q 
confirming the differences between heavy lanthanides and actinides (David et al. 1978) 
(fig. 9). 

Bratsch and Lagowski (1986) explained this anomaly as follows. According to their 
model, 

0 3 +  0 3 +  AHf(Maq ) = AHf(Mg ) 
613.4 

rM3, + 0 . 0 7 8 4  
1293.6. 

3 613.4 
= AH°(Mg) + E I P ( M )  - 

1 rM3+ + 0.0784 
1275.0. (8) 

Combining eqs. (7) and (8) gives 

3 613.4 
P(M) = AE(M) ± ~ I P ( M )  q 1275.0. (9) 

1 rM~+ + 0.0784 

According to eq. (9), lanthanides and actinides are expected to fall in separate 
(parallel) plots since A E ( M ) -  E~IP(M) are not identical for a lanthanide and an 
actinide with the same q value. Also, the lanthanide P(M) function is V,shaped as a 
result of the break in ionic radius at q = 7. The lack of a significant break in the actinides 
at curium accounts for the observed linearity (Spitsyn et al. 1983). 

Extensive data for thermodynamics of hydration of the actinyl ions are limited to 
2 + • 0 A S h  0 UO 2 . Comparison o fAH h and with typical di- and tripositive ions indicated that 



LANTHANIDES AND ACTINIDES HYDRATION AND HYDROLYSIS 547 

the enthalpy of hydration of the actinyl(VI) cations is comparable to those of the 
dipositive ions whereas the entropy of hydration is somewhat between that of di- and 
tripositive ions (Marcus and Loewenschuss 1986). These authors assigned the increase 
in entropy to the large effective charge on the uranium center (+ 3.3). The nonspherical 
symmetry of the uranium atom caused by the shielding effect of the axial uranyl 
oxygens results in a lower hydration entropy than those of the typical trivalent cations. 
However, the primary sphere interactions from the charge-dipole effects are strong, 
causing more extensive but weaker secondary hydration. As a result, the net enthalpy of 
hydration, is more similar to that of divalent than to trivalent cations. 

3. Hydrolysis 

Hydrolysis reactions occur for the f-elements in near-neutral solutions in the III, IV, 
and VI oxidation states and often predominate over other complexation reactions in 
solution. Hydrolysis of these elements in the II and V states occur for pH _> 8. The 
hydrolysis reactions can be expressed by the general reaction 

nM(OH2)~+< ,M,(OH)~Z-q+qH + ( M = L n  z+ orAnZ+), 

*flq. = [M.(OH)~ z - q][H+]q/[MZ+] n. (10) 

*flq. increases with increasing cationic charge density. At the simplest level, this 
behavior can be ascribed to the influence of the positive charge of the metal ion 
polarizing the water molecule(s) sufficiently to release the proton(s). The strength of 
hydrolysis follows the order 

M 4+ > M O  2+ > M 3 + >  MO~ > M  2+. 

This is consistent with other thermodynamic data which indicate effective central 
charges on the actinide atoms in the actinyl(V) and actinyl(VI) ions greater than the 
formal ionic charges of + 1 and + 2, respectively. In other words, these ions act as 
stronger Bronsted acids than ions which possess spherical symmetry of the same net 
cationic charge. Estimates of these charges were about + 2.2 and + 3.3 for both classes, 
respectively (Choppin and Rao 1984). 

Various techniques have been used to study the speciation and the precipitation of 
trivalent ions in aqueous medium. Among these are pH, extraction, and oscillopolaro- 
graphic measurements. The data provide conclusive evidence for the formation of 
polynuclear as well as mononuclear hydroxo complexes although the agreement 
between different sets of measurements are relatively poor due to the problems 
associated with the low solubility of these complexes. A summary of the data for actinide 
ions is given in table 8A. Those of the lanthanides are listed elsewhere (Rizkalla and 
Choppin 1991). For an internally consistent set of lanthanide data (Kragten and 
Decnop-Weever 1978, 1979, 1980, 1982, 1983a, b, 1984, 1987), the values of *flll were 
found to decrease with increasing atomic number as a result of cation contraction. 

Based on this argument, the hydrolysis constants for actinides would be expected to 
be slightly more negative than those for the isoelectronic lanthanides. This is seen in 
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TABLE 8 

H y d r o l y s i s  c o n s t a n t s  of  m o n o n u c l e a r  ac t in ide  complexes .  

A: T r iva l en t  ions.  

Species T M e d i u m  M e t h o d  log  *flq, Reference* 

(°C) 

N p ( O H )  2+ 25 0.3 M N a C 1 0  4 p H  - 7.43 _+ 0.12 a 

P u ( O H )  2+ 25 1 . 0 M  N a C 1 0  4 p H  - 5.53 b 

23 0.2 M L i C 1 0  4 dis - 3.80 _+ 0.2 c 

25 0 . 1 H C 1 0  4 - 7.08 d 

0.069 M H C 1 0  4 p H  - 7.25 e 

25 0 - 6 . 9 5  f 

A m  (OH)  2 + 25 1.0 M N a C 1 0  4 sol - 7.03 _+ 0.05 b 

25 1.0 M N a C 1 0  4 ex - 7.50 _ 0.3 g 

21 0.7 M NaC1 ex - 7.54 + 0.2 h 

25 0.5 M (H, N H 4 )  C 1 0  4 ex - 6.80 _+ 0.3 i 

23 0.1 M L i C 1 0  4 ex - 5.92 j 

23 0.1 M L i C 1 0  4 ex - 5.30 _+ 0.1 k 

0.1 M N a C 1 0  4 sol - 7.68 1 

0.1 M N a C 1 0 4  sol - 7.93 m 

25 0.1 M H C 1 0  4 - 5.88 d 
0.1 M N a C 1 0  4 sol - 6.34 + 0.83 n 

24 0.035 M p H  - 7.0 o 

10 0.005 M KCI  m i g  - 2.70 ___ 0.03 p 

25 0 .005  M ( H ,  N H 4 )  C 1 0  4 m i g  - 3.3 ___ 0.1 q 

A m ( O H ) ~  0.2 M N a C 1 0  4 ex - 14.76 r 

0.1 M N a C 1 0  4 sol - 16.56 1 

0.1 M N a C 1 0 ~  sol - 14.77 m 

0.1 M N a C 1 0  4 sol - 13.64 ___ 0.63 n 

25 0.005 M N H 4 C I O  4 mig  - 7.1 q 

0.003 M CaC1 z - 16.62 s 
0 sol - 17.1 __+ 0.5 t 

A m ( O H ) s  0.1 M N a C 1 0  4 sol - 24.84 1 

0.1 M N a C 1 0  4 sol - 24.71 m 

C m ( O H )  2+ 23 0.1 M L i C 1 0 4  ex - 5.92 + 0.13 j 

23 0 . 1 M  L i C 1 0  4 ex - 5 . 4 0 + 0 . 1  u 

0.1 M L i C 1 0  4 ex - 5.93 v 

0.1 M KCI  - 7.68 w 

25 0.005 M N H 4 C I O  4 m i g  - 3.40 _ 0.2 q 

0.005 M KCI  m i g  - 2.70 ___ 0.1 x 

C m ( O H )  + 25 0.005 M N H 4 C I O  4 m i g  - 9.1 + 0.3 q 

B k ( O H )  a+ 23 0.1 M L i C 1 0  4 ex - 5.66 j 

C f ( O H )  2+ 23 0.1 M L i C 1 0  4 ex - 5.62 j 

23 0.1 M L i C 1 0 4  ex - 5.05 k 

E s ( O H )  2÷ 23 0.1 M L i C 1 0  4 ex - 5.14 k 

F m ( O H )  z÷ 23 0.1 M L i C 1 0  4 ex - 3.8 + 0.2 k 

* (a) M e f o d ' e v a  et al. (1974); (b) N a i r  et al. (1982); (c) H u b e r t  et al. (1975); (d) Smi th  a n d  Mar t e l l  (1976); 

(e) K r a u s  a n d  D a m  (1949a); (0 K r a u s  a n d  D a m  (1949b); (g) L u n d q v i s t  (1982); (h) Cacec i  a n d  C h o p p i n  (1983); 

(i) R a o  et al. (1987); (j) Des i re  et al. (1969); (k) H u s s o n n o i s  et al. (1973); (1) Silva (1983); (m) B e r n k o p f  (1984); 

(n) K i m  et al. (1984); (o) K o r o t k i n  (1973); (p) M a r i n  a n d  K i k i n d a i  (1969); (q) Scha l ina tes  a n d  S t e p a n o v  (1972); 

(r) O ' C o n n o r  (1944); (s) Ra i  et al. (1982); (t) Ra i  et al. (1983); (u) H u s s o n n o i s  et al. (1976); (v) G u i l l a u m o n t  et al. 

(1969); (w) Edels te in  et al. (1983); (x) M a r i n  et al. (1968). 
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TABLE 8 (continued) 

B:Tet ravalent  ions. 

549 

Species T M e d i u m  M e t h o d  log *flq, Reference* 

(°C) 

T h ( O H )  3 + 25 p H  a 

0 p H  a ,b  

25 p H  c 

25 p H  b 

95 p H  b 

25 cix, p H  d 

25 p H  e 

25 p H  e 

25 p H  e 

8 sol, p H  f 

25 p H  e 

g 

h 

Th (O H )~  + 

P a ( H O )  3 + 

Pa (O H )2  z+ 

P a ( O n )  + 

P a ( O H ) 4  
U ( O H )  3 + 

rt 

20 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

20 

25 

25 

10 

25 

43 

15 

20 

25 

25 

10 

25 

25 

25 

3.0 M NaC1 - 5.0 

1.0 M N a C 1 0  4 - 4.3 + 0.02 

1.0 M N a C 1 0  4 - 4.3 

1.0 M N a C 1 0 4  - 4.23 _ 0.02 

1.0 M N a C 1 0  4 - 2.29 _+ 0.02 

0.5 M N a C 1 0  4 - 2.36 __+ 0.07 

0.5 M N a C 1 0  4 - 4.26 

0.3 M N a C 1 0  4 - 4.12 

0.1 M N a C 1 0  4 - 4.00 

0.1 M N a C 1 0  4 - 4.60 

0.05 M N a C I O  4 - 3.92 

0.05 M - 3.15 + 0.07 

va r  p H  - 3.6 

0 p H  - 3.61 

1.0 M - 7.69 

0 - 6.9 

3.0 - 0 . 1 4  

0 0.80 

3.0 - 0 . 5 2  

0 0.0 

3.0 -- 1.84 

3.0 -- 5.32 

3 .0M N a C 1 0  4 p H  - 2 . 1  _+ 0.15 

3.0 M N a C 1 0  4 sp - 1.65 _+ 0.05 

2.0 M N a C I O  4 pH,  sp - 1.68 

2.0 M N a C I O  4 sp - 1.63 

1.0 M N a C 1 0  4 sp -- 1.57 

1.0 M N a C I O  4 sp - 1.56 

0.5 M N a C I O  4 sp - 1.54 

0.5 M N a C I O  4 sp - 1.90 

0.5 M N a C I O  4 sp - 1.46 

A*H = 46.9 kJ/mol;  A*S = 130 J / K / m o l  

0.5 M N a C 1 0  4 sp - 1.00 

0 . 19M  H C I O  4 sp - 1.38 

0 . 19M  H C 1 0  4 sp - 1.24 

0 . 19M  H C 1 0  4 sp - 1.12 

A * H  = 44.8 ___ 4.2 kJ /mol  

0.11 M N a C 1 0  4 sp - 1.22 

0 sp - 1.12 

0 sp - 0.68 

A*H = 49.0 kJ /mol ;  A*S = 151 J / K / m o l  

0 sp - 1.11 

0 sp - 0.47 

J 

J 

J 

J 

J 

J 

J 

k 

1 

m 

n 

o 

n 

n 

P 

P 

P 
q 

q 

q 

n 

n 

n 

n, s 

t 
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TABLE 8 (continued) 

Species T Medium Method log *flq. Reference* 
(°C) 

Np(OH) 3+ 
Np(OH)~ + 

Pu(OH) 3+ 

Pu(OH)2 2 + 

Pu(OH) + 

Pu(OH)4 

21 0 sol 
43 0 sp 
50 0 sp 
75 0 sp 
100 0 sp 
125 0 sp 
150 0 sp 
25 2.0 M NaCIO 4 pH, sp 
25 1.0 M HC10 4 ex 

0,001 M HC10 4 pulse ra- 
diolysis 

15 2.0 M LiC10 4 red 
15 2.0M NaCIO 4 sp 
25 2.0 M LiC10 4 red 
25 2.0 M NaCIO 4 sp 
34 2.0 M LiC10 4 red 
25 1.11M NaC1 sp 
25 1.00 M NaC10 4 red 

1.00 M LiCIO~ ex 
1.00 M NaC10 4 

25 0.5 M NaCIO 4 sp 
25 0.5 M NaCIO 4 sp 
25 0.5 M NaCIO 4 sp 
23 0.19 LiCIO 4 

0.06 LiC10 4 sp 
1.00 M LiC10 4 ex 

rt 1.00 M NaC10 4 
1.00 M LiCIO 4 ex 

rt 1.00 M NaC10 4 
1.00 M LiC10 4 ex 

rt 1.00 M NaC10 4 

- 0.50 u 
-0 .18  n 

0.18 _+ 0.07 t 
0.76 _+ 0.03 t 
1.00 __+ 0.03 t 
1.27 _+ 0.03 t 
1.83 _+ O.O4 t 

- 2.30 + 0.03 m 
- 0.50 v 
- 0.47 w 

- 1.41 + 0.02 x 
- -  1 . 9 0  y 

- 1 . 2 7  __+ 0 . 0 1  x 

- 1.73 _+ 0.01 z 

- 1.06 _+ 0.02 x 
- 1.55 _+ 0 . 1 1  aa 
-1 .51 bb 
- 1.54 cc 
- 0.45 dd 
- 1.50 ee 
- 1.65 _+ 0.02 ff 
- 1.60 _+ 0.05 n 
- 1.72 _+ 0.05 n, y 
- 1 . 9 6  z 

- 1 . 4 8  z 

- 0.75 dd 
- 3.2 ee 
- 3 . 3  d d  

- 6 . 3  e e  

- 6 . 3  d d  

- 1 1 . 9  e e  

* (a) Hietanen and Sillen (1968); (b) Baes et al. (1965); (c) Kraus and Holmberg (1954); (d) Beran (1967); (e) Pan 
and Hseu (1955); (f) Nabivanets and Kudritskaya (1964); (g) Usherenko and Skorik (1971); (h) Kaspar (1941); 
(i) Kisiak and Stefanowicz (1971); (j) Smith and Martell (1976); (k) Hietanen (1956); (1) Grenthe et al. (1989); 
(m) Sullivan and Hindman (1959); (n) Kraus and Nelson (1950); (o) McKay and Woodhead (1964); (p) Kraus 
and Nelson (1955); (q) Betts (1955); (s) Solovkin et al. (1967); (t) Nikolceva (1978); (u) Rai et al, (1990); 
(v) Duplessis and Guillaumont (1977); (w) Schmidt et al. (1980); (x) Rabideau (1957); (y) Rabideau and Kline 
(1960); (z) Cleveland (1968); (aa) Hindman (1949); (bb) Rabideau and Lemons (1951); (cc) Davydov (1972); 
(dd) Metivier and Guillaumont (1976); (ee) Lierse (1985); (ff) Kraus and Nelson (1949). 

t h e  c o m p a r i s o n  o f  E u  ( I I I )  a n d  A m  (I I I )  v a l u e s  ( C a c e c i  a n d  C h o p p i n  1983). T h e  m o s t  

c o m m o n  p o l y n u c l e a r  h y d r o x i d e s  d e t e c t e d  fo r  t r i v a l e n t  l a n t h a n i d e s  a r e  t h o s e  o f  t h e  2 : 2 

a n d  t h e  3" 5 t y p e s .  A l t h o u g h  n o n e  h a v e  b e e n  r e p o r t e d  f o r  t r i v a l e n t  a c t i n i d e s ,  p r e s u m -  

a b l y ,  t h e s e  i o n s  a l s o  f o r m  h y d r o l y t i c  p o l y m e r s  a t  s i m i l a r  c a t i o n i c  c o n c e n t r a t i o n  a n d  

i o n i c  s t r e n g t h  a s  t h e  L n ( I I I )  c a t i o n s .  
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Fig. 10. Plot of the pH of the onset precipitation as a 
function of the atomic number  across the lanthanide 
series. 

The mechanism of hydrolysis and oleation for the Ln 3 + elements was studied by 
Suzuki et al. (1986) who measured the onset of precipitation of Ln(OH)3 by an optical 
scattering technique. To avoid local concentration effects, the hydroxide ion was 
generated electrolytically. The pH values for the initiation of precipitation ranged from 
5.7 to 7.5 and are plotted versus r in fig. 10. The S-shaped relationship was associated, 
again, with the change in hydration number between the heavy and light elements (vide 
infra). 

Hydrolysis studies of the tetravalent cations are limited to Ce and the light (Pa, Th, 
U, and Pu) actinides (tables 8B and 9). Only in strong acid media do the tetravalent ions 
exist free of hydrolysis. Similarly, only at very low concentrations are mononuclear 
hydroxides of significance. For Ce(IV), stability constants have been determined for bi-, 
ter-, tetra-, and dodeca-cerium units and for species with molecular weights as large as 
40,000 (Hardwick and Robertson 1951, Danesi 1967, Louwrier and Steemers 1976). 
X-ray measurements of thorium and uranium solutions show polynuclear complexes 
built from 

H 

H 

units with an An-An distance of 3.95 A (Bovin 1974, Johansson 1968) and 4.00 A (Katz 
and Seaborg 1957, Pocev and Johansson 1973) for Th and U, respectively. As 
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TABLE 9 
Hydrolysis constants of polynuclear actinide complexes. 

Species T Medium Method log * f l q ,  Reference* 
(of) 

Th2(OH) 6+ 25 4.0M NaNO 3 pH - 5.5 a 
25 3.0 M NaC1 pH - 4.70 + 0.05 b 
0 1.0 M NaC10 4 pH - 5.6 + 0.02 b, c 

25 1.0 M NaC10 4 pH - 4.70 d 
25 1.0 M NaClO 4 pH - 4.61 + 0.02 c 
90 1.0M NaCIO 4 pH - 2.55 + 0.03 c 
20 vat. pH - 4.56 e 
25 0 sol - 5.40 f 

Th2(OH)53+ 25 3.0 M NaCI - 8.70 g 
Th4(On)s 8 + 25 1.0 - 19.2 g 
Th6(OH)Xl°+ 25 3.0M NaCI -36.4 g 
Th6(OH)9~ 25 1.0 -37.2 g 

25 3.0 - 16.6 g 
U6(OH)~ ~ . 25 0 - 17.2 g 

* (a) Danesi et al. (1968); (b) Hietanen and Sillen (1968); (c) Baes et al. (1965); (d) Kraus and Holmberg (1954); 
(e) Lefebre (1958); (f) Higashi (1959); (g) Smith and Martell (1976). 

hydrolysis proceeds, the degree of  polymerizat ion increases rapidly such that  before 

the average n u m b e r  of  ionized protons  per An  ion reaches three, the n u m b e r  of An  ions 
in the hydrolyzed cluster exceeds 100, resulting in a decrease in the kinetic rate of  
equil ibrat ion.  

The hydrolysis of  Pu (IV) can result in the format ion  of polymers which are rather  
intractable to reversal to simpler species. This has led often to incorrect conclusions 
abou t  the na ture  of  the p lu ton ium species present and the validity of  their equi l ibr ium 
constants.  The kinetics ofdepolymer iza t ion  take a different course as the polymer ages 

such that  while freshly prepared hydroxides are easily decomposed,  aged polymers 
require quite r igorous condit ions.  A reasonable model  for this process involves initial 
format ion  of aggregates with OH bridging which dehydrate with aging (Choppin  
1983). 

H H 

\ .  /o \ .  /oN../ 
/ *Vl\o/lVJ\o/ZVl\ 

H H 

\M/O~M/O\M / 
/ \ o  / \ o  / \ 

The relative percentages of  oxo and  hydroxo bridging presumably  are the major  
factors in the inertness of the polymer.  

The tendency to d ispropor t ionate  by U O ~  and  PuO~ and  the strong oxidat ion 
properties of  A m O  ~ have led to few hydrolytic studies of these cations. The values of  
log *fl11 for N p O ~  (ca. - 8.85 at I = 0) (Baes and  Mesmer 1976, Schmidt et al. 1980)) 
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are in good accordance with predictions based on an effective charge of + 2.2 and can 
serve as a measure for the other AnO + species. 

Most of the hydrolytic studies of the hexavalent actinides have been concerned with 
UO22+. The recommended hydrolysis constants for the formation of [UOz(OH)+],  
[ -UO2(OH)2  ] (Choppin and Mathur 1991), and [(UOz)z(OH)22+] (Baes and Mesmer 
1976) at 1.0 M ionic strength are - 5.72 + 0.07, - 11.78 _+ 0.09 and - 5.89, respectively, 
and the enthalpy of formation of the dimer was found to be -68 .1  _ 10.0kJ/mol 
(Choppin et al. 1991). 

Polynuclear complexes are formed at pH values above two (Rabinowitch and 
Belford 1964) although thermodynamic data do not allow choice between 

H 
O O O O O O O 

U - - O - - U  

V \ / , ,  -o- ,  I 
O O O O O O O 

H 

(I) (II) (Ill) 

(Mavrodin-Tarabic 1973, 1974). This tendency of hydrolytic polymerization varies 
strongly across the series UO 2 +, N'~O2v 2 +, and PuO~ +. Based on the measured values of 
log *fill and log *fl22 for NpO~ + ( -  5.14 and - 6.66) and PuO 2 + ( -  5.98 and - 8.50) 
hydrolysis (Baes and Mesmer 1976), the following pH values (table 10) were estimated 
for 1" 1 monomer:  polymer formation at different levels of free AnO 2 + concentration 
(Choppin et al. 1991). 

An additional interesting aspect is found in the higher resistivity of alkaline solutions 
of PuO22 + to precipitation as compared to UO 2 +. This anomaly cannot be attributed 
to changes in the effective charges of the actinide atoms alone [ + 3.2, + 3.0, and + 2.9 
for UO2+2 , N"O2+v 2 , and PuO22+, respectively (Choppin and Rao 1984)] raising ques- 
tions about the validity of the proposed hydrolytic schemes. Madic et al. (1984), from a 
Raman spectral study of PuO~ + at different pH values, proposed that the hydrolytic 
scheme of PuO 2 + is different from that of UO22 +. The PuO 2 + spectra has four peaks at 

TABLE 10 
pH values required to achieve 50~ polymerization. 

2+ 
F M O 2  ]total pH 

M UO~ + NpO~ + PuO~ + 

10-1 3.45 3.84 4.76 
10 -3 4.46 4.94 5.87 
10- ~ 5.56 6.54 7.51 
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833, 817, 826 and 805 cm- 1 whose relative intensities vary with the pH of the medium. 
The analogous spectra of hydrolyzed U(VI) solutions displayed three bands at 869, 851 
and 836 cm- 1. The difference in the number of bands was attributed to differences in 
speciation. For UO 2+ the three stretching frequencies were assigned to UO 2+ 2 ~ 2 
(UO2)2(OH) 2+ and ( U O 2 ) 3 ( O H ) ~ -  , respectively, whereas for PuO22+ the bands were 
attributed to (PuO2) 2 +, (833 cm- I), (PuO2)z(OH)2 (817 cm- 1), and (PuO2)4(OH)~- 
(826 and 805 cm- 1). At high pH values (ca. 13-14), a new band of unknown origin was 
observed at 794 cm- 1. A comparison of the potentiometric curves of PuO 2 + obtained 
by forward titration with NaOH and back titration with HC10 4 indicated a hysteresis 
effect with large drifts in the pH of the back-titration curve (Kraus and Dam 1949a). 
Madic et al. (1984) and Schedin (1975) attributed this to a slow disintegration of the 
large (4,7) aggregates relative to its rate of formation. 

In the case ofNpO 2 + ion, only the hydroxo dimer complex was identified (by Raman 
spectrometry) (Madic et al. 1984). 

4. Summary and conclusions 

Understanding of the processes and thermodynamics of hydration and hydrolysis is 
a necessary background to understanding complexation of f-block elements. As such, 
this chapter has a relationship to the topics covered in the chapter by Choppin and 
Rizkalla (Ch. 128) in this volume. 

In their trivalent state, both families seem to share many hydration and hydrolytic 
characteristics. The solid hydrates of the lanthanides adopt either the tricapped 
trigonal prismatic structure or the square antiprismatic structure with coordination 
numbers nine and eight for the light and heavy elements, respectively, with a transi- 
tional region in the middle of the series. X-ray scattering, neutron diffraction and 
diffusion measurements for lanthanide and actinide solutions support such structures 
in both series although they differ in the transitional regions. For the lanthanides, the 
break occurs between Nd and Gd, while for the actinides it occurs between Bk and Cf. 
This difference suggests that the hydration number is sensitive to variations in size 
parameters but is not dependent on the electronic configuration of the ion. 

Bulk data of solvation of tetravalent cations supports octa-coordination in the first 
hydration sphere whereas the actinyl(VI) cations seem to favor hexa-coordination in 
the plane perpendicular to the axial actinyl group. The trends in the thermodynamic 
parameters of hydration across the actinide series are essentially similar to those 
observed for the lanthanide ions and the small differences can be attributed to re- 
lativistic effects in the actinides which causes changes in the relative energies of the s, p, 
d, and f orbitals. 

Hydrolytic behavior of trivalent actinides copies that of the analogous lanthanides of 
the same ionic size. For higher valent actinides the trend in hydrolytic tendencies across 
a homologous series [e.g., U(VI), Np(VI), and Pu(VI)] is not clearly understood. The 
anomalies associated with Pu(VI) hydrolysis may be related to a decreased tendency to 
polymerization [relative to that of U(VI) and Np(VI)]. 
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1. Introduction 

The strong similarity in the solution chemistry of the 4f and the 5f elements is most 
evident for the trivalent oxidation state of both families. The discovery experiments of 
the transplutonium actinides depended directly on this similarity as it allowed very 
accurate predictions of the chemical properties of the "to-be-discovered" elements. 
However, the actinide series is not an exact analog of the lanthanide elements. For 
example, while the stability of the trivalent oxidation state is a primary characteristic of 
all the lanthanide elements, trivalency is not the most stable state for the actinide 
elements of Z --- 90-94 and 102. The greater stability of No~a+~ relative to Not 3+) is not 
observed in the 4f analog although Yb 2 + can be present in reducing systems. Such 
differences are related to the differences in the relative energies of the (n)f, (n + 1)d and 
(n + 2)s orbitals when n = 4 (Ln) and 5 (An). 

559 



560 G.R. CHOPPIN and E.N. RIZKALLA 

In both families of elements, the cations are typical hard acids. Their outermost 
electronic configuration resembles that of the closed-shell systems (e.g., inert gases, 
alkali, and alkaline-earth cations) as the inner f orbitals are largely or completely 
unavailable for bond formation. There is evidence for covalent bonding in actinide 
chemistry in the formation of the actinyl ions, AnO~- and AnO 2 +, in which both fand d 
orbitals participate in the An-O bonds, but the extent and even the existence of 
covalency in the bonding of simple An "+ species is a subject of controversy. The 
presence of a slight amount of covalency in lanthanide bonds has been attributed to 
involvement of the lanthanide 6s orbitals rather than of the 4f orbitals (Lewis et al. 
1962). Differences in interactions with soft donor atoms have been the basis of a 

TABLE 1 
Effective ionic radii [data from Shannon (1976) and David (1986)] of lanthanide and 

actinide ions. 

Ion Ionic radius (Ä) Ion Ionic radius (Ä) 

C N = 6  C N = 8  C N = 9  C N = 6  C N = 8  

Trivalent ions 
La 1.032 1.160 1.216 Ac 1.12 1.26 
Ce 1.010 1.143 1.196 
Pr 0.990 1.126 1.179 Pa 1.05 1.20 
Nd 0.983 1.109 1.163 U 1.028 1.160 
Pm 0.970 1.093 1.144 Np 1.011 1.141 
Sm 0.958 1.079 1.132 Pu 0.995 1.123 
Eu 0.947 1.066 1.120 Am 0.980 1.106 
Gd 0.938 1.053 1.107 Cm 0.970 1.094 
Tb 0.923 1.040 1.095 Bk 0.955 1.077 
Dy 0.912 1.027 1.083 Cf 0.945 1.066 
Ho 0.901 1.015 1.072 Es 0.934 1.053 
Er 0.890 1.004 1.062 Fm 0.922 1.040 
Tm 0.880 0.994 1.052 Md 0.912 1.028 
Yb 0.868 0.985 1.042 No 0.902 1.017 
Lu 0.861 0.977 1.032 Lr 0.896 1.010 

Ce 0.87 0.97 
Pr 0.85 0.96 
Tb 0.76 0.88 

PaO + 0.78 
UO~- 0.76 
NpO + 0.75 
PuO~- 0.74 

Tetravalent ions 
Th 0.932 1.048 
Pa 0.906 1.016 
U 0.889 0.997 
Np 0.874 0.980 
Pu 0.859 0.962 
Am 0.848 0.950 
Cm 0.841 0.942 
Bk 0.833 0.932 

Pentavalent and hexavalent ions 
UO z+ 0.73 

NpOz 2 + 0.72 
PuO~ + 0.71 
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proposal for a greater degree of covalency in the bonding of An(III) relative to that of 
Ln(III) (see section 3). 

The hard-acid nature of both series of elements is seen in their aqueous solution 
chemistry where actinide and lanthanide cations complex preferentially with hard 
bases such as fluoride anions or oxygen donor ligands. The absence of significant 
variation in ligand-field effects in the formation of these complexes in solution allows 
correlation of the trends in complexation thermodynamics and kinetics within both 
series with changes in cationic radii and effective cationic charges. The predominantly 
ionic character of the bonding in these complexes is reflected in a wide fange of 
coordination numbers (four to twelve) and of symmetries as these are the result of steric 
and electrostatic factors with little or no evidence of bond-overlap constraints. 

One aspect of similarity in the two series is the contraction of the ionic radii with 
increasing atomic number. For  any oxidation state, the ionic radii decrease regularly 
along the series, due to the increase of the nuclear electric field. The variations ofr  M with 
atomic number for the same coordination number are parallel for the lanthanides and 
actinides and the difference (rLn-rAn ) is essentially constant from Am 3+ to Cf 3+ 
(David et al. 1985). This property allows extrapolation to obtain the values of ionic 
radii of the heaviest actinide elements which have not been measured (table 1) (David 
1986). 

2. Oxidation states 

Most neutral lanthanide atoms have the electronic configuration, 4f" + 1 5s 2 5p6 6S 2, 
and lose one 4fand the 6S 2 electrons to form the characteristic + 3 cations [the sum of 
the first three ionization energies changes over the series from 36 to 44 eV (Faktor and 
Hanks 1969)]. The 4f electrons are sufficiently shielded from the environment by the 5s 
and 5p orbitals that their contribution to valence forces is negligible. In a few cases, the 
energy difference between the 4fand 5d electrons is sufficiently small that changes in the 
environment about the cation can lead to promotion ofa  4felectron to the valence shell 
(5d orbital). This results in formation of the tetravalent ions as in the case of Ce(IV). 
Alternately, the result may be the transfer of the 5d electron to a 4f orbital, leading to the 
formation of divalent ions (e.g., Sm 2+, Eu 2+ and Yb2+). 

The lighter actinide elements exhibit an unusually broad range of oxidation states. 
The 5f electrons are much more delocalized and are energetically closer to the vatence 
(6d and 7s) electrons (Freeman and Darby 1974, Freeman 1980, Johansson et al. 1980) 
than are the 4f electrons. This means smaller promotion energies of the 5f--*6d 
transitions which results in the observed range of oxidation states. Thus, the lighter 
actinide ions exhibit an intermediate character between the transition elements (in 
which electronic and magnetic properties are satisfactorily understood in terms of 
delocalized or exchanged s and d valence electrons) and the lanthanide elements (in 
which the localized 4f electrons are essentially unaffected by chemical bonding). With 
the progressive filling of the 5f orbitals and the increase in the nuclear charge, the energy 
difference between the 5f orbitals and the outer orbitals increases. As a consequence, the 
5f electrons become more localized and their participation in bonding becomes less 
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TABLE 2 
The oxidation states of the f elements. The most common states are underlined, unstable states are listed in 

parentheses. 

4f elements 
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

(2) (2) 2 2 (2) (2) (2) 2 
3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 

4 4 (4) 4 (4) 

5f elements 
Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr 

(2) (2) (2) 2 2 2 
3 (3) (3) 3 3 3 3 3 3 3 3 3 3 3 

4 4 4 4 4 4 4 4 (4) 
5 5 5 5 5 

6 6 6 6 
7 7 

likely. This localization explains the marked stabilization of the trivalent oxidation 
state for the hea~¢ier actinides. A survey of the oxidation states in aqueous solution is 
presented in table 2. 

In general, lower oxidation states are stabilized by acidic conditions, while higher 
oxidation states are favored by basic media. A point  of  difference between divalent 
lanthanides and actinides is that  Eu 2 + (4f 7) is more  stable [the s tandard potential of the 
Eu 3 + / E u  2 + couple is - 0.35 V (Rard 1985)] than Yb 2 + (4f 14) I-E ° (Yb 3 + / Y b  2 +) = - 1.05 V 
(Morss 1994)] whereas Am 2 + (4f 7) is less stable than No  2 + (4f 14) (Penneman and Mann 
1972, Penneman et al. 1971). In fact, Am 2 + does not  exist as a stable species in aqueous 
solution in spite of its half-filled structure. Pulse-radiolysis measurements indicate that 
its half life in solution is about  5 ms (Sullivan et al. 1976). 

Compar i son  of  the tetravalent states of the two families is more  limited. Tetravalent 
cations can be obtained for a number  of the actinide elements, a l though the (IV) state is 
quäte unstable for the heaviest members of  the series (Sullivan et al. 1976, Propst  and 
Hyder  1970). The chemistry of the An(IV) species shows a general resemblance to that 
of Ce(IV). The rate of reduction foUows the order Bk 4+ < Am 4+ < Cm 4+ < Cf 4+ 
which resembles the order of  thermodynamic  stability as predicted from the reduction 
potentials of the M 4 + / M  3+ couples (Nugent et al. 1971). 

The pentavalent and hexavalent actinides, AnO~- and AnO22+, are unique species 
with linear structures and very strong M - O  bonds. The heptavalent oxidat ion states 
can be obtained by vigorous oxidizing agents in strongly complexing agents (Spitsyn 
1985). Dispropor t iona t ion  reactions such as 

2 An vl ~ An vn + An v (An = Np  or Am) 

occur in strongly alkaline media ( > 50% in 15 M NaOH).  Equilibrium of this dispro- 
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portionation reaction of An w is established very rapidly, which is evidence of a similar 
structure for the An v, An w and An vn ions in alkaline solutions (presumably, the linear 
O = A n = O ) .  

The "effective charges" of the penta- and hexavalent actinyl ions were estimated from 
thermodynamic data using an extended Born equation (Choppin 1983b, Choppin and 
Rao 1984). The results obtained were + 2.0, + 3.3, + 3.1 and + 3.0 for NpO 2 +, UO • + 2 , 

NpO 2 + and PuO~ +, respectively. An alternative method ofestimating these charges is 
based on an iterative manipulation of the relationships (Clarke and Rizkalla 1976) 

I o -  An = 1 -- e-°'25(Xo - -  X A n ) ,  

q=Q+n~Io-A~, 

where X o (=3.5) and XAn (~--2.1) are the electronegativities of the oxygen and the 
actinide atoms, respectively; q is the effective charge of each atom, Q is the formal 
charge (+ 1 and +2  for penta- and hexavalent actinyls, respectively) and n is the 
bond order. The calculated value for the central metal atom in NpO~- and UO~ + is 
+2.20 and +3.30, respectively, in good agreement with those listed above. These 
values also agree with theoretical calculations (Welch and Ellis 1976, Pershina 1992, 
Denning 1992). 

Since the present chapter focuses on the similarities and differences in the coordina- 
tion chemistry of the lanthanides and actinides, major attention is given to the solution 
chemistry of the common oxidation stares (+ 2, + 3 and + 4) and consideration of the 
higher oxidation states is included only when relevant to the general discussion. 

3. Bonding in lanthanides and actinides 

Ligand fields of different symmetries result in different splitting patterns of the f 
orbitals (Friedman et al. 1964). For example, a cubic field leads to two sets of triply 
degenerate orbitals (tlu and t2u ) and a non-degenerate (a2u) orbital. Unsymmetrical 
electron occupancy of these orbitals cause further splitting of the triply degenerate sets. 
However, the magnitude of these CF splittings are small (ca. ~< 200 cm-1). 

Weak covalency in the interactions of the f-element cations with ligands was 
proposed based on the resemblance between the nephelauxetic series of ligands for 
lanthanide and actinide ions and that for the d-transition-metal ions (Jorgenson 1957, 
Jorgenson et al. 1964, Sinha 1965, 1966, Sinha and Schmidtke 1965, Yatsimirskii and 
Kostromina 1964). The nephelauxetic scale was developed using the relationship: 

1 - fl = (Vaquo - -  ~complex ) /Vaquo ,  

where ~ is the maximum wave number of the absorption band of the Ln(III) ion. This 
assumes that each J value of a 4P configuration is linearly dependent on the radial 
integral. Based on this assumption, A~/vaquo of all bands of the same lanthanide 
complex should be identical [~ is the wave number of the maximum of the absorption 
band of the f-element ion and A~ = (vaquo - Ücomplex)]"  However, this is not in agreement 
with experimental observations (Dutt and Rahut 1970). Perturbations in electronic 
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spectra upon complexation were interpreted in terms of a partial charge transfer mixed 
into the f" configuration. This interpretation seemed to be supported by a linear 
dependency of the oscillator strength of hypersensitive transitions on the ner ligand 
basicity (Choppin et al. 1966, Gupta and Rohatgi 1970, Henrie et al. 1976). Mason et al. 
(1974) proposed that these spectral perturbations are due to coulombic correlation of 
dipoles induced in the ligands by the transition quadrupole moment of the metal ion. 

Paramagnetic and diamagnetic shifts of the 170-NMR signal in aqueous solutions of 
the lanthanide ions were attributed by Shulman and Wyluda (1959) to electron transfer 
from the oxygen atom of the hydration water to the lanthanide ion. In contrast, Lewis 
et al. (1962) interpreted these shifts as arising from the isotropic part of the indirect- 
contact hyperfine interaction of the unpaired lanthanide electrons with the oxygen 
nuclear charge through a configuration interaction. The dependence of the magnitude 
of the shift on the number of the 4f electrons was interpreted as evidence for very weak 
covalent interaction between the oxygen 2s orbitals (or a linear combination of the 
2s + 2p orbitals) and the lanthanide 6s orbital with the 4f, 5d and 6p orbitals playing, at 
most, a minor role in this bonding (Lewis et al. 1962). 

Magnefic-susceptibility measurements of polyaminocarboxylate complexes agreed 
with a model of predominantly ionic interactions (Möeller and Horwitz 1959). Addi- 
tional evidence for the ionic nature of the bonding in the f-element complexes is found 
in the linear correlation of the log of the stability constant for complexation, log fllo~, of 
a particular lanthanide with the ligand basicity (as measured by the acid constants) 
(Choppin 1983a) (fig. 1). This correlation holds over a wide acid range ofligand Z p K  a 

values for M(III) and M(IV) cations (M = An and En) as well as for AnO + and AnO22 +, 
provided that no strong steric effects are involved in the complexation. 

7.5-- 

5.0  

log ,81o t 

2.5 

II 

~..:~~:~~: .,2 
f 

I I I I 
2.5 5 .0  7.5 I0.0 

Y. pK« 
Fig. 1. Relationship between the stability constant, logflxox, for the formation of Sm(III) complexes and the acid 
constant, Z p K  a of the ligand: 1. benzoate; 2. acetate; 3. chloroacetate; 4. iodoacetate; 5. propionate; 
6. 3-nitrobenzoate; 7. 3-fluorobenzoate; 8. phthalate; 9. malonate; 10. diethylmalonate; 11. CPD; 12. trans- 
CHeDC; 13. cis-CHeDC; 14. p-methoxybenzoate. 
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The ionic model was tested by using an "extended" Born equation to calculate the 
free-energy change of interaction of lanthanide ions with acetate ligands (Münze 1972). 
The equation, in addition to the Born term, includes a "cratic" term to account for the 
change in the number of species upon complexation and an activity coefficient term to 
account for the experimental ionic strength: 

AGlo  a - N e 2 Z 1 Z 2  v R T l n  55.51 + R T Z l n f ( I ) ,  
418.7Ded12 

where AGlo I is the free energy of complexation ofML,  N is Avogadro's number, e is the 
unit charge (4.80 × 10- lo esu), Z 1 and Z 2 are the ionic charges of the metal and the 
ligand, respectively, D e is the "effective" dielectric constant, d 1 z is the distance between 
charge centers, v is the change in the number of reacting species and 

lnf(I) = - [(AZ/) 0.51111/2/(1 + BäI1/2)] - C I  1/z - DI ,  

with AZ 2 2 2 = CZML-- (ZM + Zk)]; ä = 4.3, B = 0.33, C = 0.75, D = -0 .15  (Choppin and 
Unrein 1976). 

As proposed by Münze, the equation used a temperature-dependent dielectric 
constant. However, in subsequent use (Choppin 1980), the dielectric constant was 
treated as a variable parameter dependent on the cationic charge. The values 80, 57 and 
41 were estimated for D e for complexation involving Ca 2 +, Ln 3 +, and Th 4 +, respect- 
ively. Using these values, it was possible to calculate the variation of AGlo 1 as a 
function of d12. The results of the calculations are shown as the full curves in fig. 2 for 
metal-fluoride complexation while the points show the experimental data. The agree- 
ment between experimental data and the calculations was taken to support a model of 
strongly ionic nature in the bonding of fluoride anions to both lanthanide and actinide 
cations. 

The same equation has been used successfully (fig. 3) to calculate the free energy of 
complexation of lanthanide and actinide ions by a variety of organic ligands ranging 
from monocarboxylates such as acetate to polyfunctional anions such as DTPA 
(Choppin 1983b). In these systems, an "effective anionic charge" Z2, is set proportional 
to the acid constant of the carboxylate groups (i.e., to Z p K  a for polydentate ligands). 

Careful inspection of the experimental data provides evidence for differences in the 
relative complexation strength of analogous members of the two families of f elements 
with the same ligands. As shown in fig. 4, the slope of 1ogflAmL versus log flNai~ 
I-rAre L "~ rNat(from Shannon 1976)] has a value of approximately 1.1 rather than 1.0. 
This slight enhancement in stability of the actinide complexes may be a reflection of a 
slightly enhanced covalency. Several studies have sought to ascertain whether such a 
covalent effect is, indeed, present. Observations based on the pattern of the elution 
curves of actinide and lanthanide elements from columns of ion-exchange resin using 
chloride (Diamond et al. 1954) and thiocyanate (Surls and Choppin 1957) as the eluting 
solution have been interpreted as reflecting stronger An Cl and A n - N  interactions. 
Subsequently, this was attributed to participation of the 6d and/or 7s orbitals rather 
than f orbitals in the bonding (Jorgenson 1980). Other studies involved synergistic 
reactions in solvent extraction with soft donors, calorimetric measurements of the 
enthalpy changes for complexation and Mössbauer chemical shifts of complexes. 
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3.1. Mössbauer studies 

Mössbauer chemical shifts of 151Eu ' 243Am and 237Np crystalline compounds show 
an increase in the range of shift values as the oxidation state is increased (fig. 5) (Friedt 
1983). Relative to the lanthanide resonances, the spread of shift values for complexes of 
a particular oxidation state is significantly larger for the actinide cations and is 
comparable to that of the 4d- and 5d-transition-metal compounds (Greenwood and 
Gibb 1971, Friedt and Danon 1979). These observations were interpreted as qualitative 
evidence of covalency in the bonding of the compounds of Np and Am, due to mixing of 
5d, 6d, and 7s orbitals. Some support for this interpretation was obtained from 
molecular cluster calculations which indicate large occupation numbers for these 
orbitals in comparison to the nominal values for ionic systems (Freeman and Ellis 1978, 
Koelling et al. 1976, Welch and Ellis 1976). 

For a given valence state, the isomer shift, 6~s, for actinide compounds was found to 
increase with increased electronegativity of the ligand, provided that the coordination 
number and the cluster geometry remain constant (Friedt and Danon 1979, Friedt et al. 
1978). This correlation was explained by electron transfer from the ligand to the metal 
through the covalent interaction. The slope of the correlation line is almost zero for the 
trivalent state but increases as the cationic charge increases. This may reflect an 
increase in the degree of covalency with oxidation state. 

Mössbauer measurements of 129I in solid NpI3, PuI 3, ThI 4 and UI 4 (Karraker 1987) 
showed essentially constant isomer shifts (t$1s = 0.24, 0.35, 0.23 and 0.32 mm/s, relative 
to the reference zinc telluride (129Te) for the four compounds, respectively) with no 
significant difference between tri- and tetravalent compounds. Comparison of these 
results to those reported for the LaI 3, GdI 3 and ErI 3 compounds (Da Costa et al. 1970, 
1971) indicate large differences in the isomer shifts of the lanthanides and actinides; e.g., 
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Fig. 5. Mössbauer shift data for Eu, Am, and Np compounds. 

for the lanthanide iodides, 5~s is approximately - 0 . 2 5 m m / s .  The difference of 
0.5q3.60 mm/s  between the two series of trivalent ions was interpreted as evidence of a 
greater degree of covalency in the bonding of the 5f elements relative to that of the 4f 
group 

3.2. Calorimetric studies 

If there is greater covalency in the bonding of actinide cations relative to that of  
lanthanides of  the same oxidation state and ionic radius, it can be expected to be 
manifested in a more exothermic enthalpy of the metal-ligand bonds. For bonding to 
softer donor atoms such as nitrogen, this effect should be enhanced. To overcome the 
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difficulty of displacing the hard oxygen donors of the solvating water molecules from 
the primary coordination sphere of the cations in aqueous solution, donor ligands 
which have both hard and softer donors, such as the aminopolycarboxylates, were used 
in the investigation of enthalpy differences. For such ligands, the "hard" carboxylate 
interactions result in loss of solvate waters. The interaction of the metal with the softer 
donors would be reflected in a more negative (or less positive) enthalpy with little or no 
difference in the entropy changes. The metal-nitrogen enthalpy contribution can be 
estimated by: 

ÔAH N = AHlo 1 -- nAHoA c 

In this equation, n is the number of binding carboxylates in the ligand and AHoa ¢ is the 
enthalpy change for the formation of the 1 : 1 metal acetate complex. This assumes 
that each metal-carboxylate interaction causes the same enthalpy change as acetate 
complexation (Choppin et al. 1977). The residual enthalpy, 6AHN, should include the 
extra exothermicity due to any covalency in the M N bonding. In a test of this 
argument, values of S A H  N for AmL and CmL complexes v e r s u s  0 A H  N of the corre- 
sponding EuL complex for a number of aminocarboxylate ligands (Choppin et al. 1987, 
Rizkalla et al. 1989) were found to have slopes of unity, indicating no apparent 
differences in M - N  bonding between Am(III), Cm(III) and Eu(III) outside the experi- 
mental uncertainties. 

Musikas (1985) has drawn attention to the use of complexation by softer ligands to 
obtain improved group separations of trivalent lanthanides from trivalent actinides. 
Such separations have been attributed to an enhanced covalency in the actinide-ligand 
complex. The selectivity between analogous actinide-lanthanide pairs by a ligand was 
compared using the selection factor, Sf, defined by 

Sf = (AGAù - AGLn) /0 .5  (AGAn + AGLn ). 

Some typical Se values for the Am(III)-Eu(III) complex pairs are listed in table 3. Also 
listed is the selection factor, Sé, which is calculated using AHAn and AHLn instead of the 

TaBLE 3 
Selection factors for selected pairs of Am(III) and Eu(III) 1:1 complexes. 

Ligand Sf Sf' No. of M - O  No. of M - N  Ref. 
bonds bonds 

F -  - 0.29 _+ 0.02 - 0.33 _+ 0.17 0 0 a 
Ac- 0.03 _ 0.02 - 0.04 + 0.15 1 0 b, c 
IDA z - 0.06 __+ 0.01 0.12 _ 0.37 2 1 b, d 
NTA 3- 0.00 ± 0.01 0.51 + 0.38 3 1 b, e 
EDTA 4- 0.03 + 0.01 0.10 + 0.08 4 2 b, e 
DCTA 4- 0.01 __+ 0.01 0.54 + 0.21 4 2 b 
TMDTA 4- -- 0.01 __+ 0.01 - 0.02 __+ 0.12 4 2 b 
N~ 0.16±0.01 -0 .11 ±0.59 0 1 f 
Phen 0.69 0 2 g 
TPTZ 0.38 0 3 g 

(a) Choppin and Unrein (1976); (b) Rizkalla et al. (1989); (c) Martell and Sm±th (1977); (d) Martell and Sm±th 
(1974); (e) Choppin and Schneider (1970); (f) Choppin and Barber (1989); (g) Musikas (1985). 
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AG values. The data in table 3 indicate that hard base ligands with high electronegativ- 
ity (e.g., F -  ion) interact more favorably with lanthanide cations whereas softer donors 
(i.e., N) have larger relative affinities toward actinide ions. These observations are 
consistent with slightly greater covalent interactions for actinides compared to lan- 
thanides of comparable radius. It is interesting to note that while IDA, NTA, EDTA 
and DCTA have positive S~ factors, the value for trimethylenediaminetetraacetate is 
negative. This is consistent with previous thermodynamic and PMR studies which 
showed a weakening in the metal-nitrogen interaction upon expansion of the size of 
the chelate ring from 5 (EDTA) to 6 (TMDTA) (Muscatello et al. 1989). 

3.3. Solvents extraction and synergistic studies 

Ligands with soff sulfur donors (fig. 6) such as TBMPP'(4-thiobenzoyl-2, 4-dihydro- 
5-methyl-2-phenyl-3H-pyrazol-3-one) and its isomer BMPPT (4-benzyl-2, 4-dihydro- 
5-methyl-2-phenyl-3H-pyrazol-3-thione) (fig. 6) have been studied as extractants to 
enhance separation between lanthanides and actinides (Smith et al. 1987, 1989). The 
BMPPT ligand extracted neither Am(III) nor Eu(III) in the absence of TOPO 
(tri-n-isooctylphosphine oxide) but its isomer TBMPP extracted Am(III) to a small 
extent. For both ligands, good extraction was achieved when TOPO was also present 
with a larger separation factor for Am from Eu for the BMPPT isomer. Semi-empirical 
extended Hückel calculations and ab initio calculations for these anions and their 
oxygen analog (table 4) gave a greater charge density for the pyrazol-sulfur in BMPPT. 

TABLE 4 

Compar i sons  of  a tomic  charges  f rom ab initio and  extended 

Hückel  calculations.  

L igand  Charges  

Ab initio Extended  Hückel  

B M P P  0 1  - 0.417 - 1.256 

0 2 - 0.332 - 1.215 

B M P P T  0 1  - 0.343 - 1.165 

S 2 - 0.296 - 1.177 

T B M P P  S 1 - 0 . 3 7 8  - 1.211 

0 2 - 0.230 - 1.064 
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This presumably results in greater covalent interactions with Am(III) and may explain 
the increased separation factor for BMPPT + TOPO. The molecular structure of 
UO2(BMPP)2(DMSO ) (BMPP is 4-benzoyl-2, 4-dihydro-5-methyl-2-phenyl-3H- 
pyrazol-3-one) (Ryan and Jarviven 1987) showed that the U O distances are shorter 
for the oxygen on the pyrazole ring than for the benzoyl oxygen, indicating a larger 
charge density on the former. Musikas (1985) found that in dithiophosphoric acid 
systems the Am(III)/Eu(III) separation is not only influenced by the nature of the soft 
ligand but also by the metal-to-ligand distance, which varies with the stereochemistry 
of the auxiliary ligand. 

Measurements using the soft donor triisobutylphosphine sulfide (TIBPS) in the 
presence of thenoyltriftuoroacetone (TTA) showed no preferential extraction of 
Am(III) over Eu(III) (Wharf et al. 1990). 

In summary, calorimetric data for complexation of Am(III), Cm(III) and Eu(III) 
with polyaminocarboxylates indicated no significant differences in the E u - N  and 
An-N bond strengths. Free energy, synergistic extraction, Mössbauer and spec- 
tral measurements suggest a small degree of enhanced covalency in the binding of 
trivalent actinides to soft donors as compared to that of lanthanides. Mössbauer-shift 
data indicate that the degree of covalency is quite small for trivalent elements but 
increases with the cationic oxidation stare. All the data are consistent with the cations 
of both families in aqueous solutions forming predominantly ionic compounds. 

4. Complexation studies 

4.1. Inner- and outer-sphere complex formation 

The structures of the solvated f-element cations and of their complexes in solution 
have been the subject of a large number of investigations. Most methods, however, are 
capable of providing only indirect evidence on the nature and structures of weak 
complexes in solution; e.g., data from thermodynamic (Choppin 1980), ultrasonic 
(Reidler and Silber 1974, Silber and Zhang 1991, Silber et al. 1972, 1990), UV-vis 
(Bünzli and Vucovic 1984, Bünzli and Yersin 1984) and FT-IR (Bünzli and Mabillard 
1986a, b, Bünzli et al. 1982a, b, 1987, 1990) measurements. Direct structural informa- 
tion can be gained from NMR (Choppin 1980, Bünzli et al. 1987), luminescence (Breen 
and Horrocks 1983, Bünzli and Yersin 1984, Rizkalla and Choppin 1991b), X-ray dif- 
fraction (Habenschuss and Spedding 1978, 1979a, b, 1980, Johansson and Yokoyama 
1990), EXAFS (Yamaguchi et al. 1988) and neutron diffraction (Narten and Hahn 
1982, 1983, Annis et al. 1985, Cossy et al. 1987, 1989). The latter is based on the use of 
scattering measurements from two solutions containing the same complex of metal 
ions of different scattering powers so the RDF can be used to determine the 
metal-ligand interactions. Examination of the halide systems using solution X-ray 
diffraction (Brady 1960) revealed that the shortest Ln-C1 and Ln-I  distances are 4.6 

o 

and 5.4 A, respectively, indicating the presence of solvent-separated ion pairs. Haben- 
schuss and Spedding (1970, 1979a, b, 1980) also found no evidence from X-ray diffrac- 
tion for inner-sphere complex formation using concentrated chloride solutions (ca. 
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3 M). These results were disputed by other investigators (Johansson and Yokoyama 
1990, Smith and Wertz 1975, Steele and Wertz 1976,1977) who suggested that 
inner-sphere chloride complexation is present in concentrated chloride solutions (ca. 1 
to 3 M). 

Luminescence spectra of solutions containing 0.01 M Eu(C104) 3 and varying 
amounts of NaC1 (1-5 M) had a peak centered at 579.04 n m  (7F  o --~ 5D o transition) 
which increases in intensity with increasing halide concentration. This was taken as 
evidence for inner-sphere complexation with chloride ions (Breen and Horrocks 1983). 
The isomer shift data obtained from X»lEu-Mössbauer measurements in the glassy 
state (Greenwood et al. 1971) supported these conclusions and were interpreted as 
indicating inner-sphere coordination at concentrations of chloride ions greater than 
1 M. Thermodynamic (Marcus 1966), spectroscopic (Choppin et al. 1966) 139La-NMR 
shift (Rinaldi et ai. 1979) and ultrasonic absorption (Reidler and Silber 1974) data in 
solutions provide strong evidence for a strong dominance of outer-sphere complexa- 
tion at chloride solutions _< 1 M. 

It has been proposed (Choppin and Strazik 1965, Choppin and Ensor 1977, Khalili 
et al. 1988) that the thermodynamic parameters of complexation can be used as a 
criterion for evaluation of inner- versus outer-sphere complexation. For outer-sphere 
complexes, the primary hydration sphere is minimally perturbed. As a result, an 
exothermic enthalpy results from the cation + ligand interaction while the entropy 
change can be expected to be negative since the ordering of ionic charges is not 
accompanied by a compensatory disordering of the hydration sphere. By contrast, 
when inner-sphere complexes are formed, the primary hydration is sufficiently disrup- 
ted that its contribution exceeds that of the cation + ligand interaction and the result is 
an endothermic enthalpy and a positive entropy change. These considerations have led 
for trivalent lanthanides and actinides in their 1 : 1 complexes (i.e., ML) to assignment of 
predominantly outer-sphere character with CI-, Br-, I - ,  C10 3, NO 3 and sulfonate 
and ofinner-sphere character with F- ,  IO 3 and SO 2- (Choppin 1971). The experimen- 
tal stability constant,/~exp is related to/~os and/~is by 

~oxp =/~is + Pos, 
where ]~is and ]~os are the stability constants for inner- and outer-sphere formation, 
respectively. The effect of cationic charge on the equilibrium between inner- and 
outer-sphere complexation by the halate and chloroacetate anions has been inves- 
tigated (Choppin et al. 1991, Rizkalla et al. 1990). In the case of halate systems, the 
entropy for the monochlorate (pK a = - 2.7) was considered to indicate 100% outer- 
sphere character while that of the monoiodate (pK a = 0.7) led to assignment of a 
predominantly inner-sphere character. The data for the 1:1 europium bromate (pKa 
for BrOt- is -2 .3)  complex was interpreted to show a mixed nature with an outer- 
sphere character more dominant. Values of 40, 70, 80 and 85% ( _+ 10%) were estimated 
as the percent of outer-sphere character for the 1 : 1 bromate complexes of Ca 2 +, Eu 3 +, 
UO 2+ and Th '~+, respectively. These estimates of a greater degree of outer-sphere 
nature in the UO2XO ~- and ThXO~ + complexes relative to EuXO 2 + are consistent 
with increased outer-sphere nature with cationic charge (recall that U in UO~ + is 
~ + 3.3). 
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The complexes of CIùCH 3 _nCO2 ligands were studied by 139La-NMR spectro- 
scopy (Rinaldi et al. 1979). The shift data provided estimates for inner-sphere character 
of 100~o (LaAc 2 +), 50~o (LaC1Ac 2 +), 22~o (LaCt2Ac 2 +) and 0~o (LaC13Ac 2 +). These 
fractions agreed weil with those calculated from thermodynamic data for Eu(III) and 
Am(III) (Choppin 1980, 1983b) using the extended Born equation (see section 3). 

Figure 7 shows the relationship for 1:1 complexes between log//exp, l°g/~is, and 
log/~os, as a function of the ligand pK a value. For trivalent f elements, outer-sphere 
complexation is dominant for 1:1 complexation with alkyl carboxylate ligands of 
pK a < 2 with the degree of inner-sphere character increasing with the pK a. A similar 
study of complexation by the simple alkyl monocarboxylate ligands with NpO~, E u  3 + 

(or Am3+), UO 2÷ and Th 4÷ (Khalili et al. 1988, Choppin et al. 1992b, Rizkalla et al. 
1990) indicated that formation of equal amounts of inner- and outer-sphere character 
in the 1:1 complex would be found for ligand pKù values of about 1.1, 3.3, 3.4 and 4.2, 
respectively. As with the halates, increased cation charge density favors outer-sphere 
formation. By contrast, an increased anionic charge of the carboxylate ligand favors an 
increase in inner-sphere character. The increased charge density of the cations results in 
stronger hydration whereas, for the lesser hydrated anions, the effects of dehydration 
upon complexation is less important. 

4.2. Strueture of the inner-sphere complexes 

Knowledge of the structural characteristics of actinide and lanthanide complexes in 
solution has increased significantly in the past two decades with the observation of a 
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wide variety of coordination numbers and symmetries. This structural versatility arises 
from the lack of strong crystal-field effects (vide infra) for the 4f and 5f electronic 
eonfigurations as well as from the large ionic radii of these metal ions. The ionic 
character of the bonding in the complexes leads to the variety of coordination numbers 
and symmetries as these are determined by steric and electrostatic factors. The most 
fundamental f element complexes in solution can be considered to be the aquated 
cations which are discussed in the following section. 

The complexation reactions usually proceed by the Eigen mechanism (Diebler and 
Eigen 1959, Eigen 1963, Eigen and Tamm 1962). This mechanism involves two steps, 
the rapid formation of an outer-sphere association complex (i.e., an ion pair) and the 
subsequent rate-determining step in which the ligand displaees one or more watet 
moleeules, 

M(H20)~, + + L  . ' M(H20)~+--L , M(H20)~_~L "+ +H20 .  

The actual ligand interchange step may be dissociative or associative in character. 
For multidentate ligands (L-L), the associative steps with replacement of two coor- 
dinated waters can be represented as 

/ O H  2 / O H  2 , / L  
M ~  + L - L  » 

OH 2 M ~ L _ L  M ~  L • 

In the absence of any steric constraints, the establishment of the first bond generally, 
but not always, leads to rapid ring closure. As the ehain distanee separating the two 
donor atoms of the ligand increases, the rate (or probability) of ring closure decreases 
(Wilkins 1974, Burgess 1978). This is reflected in a decrease in logfllOl and a deviation 
from linearity in plots of log fllOl versus EPKa. In some systems it is uncertain whether 
this increase in donor separation is aecompanied by a change from chelation to 
monodentation. Luminescence lifetime measurements of Eu(III) were used to study the 
change in hydration upon complexation with dicarboxylate ligands -OOC (CHz)ù- 
COO- (n = 1 to 4) (Barthelemy and Choppin 1989). The data indicated that malonate 
behaves strictly as a bidentate ligand whereas the release of - 1.5 molecules of water in 
succinate, glutarate and adipate complexation was interpreted as reflecting equilibrium 
between a mixture of mono- and bidentate complex species. 

The increased strain in chelation with ring expansion is also reflected in the 
complexation entropy. The dependence of the entropy change for the overall reaction, 

Sm 3+ +H2L , • SmL + +2H + 

on ring size, defined as AS]o p is shown in fig. 8 (Choppin et al. 1986). The data for the 
dicarboxylic alicyclic ligands with the structures 1, 4-cyclohexane- (CHDCA), 1, 1- 
cyclopropane- (CPD), cis-4-cyclohexene-l,2- (cis-CHeDC) and trans-4-cyclohexene- 
1, 2- (trans-CHeDC) (Rizkalla et al. 1991) are included to illustrate the effect of ligand 
rigidity on metal chelation. The decrease in AS*ol with increased chain length was 
attributed to an increased loss of configurational entropy in the alkyl chain. By 
contrast, the greater AS*o~ value for the CHDCA complexation (ca. 40 J K-1 mol-a) 
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was taken as reflecting the favorable geometric orientation for chelation by the boat 
structure of this ligand compared to that of ligands with an alkyl chain which have no 
such inherently favored structure for a chelate ring. Deviation in the entropy of 
complexation due to configurational changes upon complexation were also observed 
in the systems with cis- and trans-CHeDC ligands. The twisted structure necessary for 
favorable carboxylate orientation in both complexes requires ca. 5.5 kJ/mol to over- 
come the energy barrier hindering the change from the original half-boat or half-chair 
configuration. 

The trends for the complexes of the dioxoactinide and the tetravalent cations are 
remarkably similar to those for the complexes of the trivalent 4f cations as seen from 
the relationship of log/31o ~ versus ring size in fig. 9. The presence of axial oxygens in 
UO 2 + which are perpendicular to the plane ofcomplexation seems to have very little, if 
any, influence on the chelation with the simple alkyl dicarboxylates. 

The enhanced stability of the five-membered chelate rings relative to those of larger 
size is also apparent in the trend of the thermodynamic parameters for the complexa- 
tion of trivalent cations by a homologous series of polyaminocarboxylate ligands 
(Rizkalla et al. 1988, 1989, Choppin and Muscatello 1985). These systems were ana- 
lyzed, as described in section 3.2, in terms of 6AHù where 

6AH n = AHlo I - nAHlol(MAc 2 +), 

where n denotes the number of carboxylate groups, and AHI01 the enthalpy change for 
complexation of MAc 2 + (Ac = acetate). Expanding the chelate ring size from five to six 
in the case of lanthanide complexation by ENDPDA (ethylenediaminedi-3-propionate- 
diacetate) and actinide complexation by TMDTA (trimethylenediaminetetraacetate) or 
to seven for complexation by TMEDTA (tetramethylenediaminetetraacetate) was 
accompanied by a sharp decrease in the 6AH values relative to those of the EDTA 
complex. This can be attributed to a weakening in the M - N  bond associated with the 
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increase in chelate-chain length. Support for these conclusions was obtained from the 
differences of the 1H-NMR spectra for ENDPDA and TMEDTA as compared to that 
of EDTA. The AB quartet pattern observed for the acetate protons of EDTA 
complexes (Day and Reilley 1964, Baisden et al. 1977, Choppin et al. 1982) was 
interpreted in terms of short-lived M - O  bonds and long-lived M - N  bonds (on the 
NMR time scale of ca. 10-4-10  .7 s). The M N bond lifetime increases with increased 
metal charge density. For ENDPDA chelates, the change from a singlet (short M - N  
lifetime) to a quartet (long M - N  lifetime) pattern requires a higher metal-ion charge 
density than for the EDTA complexes, showing that the metal nitrogen interactions 
are weaker in the ENDPDA complexes. Measurements of the TMDTA and TMEDTA 
complexes also indicated that the Ln N lifetime decreases (i.e., the M - N  bond 

weakens) as the size of the ring ( ~ )  increases. 
The geometric structures of rigid complexes in solution can be determined from 

magnetic-resonance shift data. In the ML complex (L isobenzene-1, 2-dioxyacete), the 
metal was bound to the two ether oxyl~ens (deù_ o = 2.20 A) and to an oxygen of each of 
the carboxylate groups (dLù_ o = 2.10 A), all in the same plane (Kullberg and Choppin 
1977); In the ML 2 species, the metal-ether  oxygen distances increased significantly 
(2.70 A), indicating very weak L n - O  (ether) interaction. In these ML 2 complexes, the metal 
ion was in the center of the plane of four oxygen donors from the four carboxylate groups 
formed by a perpendicular arrangement of the two ligands. These changes in the 
structural features minimize the electrostatic repulsions between the ligands and 
illustrate the geometrical flexibility in the f element systems. By contrast to the 
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lanthanide systems, the thermodynamic and NMR shift data for UO2 z+ (Rao and 
Choppin 1990) and NpO~ (Choppin et al. 1992a, b) complexation are consistent with 
metal binding to the carboxylate oxygens with no significant interaction with the ether 
oxygens. This was attributed to steric interference between the axial actinyl oxygens 
and the oxygens of the ligand. 

The molecular conformation of the solid sodium (benzene-l,2-dioxydiacetato) lan- 
thanate(III) tetra-hydrate, N a L a L 2 . 4 H 2 0  , does not duplicate the structure found in 
solution for the LnL 2 anion (Kerfoot et al. 1979). In aqueous solution, the sodium ion 
is not directly associated with the LnL 2 complex whereas in the crystal it taust be in 
close proximity. This results in a change in the coordination polyhedron about the 
lanthanum ion to an approximately s-bicapped square antiprism. In the solid, the two 
ligands show some puckering of the oxyacetate arms in contrast to the near planarity of 
the ligands in solution; the dihedral angle between both ligands decreases from ca. 90 ° 
in solution to 30 ° in the crystalline form. 

Duplications of solid and solution structures have been noted in a few cases such as 
the tris(dipicolinato) lanthanate (III) complex (Donato and Martin 1972, Desreux and 
Reilley 1976, Albertsson 1970, 1972a c). The D 3 symmetry determined by aH-NMR 
measurements is essentially similar to the symmetry observed by X-ray structure 
analyses of the solid chelates. The coordination polyhedron of the metal ion is a 
tricapped trigonal prism with the nitrogen donors occupying the capped positions. 
However, the bis-dipicolinatolanthanide complexes differ in solution and solid. NMR 
studies of the bis-dipicolinatolanthanide chelates (Ln = Ce-Dy)  (Williams 1982) in- 
dicated a structure with three water molecules bonded to the central metal ions, with 
the two tridentate dipicolina{o anions filling the coordination sphere. In crystalline 
[La(DP)(HDP)(H20)2 ] . 4HzO, the lanthanum ion is nona-coordinate with a mono- 
capped antiprism structure (Guerriero et al. 1987). One carboxylate oxygen of the 
dipicolinate ligand is shared between the neighboring lanthanum polyhedron, resulting 
in the formation of a polymeric chain. 

Trivalent actinide ions are expected to form complexes with solution structures 
similar to those of the corresponding lanthanides of comparable ionic radii. Although 
no reports are known on the structure of trivalent actinides in solution, X-ray 
measurements of solid U(HCOO) 3 and Pu(HCOO) 3 indicate that the crystals are 
isomorphous with Nd(HCOO)3 and other lanthanides (Pabst 1943, Mayer et al. 1962, 
Jezowska-Trzebiatowska and Drozdzynski 1969). The monoclinic tris-oxalato com- 
plexes of the Pu 3+, Am 3+ and C m 3 + , A n 2 ( C 2 0 4 ) 3  • 10H20, are similar to those of the 
lanthanides (Jenkins et al. 1963, Chackraburtty 1963, Scherer and Fochler 1968). 

Th(IV) and U(IV) form insoluble An(DP)2"4H20 (DP is dipicolinato anion) 
chelates (Degetto et al. 1978). In the presence of bulky cations such as [Ph4As] +, 
tris-chelates of the type (Ph4As)2[An(DP)3]'H20 (An = Th 4+ or U 4+) were isolated 
(Degetto et al. 1978, Baracco et al. 1974). The coordination polyhedron of the bis- 
chelate has a bicapped square antiprismatic structure with an oxygen of each car- 
boxylate group and four oxygens of the waters of crystallization occupying the 
antiprismatic corners and two nitrogen atoms located outside the midpoints of the two 
opposite rectangular faces of the prism. The N - A n  N angle is almost linear (179°). The 
same ligand arrangement was duplicated approximately in UO2(DP)2P-6H20 (P is 
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the ct-picolinate anion) (Cousson et al. 1991) with the uranyl axial oxygens completing 
the coordination sphere. 

Interest in developing new lanthanide and actinide reagents has led to the synthesis 
of many new macrocyclics derived from cyclic polyaza and mixed polyaza-polyoxa 
ligands (Bünzli and Wessner 1984, Bombieri 1987, Vallarino 1989), and from cyclic and 
open-chain polycatecholates (Raymond et al. 1984). 

Based on the similarity in radii and acidity of Pu(IV) and Fe(III), Raymond et al. 
(1984) proposed a biomimitic approach involving design of polycatecholates for 
Pu(IV) complexation which would be similar in structure to the siderophores*, highly 
specific iron-sequestering agents. Single crystals of the isoelectronic, isomorphous 
Na4[M(C6H402)4]-21H20 [M=Th(IV) ,  U(IV), Ce(IV) and Hf(IV)] compounds 
consists of discrete [M (C6H402)4] 4-  dodecahedron, a hydrogen-bonded network of 
waters of crystallization and sodium ions, each of which is bonded to two catecholate 
oxygens and four water oxygens. The structure of Na»[Gd(C6H4Oz)4].  19H20 is 
almost isomorphous with that of the complex of the tetravalent elements. Four  2, 3- 
dihydroxybenzoic acid groups attached to a series of linear and cyclic tetraamines via 
amide linkages were prepared and their interaction with tri- and tetravalent actinides 
and lanthanides investigated. 

The complexing agent, NN'-diheptyl-NN'-6, 6-tetramethyl-4, 8-dioxaundecane dia- 
mide, was used to develop a uranyl-specific ion electrode (Senkyr et al. 1979, Bertrand 
et al. 1983). The electrode showed good specificity over a limited range of pH for UO 2 + 
and PuO 2 + for a greater than ten-fold excess of + 2 and + 3 cations and a 100-fold excess 
of NpO~, but had interference by Th 4+ when its concentration exceeded that of the 
AnO2 + ions. 

The solid-state structural analysis of Eu(DOTA)-  (DOTA is 1,4, 7, 10-tetraazacyc- 
lotetradecane- 1,4, 7, 10-tetraacetic acid) indicates that the chelate is strained, resulting 
in variable E u - N  bond lengths (Spirlet et al. 1984a). The Eu 3 + cation must be too large 
to fit into the square conformation of the tetraazadodecane ring. Conformational 
studies of La(DOTA)- ,  Pr (DOTA)-  and Eu(DOTA)-  by NMR indicated that these 
complexes have similar free energies of activation for the interconversion of the 
ethylenediamine protons between two staggered conformations. The complexes have 
axial symmetry (C4) with a single water molecule located near the main symmetry axis 
on the same side of the carboxylate groups. The whole structure is rigid within the 
NMR time frame (Desreux 1980). Even the acetate groups remain bonded within that 
time frame, in contrast to the linear aminocarboxylate complexes in which the bonds of 
the lanthanide-acetate arms are short-lived on the NMR time scale (Baisden et al. 
1977). The smaller, heavy lanthanides form stronger chelates, possibly because the 
diameter of the metal ion provides a better fit to the cavity size of the polyaza ring 
(Desreux 1980). For  example, although the difference in ionic radius between Sm 3 + and 
Gd 3+ is -0 .02A,  the increase in 1og/31o 1 is approximately two orders of magnitude 
(Cacheris et al. 1987). This may be, however, too simple a correlation. For  example, 

* Siderophores typically contain hydroxamate or catecholate fun¢tional groups which are arranged to 
form an octahedral cavity the exact size of a ferric iron. 
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although the cavity size is increased in TETA (TETA is 1, 4, 8, 11-tetraazacyclotet- 
radecane- 1, 4, 8, 11-tetraacetic acid), insignificant changes are found between TbTETA 
and TbDOTA in the metal-donor-atom distances (Spirlet et al. 1984b). The greater 
flexibility of the TETA ring compared to that of the DOTA ring allows TETA to wrap 
itself around the lanthanide ion more effectively. 

Structural studies involving actinide complexation by these cyclic ligands are lacking 
in the literature. Thermodynamic studies of lanthanide and actinide complexation 
using these somewhat rigid ligands with four nitrogen donors might provide better 
insight into the differences in covalency of the felement-donor interactions. Unfortunately 
the slow kinetics in the complexation by the polyaza ligands has been a barrier to 
the direct calorimetry required for sufficiently accurate AHlo 1 values. 

The major distinction between lanthanides and actinides in the ability of the 5f 
elements to form linear dioxo cations has been discussed (section 2). These dioxo 
cations have the unique property of interacting with themselves and with tri- or 
higher-valent cations to form "cation cation" complexes (Sullivan et al. 1961). Spec- 
trophotometric, EMF and proton-relaxation measurements of Np(V)+ U(VI) sol- 
utions (Sullivan et al. 1961) demonstrated the existence of specific interaction between 
the two cations with the formation ofa 1 : 1 complex. Rykov and Frolov (1972a, b, 1975) 
proposed that the interaction between these cations is due to an electron transfer. This 
interpretation was invalidated by the absence of a solvated electron signal in the EPR 
spectrum in the vicinity of g = 2.0023 (free-electron gyromagnetic ratio) (Madic et al. 
1979). The pres, ence of magnetic splitting in the Mössbauer spectru:rn of the 
Np(V)-Cr(III) complex sorbed on Dowex-50 cation exchanger and the lack of such 
splitting in the corresponding Np(V)-Rh (III) complex (Karraker and Stone 1977) were 
interpreted as consistent with an inner-sphere structure of the type [(H20)sMm-O - 
Np-O] 4+ (Sullivan 1964, Murmann and Sullivan 1967). These authors had inferred 
such an inner-sphere structure from kinetic measurements of the reaction 

k 
Np(V)Cr(III) » Np(V) + Cr(III). 

A more recent thermodynamic study obtained negative entropies and enthalpies of 
complexation for these reactions which seems to reflect a greater degree of hydration of 
the complex ion than of the individual reactants (Stout et al. 1993). This is plausible 
since the total positive charge of the complex leads to a higher local charge density than 
that of the separate reactants, which could result in an increased net ordering of the 
solvent molecules about the complex. Proposed structures are given in fig. 10. 

Wide-angle X-ray scattering measurements (GuiUaume et al. 1983) showed that the 
distance separating the metal centers U and Np in their U(VI)-Np(V 1 aqueous 
complex is approximately 4.2 Ä, which is comparable to the value of 3.9 A of U U 

o o o 
II II . L .  II 

O= M ( ~ ) =  0 - - -  M(~ff) M(Z ) , ' . ~  ".'> M ('~Tf) 
II II " L ' "  II Fig. 10. Proposed structures 
0 0 0 "cation-cation" complexation. 

of the 
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~ ' :  o l 
l 0"~0 

Fig. 11. Neptunyl neptunyl dimer unit in Na4(NPO2) 2 
C12012 • 8H20  . 

distance measured by the same technique for dilute, hydrolyzed UO2 z+ solution 
(Musikas and Narten 1978), and also with that measured for solid polymers of 
hydrolyzed UOz 2 + species (Aberg 1969, 1970). This prompted the suggestion that the 
metal ion in these complexes are not directly bound to each other but rather bridged as 
shown in fig. 10 in which L is H 2 0  o r  another bridging anion in solution. However, 
X-ray structural analysis ofNa4(NpO2)zClzOa2.8H20 (Cousson et al. 1984) (C1201z 
is benzenehexacarboxylate) indicated the presence of neptunyl dimers in the lattice 
(fig. 11) with the relatively short N p - N p  distance of 3.48 A and a distortion in the 
O - N p - O  angle (172.7°). A magnetic transition at ca. 10 K detected in the measurement 
of magnetic susceptibility and the presence of a very strong magnetic field in the 
Mössbauer spectrum of 2aTNp at 4.2 K (Nectoux et al. 1984) indicated some N p - N p  
interaction. 

4.3. Kinetics 

It is not intended in this section to provide a comprehensive review of kinetic data of 
lanthanide and actinide complexation reactions; the reader may consult other reviews 
(e.g., Lincoln 1986, Nash and Sullivan 1986). Hefe, we briefly outline the main 
conclusions with emphasis on those which shed light on differences and similarities 
between the two groups of f elements. 

4.3.1. Redox reactions 
The reactions of the dipositive lanthanide ions Sm(Il), Yb(II) and Eu(II) with a 

number of non-metallic'elements (Faraggi and Tendler 1972) and with Co(III), Ru (III) 
and Cr(III) complexes (Faraggi and Feder 1973, Christensen et al. 1973) have rate 
constants which follow the order Sm(II) > Yb(II) > Eu(II) and are independent of the 
oxidant electronic structure. This sequence agrees with that of the Ln"/Ln l" reduction 
potentials, - 1.55, - 1.05, and - 0.35 V, respectively (Morss 1994). 
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Evidence is strong for the prevalence of inner-sphere mechanisms in reactions in 
which Eu(II) ix oxidized (Fan and Gould 1974). This reduction of the isomer of 
[Co(NH3)5(SCN)] 2+, with a C o - S  bond, was found to be much faster than the 
reduction of the isomer with Co N bond (Adegite and Kuku 1976). This would be 
consistent with the greater affinity of Eu interaction with an N donor in the C o - S  
isomer compared to Eu S interaction in the C o - N  isomer. The rate of reduction of 
[(NH3)»ComR] by Eu(II) ion was also greatly accelerated when R was an «-hydroxy 
acid or «-alkoxy acid as compared to complexes with R is «-mercapto substituent (Fan 
and Gould 1974). 

The redox chemistry of Am(II), Cm(II) and Cf(II) has been studied by pulse- 
radiolysis techniques. The relative stability of these divalent actinides is 
Cf(II) > Am(II )>  Cm(II). There is no obvious correlation in this order and the 
electronic configurations or the ionic radii of these elements (Nash and Sullivan 
1986). 

A comparison of the second-order rate constants for the reaction (Gordon et al. 
1978) 

M(III) + e~q ~ M(II) (M = Am or Sm) 

shows that Sm(III) reduces 100-times faster than Am(III). Factors normally assumed to 
control the reactions with hydrated electrons are the charge, ionic radii and formal 
potential [1.5V for Am(II)/Am(III) and 1.56V Sm(II)/Sm(III) couples (Hart and 
Anbar 1970)]. Obviously, in all three cases, the difference in the values for Sm(III) and 
Am(III) is insufficient to account for such a large difference in the rate constants. A 
greater covalent contribution by the 5f orbitals to the bonding was postulated as the 
cause of an increase in the free energy of formation of the activated complex of Am 
compared to that of Sm, resulting in a decrease in the rate of reduction of the Am 
complex (Gordon et al. 1978). 

Oxidation of NpO~- (Ekstrom and McLaren 1972), Pu 4+ (Ekstrom and McLaren 
1971) and U 4+ (Eltantawy and Abu-Shady 1973) by Ce 4+ was investigated in 
dilute-acid media. The reaction rates were interpreted in terms of a two-step 
mechanism, 

An(OH)3 + + Ce(OH) 3 + 

fast 
AnO~- + Ce(OH) 3 + 

slow 
» AnO~ + C e  3+ + 2 H  +, 

» ANO2 2 + + Ce 3 +. 

Reactions involving A n - O  bond formation (step 1) are much slower than those 
involving simple electron exchange (step 2). Similar two-step mechanisms were 
proposed for the reactions of Pu 3+ + N p O  2+ (Fulton and Newton 1970) and 
Np 3+ + UO 2+ (Newton 1970); e.g., 

fast 
PU 3+ + N p O ~  + " Pu 4+ +NpO~-, 

Pu 3+ + NpOß slow , pu4+ + Np4+" 
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Comparison of the rate constants for the reaction of [(NH3)sCoX] 2+ with U 3+ 
(X = N r ,  F - ,  CI - ,  Ac- ,  Br- ,  C N - ,  N C S - ,  or NH3) led to the conclusion that the 
reactions proceed by an inner-sphere mechanism. The activation parameters for the 
analogous reaction of Np 3+ with (NH3)»RuX 3+ (X = H 2 0  and others) (Epenson and 
Wang 1970, Lavallee et al. 1973) supported this proposal, indicating that the formation 
of a seven-coordinate Ru(III) intermediate is involved. Other bridging ligands such as 
SO 2-,  C10 2, CI- ,  etc. have an accelerating effect on the reaction rate. This was 
attributed to a reduction in the ca t ion-cat ion  electrostatic repulsion through the 
formation of the intermediate An 3 + . .  X ' -  1... M m + 

The reactions of the disproportionation of An 4 + and AnO~- cations have interesting 
aspects. Here, it is sufficient to note that when they involve metal-oxygen bond formation 
or bond breaking, they are slow; e.g., 

2An 4+ + 2 H 2 0  ~ An 3+ + AnO~- + 4 H  +, 

2AnOf  + 4H + , An 4 + + AnO 2 + + 2H20.  

However, when only electron exchange is involved in the redox, the reactions are fast; 
e.g., 

AnO~- + A n  4+ » AnO 2+ + A n  3+ 

4.3.2. Substitution reactions 
Substitution reactions normally are quite rapid for complexes of both families of the 

f elements, reflecting the ionic nature of the bonding. Farrow and Purdie (1974) have 
attempted to correlate rate data for metal-complex formation obtained by transient 
relaxation methods with those obtained by the ultrasound absorption technique. A 
relaxation signal at a relatively low frequency for the Sm(III)-malonate system was 
attributed to rate-determining ring-closure step. The reaction was assigned the mech- 
anism 

k t k2 

Sm 3+ + - O O C C H 2 C O O -  . • [ S m O O C C H 2 C O O  ] -  . , 
k-I  k 2 

[ j o o c ~  3 + 
S m ~ o o c / C H 2  j • 

The values of log k I and log k 2 are 8.85 and 7.70, respectively. Similar conclusions were 
reached for the tartrate (Yun and Bear 1976), anthranilate (Silber et al. 1969) and picolinate 
(Erikson et al. 1987) complexation and for mixed-complex formation involving 
Ln (EDTA)(X) where X is a picolinate (Ekstrom et al. 1980) or a 5-sulfosalicylate anion 
(Ekstrom et al. 1981). The kinetic parameters for the overall reactions of these systems 
(Erikson et al. 1987) were consistent with the Diebler - Eigen mechanism (diebler and 
Eigen 1959, Purdie and Farrow 1973), 

K 
M(H20)  3+ + L L , o~ , [M(H20)ù(L_L)]3+ 

kl 

[M(HzO)ù(L_L)] 3+ , [ ( H 2 0 ) ù _ I M _ L _ L ]  3+ + H20.  
k-1 
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Fig. 12. Rate constant  for the lanthanide- 
chelate ring-opening step as a function of 
the stability constant  for several car- 
boxylate ligands. 

This is followed by the rate-determining ring-closure step, 

[-(H20)n_ 1 M - L - L ]  3+ 

where, 

kf = Kosklk2/(k_ 1 + kz),  

and 

• H 2 0 ) n _  2 M + H20,  
k 2 

k r = k _ l k _ 2 / ( k _  1 + k2). 

Assuming that k _ 1 » k» it follows that 

k r = K o s K 1 K  2 and k r = k _  2. 

The values of log k_ 2 for these systems are plotted as a function of log fit o ~ in fig. 12. 
Also included in this plot are the data of ¢yclohexanediaminetetraa¢etate (DCTA) 
(Nyssen and Margerum 1970, Möeller and Hseu 1962), l, 7-diaza-4, 10, 13-trioxacyc- 
lopentanedecane-N, N' -diacetate (K21DA) (Chang et al. 1985, S¢khar and Chang 
1986), diethylenetriaminepentaacetate (DTPA) (Brücher and Laurenczy 1981, Möeller 
and Thomson 1962) and EDTA (Ryhl 1972) complexation. The slope of ca. 0.6 was 
interpreted as reflecting a degree of bonding to the entering water molecule (Erikson 
et al. 1987). Using a modified Marcus equation (Cohen and Marcus 1968), 

A G  # __--_ W r + AG#o(I + AG/4AG#o) 2, 

the values - 39 + 30 and 79 _+ 30 kJ/rnol were estimated for W r and AGo #, respectively 
(W r is the energy required to bring the reactants together in the precursor complex and 
AGo #, is the intrinsic energy barrier). In agreement with these conclusions, the ligand 
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exchange reaction of Nd(DTPA)+ DTPA* was assigned a partially dissociative (DA) 

mechanism (Asano et al. 1970) while that of Lu(DTPA) exchange was assigned a fully 
dissoeiative (D) mechanism. 

The rate of the metal-ion exchange for the trivalent ions (Am, Cm, Bk, Cf and Eu) 
with EuEDTA-  (Choppin and Williams 1973, Williams and Choppin 1974, D'Olieslager 
et al. 1970) and (Ce, Eu and Am) with LaEDTA-  (D'Olieslager and Choppin 1971) was 
studied using radiotracer techniques. The exchange was found to be a first-order 
reversible reaction and both the forward (kf) and the reverse (k,) rate constants 
contained an acid-dependent and an acid-independent term, 

kf = kA[LnEDTA-]  I M  3 +] [H +] lEn 3 +] - 1 + kB [Ln ED TA -  ] [M 3 +], 

and 

k r = k c [H +] [ M E D T A - ]  + kt)[Ln 3+] [ M E D T A - ] ( M  is Ln 3+ or An3+). 

The metal-catalyzed exchange reaction can be represented schematically as follows, 

L n Y +  , ' L n ~ Y - M  , ' ( L n - - Y - - M ) *  " L n - Y ~ M  
' Ln + MY, 

where ( L n = Y = '  M)* is the unstable intermediate binuclear complex. The lines between 
Y and the cations indicate the number of carboxylate groups bound to the metal. For 
the acid-catalyzed mechanism, it was proposed that the first step is a rapid protonation 
of one of the carboxylate groups of the EDTA complex. The slow step is either (1) 
the dissociation ofa  second carboxylate group from the metal ion or (2) the transfer of a 
proton from the carboxylate oxygen to the nitrogen. Schematically, this mechanism is 
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Fig. 13. Plots of the rate constants of the acid-dependent dissociation pathway of AnY- versus 1/r. 
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described by: 

LnY + H , 
fast slow 

' LnYH (LnYH)* 
fast 

» Ln + HxY+ M 
( X - l )  H+ fast 

Jt 
fast slow 

MY + H . ' (MYH)* , (MYH) 

Similar conclusions were reached for the dissociation reaction of Am, Cm, Bk, Cfand Eu 
chelates of TMDTA (TMDTA is trimethylenediamine-NN'-tetraacetic acid) (Muscatello 
et al. 1989) and AmDCTA- (Sullivan et al. 1978). 

Since the bonding in these chelates is strongly electrostatic, the rate is expected to be 
proportional to the charge density of the metal cation for a given ligand. Figure 13 
illustrates this dependency for the EDTA and TMDTA chelates. As seen from these 
plots, the relative dissociation of an EDTA chelate is two orders of magnitude slower 
than that of the corresponding TMDTA complex. The rates for EuENDPDA dissocia- 
tion were found also to be faster than that for EuEDTA (RizkaUa and Choppin 1991a). 
This enhancement is most likely due to the lability associated with the greater sizeof the 

and M~N[ rings in the ENDPDA and TMDTA complexes, respectively. A 

lower reaction rate of the dissociation of LnDCTA chelates is attributable to the 
greater stereochemical rigidity of the ligand anion. 

The dissociation kinetics of Th(|V), U(IV), Np(IV) and Pu(IV) chelates with DCTA 
and DTPA have been reported (Nikitina et al. 1979). The rates of dissociation of the 
DTPA complexes were reported to be larger than for the corresponding DCTA 
complexes. Assuming that the operative mechanism for the dissociation of these 
chelates is similar to that of the trivalent-metal chelates, it would be expected that the 
rate of dissociation follows the order of decreasing ionic radii, i.e., Th > U > Np > Pu; 
however, this is not the sequence observed. At this time, no acceptable explanation has 
been offered for the observed sequence. 

5. Summary and conclusions 

This chapter has attempted to provide some understanding of the similarities and 
differences of the solution chemistry of the lanthanide and the actinide families of 
elements. The data reviewed support a model of dominant ionic interaction for both 
series of elements with various ligands. However, a slight enhancement in the stabilities 
of the 5f complexes is often observed and may be due to a slightly greater degree of 
covalency in the bonding of the actinide elements. This effect was found to increase with 
cationie charge and has not been definitely associated with the involvement of 5f 
orbitals. 

Thermodynamic, NMR, and luminescence measurements provide information on 
the factors that contribute to the formation of outer- and/or inner-sphere complexation 
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in b o t h  families. The  inf luence  of ca t ion ic  charges  a n d  l igand  bas ic i ty  on  the n a t u r e  of 
the complexes  was discussed.  T h e r m o d y n a m i c  p a r a m e t e r s  are also used to u n d e r s t a n d  
the pa t t e rn  in  s tabi l i t ies  assoc ia ted  wi th  differences in the size of chela te  r ings for these 
ha rd - ac id  cat ions .  A l t h o u g h  the 4f e lements  lack the rich redox chemis t ry  of  the 5f 
series, when  a b road  scope of solut ion chemistry is considered, the similarities in the 
b e h a v i o r  of  the t r iva len t  ca t ions  of the two families are m u c h  greater  t h a n  the 
differences. The  s tudy  of  the b e h a v i o r  of these e l ements  in  a q u e o u s  so lu t i on  has 
progressed  rap id ly  in  the last  several  decades  a n d  has served to show there  is still m u c h  

fruitful research to be done.  
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1. Introduction 

In spite of the fact that the f-block elements, the members of the lanthanide and 
actinide transition series, have no known essential role in life processes (Williams 1988), 
they pose some of the most fascinating, challenging and important  chemical and 
biochemical problems of all the inorganic elements of the periodic table. 

The reasons for this, primarily, stem from the properties conferred by their outer- 
electron configurations and associated energy levels coupled with their chemical toxi- 
cities, which are low for the lanthanides, and with their radiotoxicities, which are a 
major problem for the actinides. Unfortunately, in the latter case, relatively straightfor- 
ward issues may become obscured because of the public and political concern 
generated over-r~ioact ive  waste and the effects of nuclear weapon fallout. This is not 
the place to discuss such issues hut clear and well-argued scientific methodology can 
only help to allay the concerns, and correct the misapprehensions, of all but the most 
intransigent of individuals. 

This and following sections aims to highlight important  aspects of lanthanjde and 
actinide chemistry which impinge upon and govern biochemical considerations and 
interactions. 

1.1. A brief overview of germane aspects of lanthanide and actinide chemistry 

In recent years the scientific literature reporting and reviewing aspects of lanthanide 
and actinide chemistry, and biochemistry, has expanded to a great extent, reflecting the 
importance and challenge represented by these elements. Because of this, the literature 
cited here has been restricted to that judged to be most relevant, significant and timely 
in the subject area. With respect to actinide chemistry three publications have proved 
to be most informative and useful as sources (Katz et al. 1986a, Seaborg and Loveland 
1990a, National  Research Council 1983). 

Many aspects of lanthanide and actinide chemistry and biochemistry overlap and 
common themes can be identified in both chemical and biological systems. In addition, 
due in part  to actinide-element radiotoxicity, m u c h  effort has been, and is being, 
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expended on elucidating the prospects of using lan thanide  elements as realistic 

chemical analogues and  biomimetic  agents for the actinide elements (Delgarno 1988, 

Krauskopf  1986, Chopp in  1986, Evans 1990). It is useful, therefore, to consider the 

biochemistry of the f-elements in terms of a "compare  and  contrast"  type of approach.  
First, however, for the sake of clarity the basic and  impor tan t  physicochemical 
properties of the lan thanide  and  actinide elements will be considered separately. 

1.2. Properties of the lanthanide elements 

The lan thanide  t rans i t ion  series starts with l a n t h a n u m  (atomic n u m b e r  57) and  

cont inues  through to lute t ium (atomic n u m b e r  71). Some per t inent  chemical properties 
are given in table 1. Here it can be seen that  progress along the t ransi t ion series involves 
successive filling of the 4f a tomic orbitals. It is also apparent  that the lan thanide  ionic 
radii for the Ln  3 + ion* decrease with increasing atomic number ,  an observat ion know n  
as the lan thanide  contract ion.  It is the convergence/confluence of these intrinsic 
properties which account  for the biological significance and  potent ial  usefulness of the 
lanthanides  even though no essentiality of the elements for life has been demonstrated.  

These properties and their significance have been reviewed extensively in two recent 
books (Evans 1990, Bfinzli and Chopp in  1989) and  numerous  review articles and  

scientific papers (Suzuki et al. 1989, Meares and  Wensel 1984, Hider  and Hall  1991, 

TABLE 1 
Electron configuration and ionic radius data for the lanthanide elements. 

Lanthanide Atomic Electron configuration Ionic radius (nm) 
number 

Ground state Ionic (coordination number = 6) 
(Ln °) (Ln 3 + ) 

Lanthanuma (La) 57 [Xe] 5d 1 6s 2 [Xe] 0.1032 
Cerium (Ce) 58 [Xe] 4f 2 6s 2 [Xe] 4f I 0.101 
Praseodymium (Pr) 59 [Xe] 4f 3 6s / [Xe] 4f 2 0.099 
Neodymium (Nd) 60 [Xe] 4f 4 6s z [Xe] 4f 3 0.0983 
Promethium b (Pro) 61 [Xe] 4f 5 6s 2 [Xe] 4f 4 0.097 
Samarium (Sm) 62 [Xe] 4f 6 6s 2 [Xe] 4f 5 0.0958 
Europium (Eu) 63 [Xe] 4f v 6s z [Xe] 4f 6 0.0947 
Gadolinium (Gd) 64 [Xe] 4f ~ 5d 1 6s 2 [Xe] 4f v 0.0938 
Terbium (Tb) 65 [Xe] 4f 9 6s 2 [Xe] 4f s 0.0923 
Dysprosium (Dy) 66 [Xe] 4f 1° 6s 2 [Xe] 4f 9 0.0912 
Holmium (Ho) 67 [Xe] 4f 11 6s 2 [Xe] 4f I o 0.0901 
Erbium (Er) 68 [Xe] 4f ~ 2 6s 2 [Xe] 4f 11 0.0890 
Thulium (Tin) 69 [Xe] 4f la 6s 2 [Xe] 4f ~2 0.0880 
Ytterbium (Yb) 70 [Xe] 4f 14 6s 2 [Xe] 4f 13 0.0868 
Lutetium (Lu) 71 [Xe] 4f 14 5d ~ 6s z [Xe] 4f ~4 0.0861 

a Moderately toxic. 
b Toxic due to radioactivity. 

*Throughout this chapter, Ln is used as a generic term for a lanthanide element whilst An is used 
correspondingly for an actinide element. 
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Sherry 1989, Lauffer 1987, Williams 1982), but it is worthwhile reiterating some of the 
salient features. 

As outlined above, progress along the lanthanide series from element to element is 
characterised by successive filling of the 4f level of atomic orbitals. It should be 
noted and emphasised, however, that these are not the outermost atomic orbitals, as all 
of the lanthanides possess filled 5s, 5p and 6s orbitals, whilst some members of the 
series, namely lanthanum, gadolinium and lutetium, have one electron each in a 5d 
orbital. Thus, upon ionisation to give Ln 3 + ions, the electrons in the 4f levels remain 
relatively unaffected and the properties they confer upon the lanthanide in question are 
undiminished. This is substantially the case even upon complexation of the Ln 3 + ions. 
It is the electrons in these 4f levels and the transitions thereof which give the 
lanthanides their intrinsic spectroscopic and magnetic properties allowing them to be 
used as chemical and biochemical probes (vide infra). 

1.2.1. Absorption of radiant energy 
Due to electron transitions within the 4f level, all of the lanthanide (Ln 3+) ions, with 

the exception of lanthanum (III) and lutetium (III) which have closed-shell configur- 
ations, absorb radiation at ultraviolet or visible, wavelengths of the electromagnetic 
spectrum. Absorptivities are not high, however, and because of shielding the absorp- 
tion spectra do not, on the whole, show significant changes upon complexation of the 
Ln 3+ ion. 

1.2.2. Luminescence behaviour 
This is most prominent for terbium (III) and europium (II1) ions which are 

commonly used as luminescence probes utilising energy transfer to and from chelated 
metal ions (Evans 1990, Meares and Wensel 1984). 

1.2.3. Paramagnetism 
The lanthanide elements exhibit high magnetic moments due to the number of 

unpaired electrons in the 4f orbitals. This makes them of great practical value with 
respect to nuclear magnetic resonance (NMR) spectroscopy. Gadolinium(III) com- 
plexes, especially, make good NMR contrast agents because of their high magnetic 
moments coupled with good relaxation efficiency. This latter area of study and 
application has been the subject of an extensive review by Lauffer (Lauffer 1987). 

The utilisation of the intrinsic properties of the lanthanides and their complexes, as 
described briefly above, in biological and biochemical studies have been reviewed 
concisely by Williams (1982). 
They include the following 
(1) Lanthanides can be used as heavy-atom "stains" in electron microscopy or X-ray 

diffraction studies. 
(2) Thermodynamic properties of metal-ion binding sites, e.g., for calcium(II)*, can be 

elucidated through competition or exchange reactions with Ln 3 + ions. 

*Calcium, one of the most important and ubiquitous of the essential elements, has very few chemical 
properties whicti can be used to probe its biochemistry in situ. The lanthanides, as Ln 3 + ions, make almost 
ideal biomimetic agents.for calcium (II) as they are chemically hard and exhibit a range of ionic radii which 
encompass that of the Ca 2+ ion (Evans 1990). 
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(3) K i n e t i c  p r o p e r t i e s  o f  b i o c h e m i c a l  r e a c t i o n s  i n v o l v i n g  m e t a l  i ons  c a n  l ikewise  b e  

i n v e s t i g a t e d  a n d  m e c h a n i s t i c  i n f o r m a t i o n  ga ined .  

(4) F i n e - s t r u c t u r a l  f e a t u r e s  of  b i o l o g i c a l  s y s t e m s  m a y  b e  r e s e a r c h e d  a n d  d e f i n e d  u s i n g  

N M R ,  E S R  or  e n e r g y  t r a n s f e r  l e a d i n g  to  f luo rescence .  

F u r t h e r  a p p l i c a t i o n s  i n l u d e  in  v i v o  t a r g e t i n g  a n d  l o c a l i s a t i o n  o f  t u m o u r s  u s i n g  

a p p r o p r i a t e  l a n t h a n i d e - i o n  c o m p l e x e s  ( H i d e r  a n d  H a l l  1991, Lau f f e r  1987). 

1.3. Properties of the actinide elements 

T a b l e  2 s h o w s  e l e c t r o n - c o n f i g u r a t i o n  a n d  i o n i c - r a d i u s  d a t a  r e l a t i n g  to  t he  e l e m e n t s  

of  t he  a c t i n i d e  series. As  for  t h e  l a n t h a n i d e s ,  so for  t he  a c t i n i d e s  in  t h a t  p r o g r e s s  a l o n g  

t h e  ser ies  i n v o l v e s  success ive  f i l l ing o f  t he  f level,  in  th i s  case  t he  5f level.  O n e  i m p o r t a n t  

d i f f e rence  is t h a t  t h e  5f e l e c t r o n s  a r e  s h i e l d e d  to  a g r e a t e r  e x t e n t  f r o m  t h e  n u c l e u s  of  t he  

a t o m  t h a n  a re  t he  e q u i v a l e n t  4f  e l e c t r o n s  in t he  l a n t h a n i d e  series.  T h u s ,  t he  e n e r g y  

d i f fe rences  b e t w e e n  t he  5f, 6d  a n d  7s e l e c t r o n s  a re  less t h a n  t h o s e  b e t w e e n  t he  4f, 5d a n d  

6s e l e c t r o n s  of  t he  l a n t h a n i d e s .  T h e  r e s u l t a n t  c lose  p r o x i m i t y  o f  t he  5f, 6d  a n d  7s e n e r g y  

levels  in  t he  a c t i n i d e  ser ies  m i l i t a t e s  t o w a r d s  m u l t i p l e  v a l e n c e  s t a t e s  for  t he  a c t i n i d e  

ions ,  p a r t i c u l a r l y  in  t he  f i rs t  h a l f  of  t he  ser ies  ( K a t z  et  al. 1986b).  T h i s  is in  c o n t r a s t  to  

TABLE 2 
Electron configuration and ionic radius data for the actinide elements. 

Actinide Atomic 
number Electron configuration [1, 2]* 

Ionic radius of 
An 3+ and An 3+ ions(nm) 

Ground state Most stable aquo ion 1-1, 2] [3] [4] 

Actinium (Ac) 89 [Rn] 6d 1 7s 2 Ac 3+ : 
Thorium (Th) 90 [Rn] 6d 2 7s 2 Th* + : 
Protactinium(Pa) 91 [Rn] 5f 26d 17s 2 PaO2 : 
Uranium(U) 92 [-Rn] 5f 3 6d 1 7s 2 UO22+ : 
Neptunium(Np) 93 [-Rn] 5fg6d 1 7s 2 NpO~ : 
Plutonium (Pu) 94 1-Rn] 5f 6 7s 2 Pu 4 + : 
Americium(Am) 95 1-Rn] 5f 77s 2 Am 3 + : 
Curium(Cm) 96 1-Rn] 5f 76d 17s 2 Cm 3 + : 
Berkelium (Bk) 97 [Rn] 5f 9 7s 2 Bk 3 + : 
Californium (Cf) 98 [Rn] 5f 10 7s 2 Cf3 + : 
Einsteinium (Es) 99 [Rn] 5f 11 7s 2 Es 3 + : 
Fermium (Fm) 100 [Rn] 5f x2 7s 2 Fm a + : 
Mendelevium (Md) 101 ( [-Rn] 5f 13 7s 2) Md 3 + : 
Nobelium (No) 102 ( [-Rn] 5f a4 7s 2) No 2 + : 
Lawrencium (Lr) 103 ( [-Rn] 5f x~ 6d 1 7s 2) Er a + : 

[Rn] 0.112 .0.1119 0.118 
[Rn] 0.094 0.0972 0.099 
[-Rn] 5f ° - - - 
[Rn] 5f ° 
I-Rn] 5f 2 - - - 
[Rn] 5f 4 0.086 0.0887 0.093 
[Rn]5f 6 0.0975 0.0982 0.107 
I-Rn] 5f 7 0.097 0.097 0.099 
I-Rn] 5f 8 0.096 0.0949 0.098 
[ R n ]  5f  9 0.095 0.0934 0.098 
I-Rn] 5f 1° 0.094 0.0925 0.098 
([Rn] 5f ~ 5) - 0.097 
([Rn] 5f 12) - 0.0896 0.096 
(1-Rn] 5f x4) 0.105 - 0.113 
( [Rn]5f  14) - 0.0882 0.094 

*() Electronic structures predicted. 
References to table 
[1] Shannon (1976). 
[2] Katz et al. (1986c). 
[3] Seaborg and Loveland (1990). 
[4] Emsley (1989). 
Comments 
References [1] and I-2] refer to a co-ordination number of six for the ionic radii quoted above. 
References [3] and 1-4] give no indication as to relevant co-ordination numbers for ionic radii. Both refer to 
other reference works as sources. 
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the lanthanide elements for which the trivalent state is the most stable oxidation state 
under equivalent conditions (see table 3). 

1.4. Actinide reduction-oxidation behaviour 

From table 3, it can be seen that for the actinides in the first half of the transition 
series a multiplicity of valence states are possible, whilst those in the second half have a 
more restricted number of valence states available and have more in common with the 
lanthanide elements. This multiplicity of oxidation states can lead to some extremely 
complicated solution chemistry, but, fortunately, all of the actinides have one oxidation 
state which is dominant under fairly well-defined solution conditions. As a result, 
actinide redox behaviour is understood to a reasonable extent under physiological 
conditions although there are exceptions as will be discussed. It is, however, worthwhile 
discussing, briefly, general actinide reduct ion-oxidat ion behaviour because valence 
states which dominate in the environment and which impinge on biochemical/biologi- 
cal systems may not dominate under physiological conditions. 

In general, four oxidation states from III  to VI, characterised by the An 3 +, An 4 +, 
AnO 2 + and A n O 2 2  + ions, respectively, can exist for some if not all of the actinides, the 
dominant ionic form being shown in table 2 and highlighted in table 3. Under extreme 
solution conditions the presence ofa  + 7 oxidation state, corresponding to the AnO5 3 - 
ion, has been reported but this is certainly not relevant to physiological conditions. Of  

TABLE 3 

Lan than ide  and act in ide  ox ida t ion  states  in solut ion.  

Valence s ta te  and  associa ted ion type 
N u m b e r  
of f Lan than ide  series Act in ide  series 

e lectrons 
II  I I I  IV I II  I I I  IV V VI VII  

0 La  3+ Ce 4+ Ae 3+ Pu 4+ PaO2  + UO22+ N p O 5 3 -  

1 Ce 3+ Pr  .4+ (Th 3+) Pa  4+ UO2 + NpO22+ (PuO53- )  
2 P r  3+ Nd  4+ (Pa 3+) U 4+ NpO2 + PuO22+ A m O s 3 - ?  

3 Nd 3+ U 3+ N p  4+ PuO2 + AmO22+ 

4 Nd  2+ P m  3+ Np  3+ Pu  '*+ AmO2 + CMO22+?  

5 Sm 3 + Pu  3 + 
6 Sm 2+ Eu 3+ Am 3+ 

7 Eu 2 + Gd 3 + Tb 4 + (Am 2 +) Cm 3 + 

8 T b  3 + B k  3 + 

9 Dy 3 + Cf  3 + 
10 Dy 2 + Ho  3 + (Cf 2 +) Es3+ 

11 Er  3+ (Es 2+) F m  3+ 
12 T m  3+ F m  2+ Md 3+ 
13 Tm 2+ Yb 3+ M d  2+ No  3+ 

14 Yb 2+ Lu 3+ M d l + ?  No 2+ Lr  3+ 

A m  4 + 

Cm 4 + 

B k  4 + 

(Cf4 ÷) 
Es4+? 

CmO2+?  

C f 0 2 + ?  

Comments: Cat ions  shown in bo ld  type represent  the mos t  s table  ox ida t ion  state and  species for tha t  element.  

Species shown in parentheses  ( ) are unstable.  
Species of ques t ionable  or  unconf i rmed existence are shown thus: ? 
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the actinides, and other elements in the periodic table, plutonium is unique in that, 
under appropriate conditions, it can exist in all four of its lower oxidation states 
simultaneously (Cleveland 1970). However, under physiological conditions the pluto- 
nium(IV) valence state is stabilised (Taylor 1973a). 

1.5. Reduction-oxidation equilibria 

In certain aqueous environments the dominant valence state of an actinide may differ 
from that observed under in vivo conditions. For example, in sea water plutonium 
exists predominantly in the V and/or VI oxidation states (Watters et al. 1980, Orlandini 
et al. 1986), whereas in the body the IV valence state is stabilised (Taylor 1973a). An 
understanding of the kinetics of reversibility amongst redox states is important, 
therefore, in understanding and modelling (see later) actinide chemistry. Briefly, it can 
be stated that redox equilibria are reversible if they do not involve the subsequent 
removal of products from back reactions as is, generally, the case for Pu(IV). From a 
kinetic viewpoint, reversibility amongst redox states is rapid if the redox equilibria do 
not involve the making or breaking of chemical bonds. Therefore, equilibration 
between An 3+/An 4+ and AnOz+/AnO22+ redox couples is rapidly achieved whilst 
equilibration between couples of the type An 4 +/AnO z + is much slower. 

1.6. Why study actinide biochemistry? 

Before going on to consider the biochemistry of the actinides it is worth pausing to 
put the subject into perspective by musing upon the raison d'etre for studying actinide 
metabolism and biochemistry in the first place. 

All of the actinide elements are radioactive and those radioisotopes which decay via 
alpha-particle emission may represent a significant hazard to health following their 
incorporation. In addition, the actinide elements are intrinsic to the nuclear fuel cycle 
both as components and as waste products. Thus, there is a risk of occupational 
exposure to certain categories of worker in the nuclear industry, to scientists undertak- 
ing research into the actinides and to the general public through accidental discharge 
into the environment (Duffield and Williams 1986). It is important, therefore, to 
understand actinide metabolism so that predictions can be made concerning retention 
and distribution in the body for the purposes of making radiological risk assessments 
(ICRP 1986, Taylor et al. 1989). Furthermore, the actinides are exogenous elements 
which have no specific or essential role in normal biochemistry. As a result, the human 
body has no regulatory mechanisms for sensing the presence of actinide elements in 
order to facilitate their quantitative excretion and significant amounts of ingested or 
incorporated material may be retained and deposited either at primary or secondary 
deposition'sites (Taylor 1989a). 

For non-radioactive heavy metals such immobilisation may well negate or reduce 
the effects of chemical toxicity. However, immobilisation does not negate radiotoxic 
effects and, in fact, may exacerbate them by leading to alpha-particle emission within 
cells near chromosomal or nuclear material. In situations like these, human interven- 
tion using chelation therapy is required, the success of which involves targeting the 
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chelating agent of choice to the actinide(s) in question (Duffield and Taylor 1986). This 
can only be achieved from a detailed understanding of actinide chemistry and 
biochemistry. 

1.7. Actinide complexation phenomena includin9 hydrolysis reactions 

In the environment and body the physicochemical forms* of actinides are controlled 
and stabilised, to a large extent, by the presence of complexing ligands and groups 
(Duffield and Taylor 1986, Bulman 1978, 1980a). In biochemical systems, such moieties 
can range from solvent molecules to low molecular mass ligands to proteins and may 
include surface complexation and sorption sites associated with bone surfaces (Duffield 
and Taylor 1986). Therefore, an important thrust of actinide biochemistry has been, 
and is, to understand and  elucidate the thermodynamics and kinetics of actinide 
binding to complexing groups. 

The actinide ions, in whatever valence state, are classed as "hard" under Pearson's 
HSAB (hard and soft acids and bases) scheme (Pearson 1972). Oxygen-containing 
donor groups are, therefore, the preferred complexing moieties. In addition, bonding is 
predominantly ionic in character (Seaborg and Loveland 1990b). With respect to 
oxidation state the normal order of complexing is 

An 4+ > AnO2 z+ > An 3+ > AnO2 + 

At first sight this order of binding strength may seem surprising in that the VI valence 
state is bound more strongly than the III, but studies indicate that the effective charge 
on AnO22 ÷ approximates to 3.3 (Choppin 1983). 

1.8. Hydrolysis 

Actinide-ion hydrolysis has been reviewed extensively and data is available from a 
wide range of sources (Baes Jr and Mesmer 1976, 1981, Phillips 1982, Smith and 

->-~  

Martell 1976). 
In general, the hydrolytic behaviour of the actinides is very complicated and, in spite 

of much effort, is still poorly understood with respect to both thermodynamic and 
kinetic factors (Waters et al. 1991). The presence of mixed hydroxy-carbonate- 
actinide species has been shown in solutions from which carbon dioxide has not been 
excluded and so there is a strong possibility that some equilibrium hydrolysis data has 
been "contaminated" by the presence of carbonate (Bernkopf and Kim 1984, Kim 
1986). For certain of the actinides, particularly uranium, it is probable that ternary 
hydroxy-carbonate species exist in vivo (Bulman 1980b). 

In the absence of strongly complexing ligands such as citrate or nitrilotriacetate 
(NTA) and at only moderately acidic pH values, hydrolysis reactions may lead to the 
formation of polymeric hydroxy species for An 4 + ions (Taylor 1973a, b). These species 
may be colloidal in nature and whilst their presence may be confirmed, thermodynamic 

*Otherwise known as chemical speciation. 
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data describing their formation is not available. With respect to predicting possible 
reactions this is a serious omission in our knowledge. It is noteworthy that some of the 
earlier studies on plutonium (IV) metabolism and biochemistry may have been marred 
by the unintentional use of colloidal solutions rather than of solutions in which 
plutonium was present in a "known" physicochemical form. 

At higher actinide concentrations and in the absence of complexing agents preci- 
pitation of amorphous An(IV) hydroxides with subsequent aging to oxides occurs 
(Duffield et al. 1991, Morss 1986). 

It is unlikely that hydrolysis reactions occur to any appreciable extent under 
physiological conditions in, e.g., blood plasma or any biological fluid containing 
strongly complexing groups. However, such reactions are important with regard to the 
formation and dissolution of hydroxides and oxides to which some individuals may be 
exposed, e.g., via inhalation of plutonium (IV) oxides (Stradling et al. 1978, Morrow 
et al. 1967, Cooper et al. 1978), curium oxides (Guillmette and Kanapilly 1988) or 
mixed oxides (Briant and Sanders 1987). Subsequent biochemistry in such cases may 
well be a function of the initial chemical form in which the actinide is presented as well 
as of the route by which the individual has become contaminated. 

2. Route of entry of actinides into man 

As mentioned in the previous section, the route of entry can be critical with respect to 
distribution and longer-term effects of actinide exposure (ICRP 1972). Four  potential 
routes can be identified by which exposure and incorporation can occur (Brown 1988). 

(1) Gastrointestinal uptake from contaminated foodstuffs or by dust particles taken in 
through the nose or mouth (enteral exposure). 

(2) Inhalation of contaminated material or of actinide-compound aerosols and solids 
forms (inhalation exposure). 

(3) Absorption through the skin (percutaneous exposure). 
(4) Via cuts, wounds, burns and abrasions (parenteral exposure if by injection). 

In the case of uptake via inhalation and/or wounds, and depending upon the initial 
chemical form the element(s), the lungs and/or wound site may be designated as a 
primary deposition site from which the actinide(s) will be transported to a secondary 
deposition site. 

2.1. Initial physicochemical form and route of entry 

It is most important to consider the initial chemical form in which an actinide is 
presented to an individual as this will to a large extent, and depending upon the route of 
entry, determine whether or not the element in question is bioavailable* (Barnett et al. 
1989, Cooper 1986, Nenot and Stather 1979). 

*The term bioavailability is used to denote the ability of an element to undergo gastrointestinal absorption 
and then to take part in the normal biochemical processes of transport, metabolism, storage and excretion. 
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2.2. Gastrointes t inal  uptake  

U p t a k e  of  act inides via the oral  route  is perceived to be a ma jo r  possible  route  of 
exposure  for members  of the general  publ ic  and  much exper imenta l  effort has gone into 
e lucidat ing  the factors contro l l ing  up take  (absorpt ion)  across  the gut  membranes  into 
the body  compar tmen t s  ( ICRP 1972, 1986, Bu lman  1980, Tay lo r  et al. 1986, Sull ivan 
et al. 1985, 1986, La  Touche  et al. 1987). Fu r the rmore ,  a number  of  studies and  
compi la t ions  have s tudied and quant i f ied the up take  of act inides from a wide range of 
c o m p o u n d s  in a variety of an imal  models  ( ICR P 1986, Popplewel l  et al. 199 l a, Gi lber t  
et al. 1988, Cough t rey  et al. 1985, Long  1987, Johnson  and  L a m o t h e  1989, Bishop et al. 
1989). Overa l l  abso rp t ion  is low and r ecomme nda t i ons  of f l  values* (fract ional  
abso rp t ion  values) to be used in assessments  have been put  forward  in I C R P  publ ica-  
t ion no. 48 (1986) (Taylor  1989b). These are summar i sed  in table  4. 

Wi th in  table  4, it can be seen that  with respect  to occupa t iona l  exposure  c o m p o u n d s  
are d ivided into different types; on one level this is a reflection of their  solubil i ty.  Thus,  
insoluble  c o m p o u n d s  like oxides have a very low fract ional  abso rp t ion  indica t ing  that  
their  potent ia l  for passage into the body  is low. This is because their  init ial  
phys icochemica l  form renders  them unsui table  for absorp t ion .  

TABLE 4 

Fractional absorption values proposed, in ICRP publication no. 48 (1986), for the gastrointestinal uptake of 
actinide compounds. 

Actinide element Type of exposure, and compound type f~-value, X 10 4 

Plutonium Occupational exposure 
oxides (excluding "polydisperse" oxides) 0.1 
nitrates 1 
other compounds or unknown mixtures 10 

Population exposure (via food chains) 
all compounds 10 

Occupational and population exposure 
all compounds 10 

Neptunium 
Americium 
Curium 
Californium 

Comments: ICRP Publication no. 48 is probably the most authoritative document with respect to gastroin- 
testinal uptake of actinide elements. However, further information can be found in several other compilations 
and a number of more recent research papers, see text for details of references. 

* In defining exposure via the gastrointestinal route it is very important to have a clear understanding of the 
accepted nomenclature: when a subs(ance enters the gastrointestinal tract, a fraction of the substance passes 
through the intestinal mucosal cells and enters the bloodstream. This fraction of the ingested substance which 
is transferred into the blood is the "'fractional absorption". A certain fraction of the absorbed material is 
excreted in the urine and in the faeces (via the bile). The material remaining is that retained. When the 
retention in the total body, minus the gastrointestinal tract, is measured at some given time after ingestion, 
the measured "fractional retention" is smaller than the fractional absorption by the amount excreted (ICRP 
1986). 
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Compounds such as those of the actinides with EDTA, on the other hand, may be 
more soluble and be absorbed more readily. However, as they do not dissociate in the 
blood and are excreted readily they are not retained and are not bioavailable (Duffield 
and Williams 1989a). 

Certain of the actinide compounds, e.g., plutonium citrate complexes, are soluble, are 
absorbed (although even here absorption is very low) and dissociate in the body giving 
a relatively high fractional retention so that actinides in these initial physicochemical 
forms are bioavailable to a measurable extent. 

Finally, it should be noted that gastrointestinal uptake cannot be considered to be 
purely a function of actinide speciation or initial physicochemical form. The physio- 
logical state of the individual should always be considered, e.g., with respect to fasting 
state or iron-deficiency status, as this may increase the fl value by an order of 
magnitude (Taylor 1989b, Sullivan and Ruemmler 1988). 

2.3. Exposure by inhalation 

Inhalation of actinide compounds is an important route of exposure which has 
received much study and research (ICRP 1979, 1986, Nenot and Stather 1979, Task 
Group on Lung Dynamics 1966, Morgan etal. 1988). Once again the initial 
physicochemical form of the actinide governs to a significant extent the subsequent 
mobilisation and rate of transport of the actinide from the primary deposition site(s) in 
respiratory regions to the sites of secondary deposition within the body. In addition, the 
initial form, particularly particle/aerosol size, also affects the area in the respiratory 
region in which primary deposition occurs. For the purposes of metabolic modelling, 
four regions of the respiratory tract have been identified and designated as compart- 
ments: 

(1) the nasal passage (N-P); 
(2) the tracheobronchiolar region (T-B); 
(3) the pulmonary parenchyma (P); and 
(4) the lung-associated lymph nodes. 

A full discussion of the deposition and lung clearance characteristics of the actinides 
is beyond the scope of this chapter, but the subject area has been comprehensively and 
clearly reviewed in ICRP publication no. 48 (1986). It is germane, however, to consider 
some of the lung clearance characteristics determined by the initial physieoehemical 
form of the actinide as this is vital to the targeting of subsequent chelation therapy and 
other modes of intervention. 

In order to make radiological assessments following exposure and to prescribe some 
therapeutic treatment or other, the mobilisation and transport of actinides from the 
respiratory tract must be considered. With regard to this, three classes of compound 
can be identified whi.ch are of importance and which control mobilisation and 
transport (ICRP 1980): 

(1) Class D - compounds in this category show a minimal retention and are cleared 
with a half-time of less than ten days; 
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(2) Class W - t h e s e  have a moderate  retention and are cleared with a half-time in 
between 10 and 100 days; and 

(3) Class Y - compounds  of  this type are retained strongly with clearance half-times in 
excess of 100 days. 

Thus, the classes effectively depend upon the rate(s) at which an actinide is leached 
from a pr imary deposit ion site into the bloodstream. The classification is useful, 
therefore, in considering mobilisation of  actinide compounds  from all routes of entry 
and some illustrative data  is summarised in table 5. 

2.4. Absorption through intact skin 

This area of actinide biochemical/biological research has been relatively poorly  
researched ( ICRP 1986). However,  absorpt ion of commonly  encountered actinide 
compounds  appears to be low. Absorpt ion of p lutonium from dilute aqueous acid does 
not  exceed 0.01~o during the first hour  following contaminat ion,  whilst plutonium 
present in an organic solvent and complexed with t r ibutylphosphate  was absorbed to a 
slightly greater and more  rapid extent, i.e., 0 .04~ in fifteen minutes ( Wilson 1956). 

F r o m  a chemical viewpoint, significant absorpt ion of  actinides via the percutaneous 
route would probably  require the presence of  a stable and lipophilic actinide complex. 

2.5. Absorption from wounds 

This has been the subject of considerable effort over re6ent years and a large body  of 
data  has accrued, see, e.g., ( ICRP 1972, 1986, Neno t  and Stather 1979). Once again 
migrat ion of the actinide element from wound  site to secondary deposit ion site appears 

TABLE 5 
Transport and mobilisation characteristics of actinide compounds from primary sites of deposition. 

Compound Chemical type Characteristics and comments 
classification and examples 

Y (years) Highly insoluble These are retained largely at the initial deposition site, in a wound or 
compounds, e.g., high lung. Mobilisation/leaching is slow with half-times in excess of 100 
fired oxides days. This may be facilitated by physical break-up of particles due 

radioactive recoil effects (Nenot and Stather 1979). Treatment may 
involve lung lavage or washing and physical excisement of wounds. 
Absorption by gastrointestinal uptake is low (see table 4). 
The complex/salt tends to dissociate at the deposition site. This may 
lead to precipitation of the actinide, in the absence of strongly 
complexing ligands, to give amorphous actinide hydroxides. This 
will be leached slowly from the deposition site with half-times in the 
region of 10 to 100 days. 
Transport from the deposition site is rapid and quantitative with 
half-times of less than 10 days. Depending upon the complex, ex- 
cretion may be significant. 

W (weeks) 

D (days) 

Labile salts and 
complexes, e.g., 
nitrates, chlorides 

Relatively non-labile 
and soluble actinide 
complexes, e.g., with 
EDTA. 
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to be a function of the initial physicochemical form. This assertion is supported by data 
obtained from an accidental exposure in 1976 in which an individual was extensively 
contaminated following the explosion of an ion-exchange column loaded with 241Am, 
and in which the actinide was present in a variety of physical forms, e.g., adsorbed on to 
glass and metal debris (Palmer and Rieksts 1983). 

Recent work has investigated the possibilities of modelling the speciation chemistry 
of actinides in wound fluids (Lunn 1990). This theoretical work supports the views 
expressed above that the initial physicochemical form determines the rate of mobilisa- 
tion from the wound site. Thus, oxides are dissolved in wound fluids to a negligible 
extent even in the presence of strong chelators such as diethylenetriaminepentaacetate 
(DTPA). This may have important implications with respect to treatment of wound- 
contamination incidents where surgical excision is often combined with chelation 
therapy and wound washing with DTPA (Carbaugh et al. 1989). 

Further work by Piechowski et al. (1989) has proposed a metabolic model to assess 
internal exposure following a wound contamination incident. Results indicate that the 
internal contamination was a result of activity which passed through vascular injuries 
at the time of the incident and support the conclusion that chelation therapy should be 
started immediately whilst the decision to excise tissue may be resolved in a more 
leisurely and composed manner. 

3. Biodistribution and biokinetics of the f elements 

Following resorption into the systemic circulation, the actinide and lanthanide 
elements are deposited predominantly in the skeleton and liver with rather smaller 
amounts being deposited in muscle, spleen, lungs and gonads. For the actinides and for 
some lanthanide radionuclides, this tendency to deposit heavily in bone carries with it 
the risk of induction of bone tumours, predominantly osteosarcoma (Duffield and 
Williams 1986). The tissue distribution of plutonium, as an example for the f elements in 
general, in the tissues of humans, rats and dogs at periods ranging from 5 to 30 days 
after intravenous injection is compared in table 6. For each species the retention in the 

TABLE 6 
The comparative distribution of plutonium in human, beagle and rat tissues after 
intravenous injection of ng amounts of 239pu. The data are expressed as % of the 

injected dose. 

Tissue Human 5d Beagle 30d Rat 14d 
(Langham et al. 1951) (Vaughan et al. 1973) (Taylor et al. 1983) 

Skeleton 65 38 72 
Liver 12 47 5 
Spleen 0.9 0.8 0.1 
Lung 1.5 0.5 0.08 
Kidney 0.5 0.9 0.4 
Testes 0.08 - 0.1 
Muscle 6 8 1.3 
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tissues shown does not decrease dramatically between 5 and 30 days post-injection. 
Durbin (1962) noted that for both lanthanides and actinides the skeletal uptake 

tended to increase with decreasing ionic radius, from about 10~o to over 60~o of the 
resorbed element, whereas liver uptake decreased, within the same range, with increas- 
ing ionic radius. The skeletal retention of the actinides and lanthanides in experimental 
animals appears to be long, equalling or even exceeding the natural life expectancy of 
the animal (Taylor 1983). The retention in animal liver shows quite wide species 
variation from relatively rapid clearance in rat or mouse to near complete retention in 
hamster or beagle. The available human information suggests that the skeletal reten- 
tion is also prolonged, the estimates of the retention half-time for plutonium, e.g., 
ranging from about 20 years (Taylor 1985) to over 100 years (Langham et al. 1951). For 
radiation protection purposes the International Commission on Radiological Protec- 
tion (ICRP publication no. 19, 1972) assumes a half-life of 50 years for actinides in the 
human skeleton. The half-time of retention of Am (III) or Pu(IV) in human liver may be 
as little as perhaps four-eight years, or as long as 20 years (Taylor 1984). For radiation 
protection purposes, ICRP publication no. 19 (1972) assumes a half-time of 20 years for 
the retention of actinides in human liver. 

Little information is available from animal studies on the long-term retention of 
lanthanides, and human data are almost entirely lacking. Recently small-scale studies 
of the biokinetics of yttrium, which may be regarded analogues of the trivalent 
lanthanides, have been started in human volunteers who were given intravenous 
injections of 88y citrate. The preliminary results for the first 200 days post-injection, 
obtained using whole body counting and excreta analysis, indicate that about 22~ of 
the 88y is lost by excretion and 78~o is retained with a half-time of about 2.5 years. This 
half-time may perhaps increase as the studies are continued for a longer period (Bailey 
1989). 

Perhaps the only other tissues of concern with respect to the deposition of actinides 
or lanthanides in humans are the testes and ovaries, since the possibility of genetic 
damage or of cancer transmission to children cannot be excluded. The studies with 
plutonium, and to a lesser extent americium and curium, suggest that testicular uptake 
is low, perhaps < 0.03~o of the resorbed element, and that deposition in the ovaries is 
even lower, < 0.01~. However, the studies in every species examined, except monkeys, 
suggests that the retention of actinides in the gonads is essentially infinite (ICRP 1986). 

The prolonged retention of the f elements in the human and animal body results 
from the very limited capacity of the body to excrete elements such as plutonium, 
americium and curium, although others such as neptunium may be more mobile. The 
excretion of actinides from the mammalian body was reviewed recently by Taylor 
(1991) in relation to the use of chelating agents to accelerate their elimination. Table 7 
shows the urinary excretion of plutonium during the first four days after intravenous 
injection of plutonium, curium, neptunium and yttrium (as a lanthanide analogue) into 
human volunteers. For all the elements studied in man, the urinary excretion route 
appears to predominate. The limited studies which have been published indicate that 
plutonium and, perhaps, other f elements are eliminated in the urine as citrate 
complexes (Taylor 1991). The differences in the urinary excretion of neptunium, 
plutonium, curium or yttrium shown in table 7 do not appear to show any simple 
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TABLE 7 
The cumulative urinary excretion (expressed as % of the injected dose) of some f elements at four days after 

intravenous injection into human volunteers. 

Neptunium Plutonium Curium Yttrium 

Mean 30.0 0.8 7.4 0.8 
SD _+ 7.7 +0.3 -+0.8 
No. of 
subjects 5 13 5 2 
Reference (Popplewell et al. 1991b) (Langham et al. 1951) (Popplewellet al. 1991b) (Bailey 1989) 

relationship to either ionic radius or to the stability of the citrate, or other  low 
molecular  weight complexes. 

4. Biochemistry in the body compartments 

4.1. Reactions in blood plasma 

After entry into the body  by whatever route, t ransport  of actinides or  lanthanides to 
secondary deposit ion sites is mainly via the plasma in the bloodstream. Within this 
body  compar tment  it is convenient  to consider the f element as being part i t ioned 
between three (or perhaps four) fractions which are in equilibrium with one another  
and which are responsible for t ransport  and intracellular uptake. For  reasons which 
will become apparent  it is appropr ia te  to illustrate this concept  using the parti t ioning of  
the essential element iron, as iron(III),  as an example, as shown in fig. 1 (May and 
Williams 1980). 

It can be seen that the metal ion, Fe 3+ in this case, is part i t ioned between three 
fractions which exist in a labile and the rmodynamic  equilibrium with one another.  
There is a fourth fraction in which the metal is bound  inertly and which is not  readily 
exchangeable with the other  three fractions. This latter fraction can be thought  of as a 
storage compar tment .  

With respect to metal t ransport ,  it is the three labile compar tments  which are of 
interest. Transferrin, the protein which is responsible for t ransport ing iron(III)  into and 

Inert and/or 
thermodynamically 
non-reversible 

Labile and thermodynamically reversible 

Haemoglobin ~ Transferrin , Low molecular mass Fe 3 + Free aquated metal ion 
Myoglobin complexes with citrate [Fe(H20)6] 3 + 
Ferritin 

Fig. 1. Intert and labile forms of metal ions in vivo. 
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out of cells via receptor-mediated endocytosis (Dautry-Varsat 1986, May Jr and 
Cautrecasas 1985, Wileman et al. 1985), appears to play a major role in f-element 
transport within the bloodstream. Interestingly, many of the characteristics of transfer- 
rin metal-ion binding, transport and cellular uptake have been probed using Ln 3 + ions 
and their complexes (Luk 1971, O'Hara and Bersohn 1982, Messori et al. 1986, O'Hara 
and Koenig 1986). 

4.1.1. Binding to transferrin 
Transferrin is a glycoprotein with a molecular mass of about 80 kDa which contains 

about 800 amino acid residues (Aisen and Listowsky 1980). The protein is bilobular 
with one metal binding site in each lobe. These metal binding sites are designated the 
N- and C-terminal sites, each contains two tyrosine, one histidine and one aspartic acid 
residues which appear to be involved in the metal binding; a third tyrosine residue may 
also participate in the binding of some metals (Harris et al. 1981). The biochemical 
significance or equivalence of these two binding sites is not clear, although at pH 7.4 the 
formation constant for the Fe(III) complex with the C-terminal site is about six times 
greater than that for the N-terminal site (Baldwin and Egan 1987). 

In addition to binding and transporting Fe 3 + ions, transferrin is also responsible for 
binding certain of the actinide and lanthanide ions in viva, much evidence having been 
gleaned from animal studies by Taylor et al. (1987) and Taylor (1991). These studies 
have shown transferrin to bind 239pu, 237Np, 233pa in rat plasma. Evidence for Th(IV) 
binding to transferrin has been obtained (Duffield and Taylor 1986) with indications 
that this protein also binds Am 3 +, Cm 3 +, Eu 3 +' Gd 3 + and Yb 3 + in plasma (Taylor 
et al. 1991). In fact the ". . .  remarkable similarity in the interactions of plutonium, 
neptunium and protactinium with proteins and other ligands in vivo..." (Taylor et al. 
1987) has prompted Taylor and his colleagues to suggest that, under physiological 
conditions, neptunium and protactinium are stabilised and bound as Np 4+ and Pa 4 + 
ions, respectively, rather than as the normally more stable NpO 2 + and PaO 2 + ions. 
This is of interest as reduction of Np(V) and Pa(V) to Np(IV) and Pa(IV) involves 
breaking of metal-oxygen bonds and re-organisation of the inner solvation layer in a 
reduction process which is essentially irreversible (Seaborg and Loveland 1990a). 
Much more work is needed on this aspect of actinide biochemistry. Studies by Stevens 
et al. (1980) have indicated that transferrin is also responsible for the transport of 
uranium, injected as U(VI) citrate into the blood of beagle dogs. In this latter study it is 
presumed that the uranium (VI) is bound as the UO22+ ion. 

UV-difference spectroscopy, and other studies in vitro with plutonium (IV), tho- 
rium(IV) and a number of trivalent lanthanides, have demonstrated that, like iron, two 
lanthanide or actinide metal atoms are bound per transferrin molecule (Duffield and 
Taylor 1986, Taylor et al. 1991, Zak and Aisen 1988). Saturation of the lanthanide- or 
actinide-containing transferrin with excess iron results in a liberation of the f element, 
thus suggesting that these metals are binding to the two iron-binding sites on the 
transferrin molecule (Taylor et al. 1991). These studies have also shown that bicarbon- 
ate is necessary, as a synergistic anion, for the binding of actinides and lanthanides to 
transferrin. 

Comparative studies in vitro and in vivo have demonstrated the binding of 
americium, curium, europium, gadolinium and ytterbium to transferrin; however, in 



BIOCHEMISTRY OF THE f-ELEMENTS 607 

vivo less than 20~o of the total metal in the plasma appears to be bound to transferrin 
(Taylor et al. 1991, Cooper and Gowing 1981). On the basis of a spectroscopic and 
thermodynamic study of the binding of gadolinium to human serum transferrin in vitro, 

Zak and Aisen (1988) have suggested that transferrin may not be an important carrier 
protein for gadolinium in vivo because of the formation in the blood plasma of 
non-binding carbonato complexes of Gd(III), this same phenomenon may also explain 
the low proportion of americium, curium, europium and ytterbium bound to trans- 
ferrin in vivo. 

In vitro studies of lanthanide and actinide binding to transferrin can yield useful 
information about the binding characteristics and about the stability of the binding. 
Zak and Aisen (1988) used UV-difference spectroscopy, electron paramagnetic reson- 
ance (EPR) titration, EPR-difference spectroscopy, gel electrophoresis and equilibrium 
dialysis to study the binding of gadolinium to human serum transferrin. From these 
studies they concluded that at pH 7.4 only one Gd(III) atom was bound per transferrin 
molecule and that this represents specific binding to the C-terminal metal-binding site 
in the transferrin molecule. Other spectroscopic studies have suggested that at pH 8.5 
two Gd(III) atoms were bound per transferrin molecule (O'Hara and Koenig 1986), 
while other UV-difference spectroscopic studies have yielded data which would be 
consistent with the binding of either one or two atoms of Gd(III), Eu(III) or Yb(III) to 
human transferrin (Taylor et al. 1991). In a study of thorium complexation by 
transferrin in vitro, Harris et al. (1981) drew attention to the fact that there is evidence 
that the N-terminal binding site is slightly smaller than the C-terminal site and that 
while Th(IV) could fit easily into the C-terminal site, it might be of borderline size with 
respect to entry into the N-terminal site. Such asymmetric binding might also occur 
with Eu(III) (Harris et al. 1981). Plutonium(IV) with its slightly smaller radius would be 
more likely to fit easily into both binding sites, which agrees with the observation of 
Duffield and Taylor (1987) that two Pu(IV) atoms appeared to bind to one transferrin 
molecule. 

Data on values for the formation constants for actinide and lanthanide complexes 
with transferrin are relatively sparse. Harris (1986) reported conditional values for the 
equilibrium formation constants of Nd(III)- and Sm(III)-transferrin complexes, based 
on UV-difference spectra measurements at pH 7.4 in 10 mM HEPES buffer containing 
only 0.2 mM bicarbonate. The results of titrations of apotransferrin with the metal 
chelates and of the metal-transferrin complex with free ligand gave close agreement for 
the values of the formation constant for the binding of one metal atom. However, for 
the binding of the second metal atom the agreement was less good and larger standard 
deviations were observed. This latter was interpreted as evidence for weaker binding to 
the N-terminal site and for competition from the formation of lanthanide-carbonato 
complexes. The values obtained for the formation constants are shown in table 8. 

Using the data for 88 low molecular weight ligands, Harris (1986) constructed a 
linear free-energy relationship (LFER) between Sm(III) and Nd(III) and used this, 
together with the ionic radii of the metals, to derive formation constants for Am(III) 
and Cm(III). These derived constants are also shown in table 8. 

Zak and Aisen (1988) measured the formation constant for the binding of Gd(III) to 
the C-terminal site of human serum transferrin and derived a value which lies between 
that of Sm(III) and Nd(III), table 8. Recently, Yule (1991) has used UV-difference 
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TABLE 8 
Format ion constants for trivalent lanthanide and actinide complexes 

with human  serum transferrin. 

Element Ionic Log K 1 Log K 2 Reference 
radius 
(pm) 

Nd(III) 98 6.09_+0.15 5.04 +0.46 [1] 
Sm(III) 96 7.13 _+0.24 5.39 _+0.32 [1] 
Gd(III) 94 6.83 - [2] 
Am(III) 98 6.3 _+ 0.7 - [1] 
Cm(III) 97 6.5 _+ 0.8 - [1] 

[1] Taylor (1985). 
[2] Vaughan et al. (1973). 

spectroscopy and ultrafiltration to derive a provisional conditional stability constant 
for Pu(IV) of log fl of 21.1 _+ 0.7. 

The observations described above have important implications with regard to 
actinide/lanthanide distributions within the body. It is apparent that in binding to 
transferrin, the f elements are participating in certain aspects of the iron transport 
pathways in vivo. However, no plutonium, e.g., is found within red blood cells following 
incorporation and there is no unequivocal evidence that plutonium and the other 
actinides or lanthanides are transported into cells via transferrin-receptor-mediated 
endocytosis (Duffield and Taylor 1986). This, too, is a puzzling aspect of f-element- 
transferrin chemistry and biochemistry which needs more study. 

A number of explanations can be advanced which may explain the apparent 
dichotomy of f-element binding to transferrin and the imperfect participation in the 
iron metabolic pathways. 

4.1.1.1. The mechanisms of actinide/lanthanide binding to transferrin may not be the same 
as that for iron(III). Spectroscopic studies by Duffield and Taylor (1987) have shown 
the fine details of Pu(IV) and Th(IV) binding to transferrin to be very similar to that of 
Fe(III). 

(1) One mole of transferrin binds two moles of Pu(IV) in a specifc fashion implying 
that plutonium binds at the same sites as Fe(III). The same is true for Th(IV). 

(2) Fe(III) binding to transferrin requires stabilisation with a synergistic anion, 
carbonate or bicarbonate. Binding of Pu(IV) also requires such a synergistic anion. 

4.1.1.2. The differences may be due to changes in protein conformation upon metal ion 
binding. It is known that the conformation of transferrin changes upon binding with 
iron (Duffield and Taylor 1987 and references contained therein). This may be critical 
regarding subsequent binding of metal-transferrin complexes to cell surface receptors 
prior to internalisation by receptor-mediated endocytosis. Recent studies using small- 
angle X-ray scattering studies of metal transferrin solutions support this view 
Grossmann et al. (1991). Following iron binding the transferrin molecule has been 
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shown to contract due to closure of the interdomainal clefts but no such closure is seen 
on binding hafnium(IV), a metal which may be regarded as a plutonium analogue 
(Birnbaum et al. 1970). 

4.1.2. Bindin9 to albumin 
In contrast to the quite extensive interest in the binding of the f elements to 

transferrin, less attention appears to have been paid to their binding to albumin, even 
though this protein may be more important than transferrin for transporting some 
trivalent f elements in vivo. 

Spectroscopic studies of the binding of neodymium(III) and gadolinium(III) to 
bovine serum albumin (BSA) have suggested that the lanthanides bind only through 
carboxyl groups and that there are four binding sites per albumin molecule (Birnbaum 
et al. 1970, Reuben 1971). Shahid et al. (1982) have shown that lanthanide binding to 
BSA or to human serum albumin (HSA) induces conformational changes in a manner 
analogous to the change in the protein's structure which occurs upon lowering the pH. 
The effectiveness in producing this conformational change was found to lie in the order 

Lu 3+ < Tb 3+ < N d  3+ < La 3+ 

Shahid et al. ascribe the conformational changes to the neutralisation of negative 
charges on the protein resulting from H + or lanthanide ions to carboxyl groups. Ca 2 + 
neither produced this conformational change nor showed any evidence of competing 
for the lanthanides at the carboxyl sites (Shahid et al. 1982, Reuben and Luz 1976). 

Sch6macker et al. (1988) labelled human blood serum with 169yb in vitro and 
showed, by alcohol fractionation at low temperature, that 95~o of the radioactivity was 
associated with the albumin. Equilibrium dialysis studies in vitro using HSA-lanthan- 
ide solutions or whole human serum yielded values for the association constant for the 
lanthanide-albumin complex ranging, with increasing atomic number and decreasing 
ionic radius, from log Kpr = 4.7 for Ce to log Kpr  = 9.5 for Yb, table 9. 

Actinide binding to albumin appears to have attracted little attention. Chipperfield 
and Taylor (1970) using gel chromatography concluded that plutonium binding to 

TABLE 9 
Association constants of l an than ide -human  serum albumin 

complexes. 

Atomic No. Element Radius (pm) Log Kpr 

58 Cerium 101 4.90 _+ 0.03 
60 Neodymium 98 5.39 _+ 0.03 
63 Europium 95 6.41 + 0.02 
66 Dysprosium 91 7.40 _+ 0.002 
67 Holmium 89 7.62 _+ 0.003 
68 Erbium 88 8.85 _+ 0.01 
69 Thul ium 87 8.90 _+ 0.03 
70 Ytterbium 86 9.54 -- 0.01 

Association constants from Sch6macker et al. (1988). Ionic radii 
from Shannon (1976). 
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human serum albumin was weak, with only about 1~ of the metal being recovered in 
protein bound form at pH 7.4. 

The physiological result of the binding of the non-essential lanthanide and aetinide 
metals to albumin, or transferrin, in the blood plasma may well be that the metals are 
held in a form in which they are virtually unable to penetrate the cell membrane in ionic 
form thus limiting cellular uptake and also the ability to cause harmful effects by 
interaction with essential enzymes or other proteins. Thus for the non-essential f ele- 
ments, protein binding may be regarded as part of a protective mechanism against 
chemical toxicity. 

4.2. Low molecular mass fractions 

From fig. 1 it can be seen that in addition to the labile protein-bound fraction, metal- 
transferrin complexes in the case of actinides, there is also a low molecular mass 
fraction in which metal ions are bound to, and transported with, ligands such as the 
anions of amino and carboxylic acids. For the hard cations of the actinide elements, 
these complexing agents are predominantly carboxylic acids (from the citric acid cycle) 
(Duffield and Taylor 1986, Popplewell et al. 1975, Duffield et al. 1984, Metivier 1973) or 
inorganic anions such as carbonate, e.g., for uranium(VI) (Stevens et al. 1980). 

It has been suggested that the low molecular mass complexes in blood plasma may be 
responsible, at least partially, for the transport and cellular uptake of transition-metal 
ions by passive diffusion (May 1980). This implies that the lipophilicity and the charge 
of the predominant low molecular mass complex species formed in blood plasma in vivo 
plays a dominant role in determining the distribution of the metal ion amongst the 
different body compartments. Therefore, a knowledge of the low molecular mass 
chemical speciation of actinides and lanthanides may be considered indispensible to 
understanding, rationalising and predicting f-element transport in the body. 

Unfortunately, because of the lability of the equilibrium in the interactions of the 
proteins and low molecular mass complexes indicated in fig. 1, it is difficult to deter- 
mine the exact chemical speciation in such systems experimentally. Separation of 
fractions by mass, using, e.g., size-exclusion chromatography, upsets the equilibria 
under study so that results must be treated with great caution. As a result of this 
experimental uncertainty, computer-assisted methods have been developed which 
allow prediction of the chemical speciation pertaining to the low molecular mass 
fraction (May 1980, May et al. 1977, May and Williams 1977, Duffield and Williams 
1989b). 

4.3. Chemical speciation modellin9 

Much has been written concerning the use of computers to model chemical speci- 
ation occurring in equilibrium systems (see, e.g., Duffield and Williams 1986) and so 
only a brief summary of this topic is given here. 

To model the chemical speciation of a given element in a given system, the following 
are required. 
(a) Input describing the system under study including component identities, total 
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analytical concentrations of components and system parameters such as pH and 
reduction potential values. 
(b) A computer program which can be used to calculate the equilibrium distributions of 
complex species in the aqueous phase and also in the presence of solid phases. These are 
based on the laws of mass balance and of mass action. 
(c) A thermodynamic database containing equilibrium constants describing all relevant 
interactions in the system under study. 

Of the above requirements, the latter [part (c)] is probably the most contentious as 
the quality of equilibrium data is variable in the extreme (Waters et al. 1991). 

It is the quality, applicability and relevance of this data which primarily affects the 
accuracy of speciation calculations. This area has been the subject of extensive review in 
recent years and its importance cannot be overstated (Duffield et al. 1991, 1991a, b). 
With good quality equilibrium data and carefully stated assumptions, it is possible to 
rationalise actinide-distribution characteristics and predict the efficiency of chelation 
therapy regimens (Duffield and Taylor 1986, Duffield et al. 1984). 

4.4. Reactions with cellular and other proteins 

Studies with various actinides, following their injection into experimental animals, 
have shown that after entrY into the cells of liver, spleen, kidney and testes, and 
probably also in other tissues, the metals interact with the subcellular organelles and 
with the intracellular proteins (Duffield and Taylor 1986). Immediately after entry into 
the cell the actinides react first with the cytosolic proteins and are then transferred into 
the membrane-bounded lysosomes within the cell. The rate of transfer to the lysosomes 
is fastest for americium and curium and slowest for plutonium. In rat or hamster liver 
plutonium is associated first with an unidentified protein- "Protein X"-wi th  a 
molecular mass of 150 (hamster) and 200kDa (rat) (Neu-Mueller 1988), and then 
subsequently with the iron-storage protein ferritin. In contrast, americium and curium 
are rapidly bound to ferritin, without any apparent binding to protein X. Within the 
lysosomes ferritin appears to be the important binding species (Duffield and Taylor 
1986). Much less is known concerning the subcellular distribution of lanthanides, but 
comparative studies using 144Ce and 239Np, 239pu and 241Am confirm the importance 
of the lysosomes as a deposition site for lanthanides and actinides (Seidel et al. 1986). 

4.4.1. Reactions with ferritin 
In vivo studies with plutonium, americium and curium have demonstrated that the 

elements become associated with the iron-storage protein ferritin, following their 
uptake, probably by pinocytosis, into liver cells, especially in reticuloendothelial cells 
(Taylor 1973a, b). With plutonium this binding to ferritin appears to be stronger than 
that to transferrin (Taylor 1973a). The nature of the binding of actinides to ferritin has 
not been investigated but the adsorption of hydrolysed species onto the hydrated 
iron-oxide complex in the protein has been suggested for americium and curium, and 
might also apply to plutonium (Taylor 1973a, b). More recent studies have shown that 
neptunium and protactinium may also be associated with ferritin in vivo (Taylor et al. 
1987). 
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As mentioned above, lanthanide elements also become deposited in liver, where they 
are known to be deposited within lysosomal structures (Seidel et al. 1986). Although 
clear evidence for association of the elements with ferritin in the liver cells has not been 
reported, such an association would be expected on the basis of in vitro studies of 
lanthanide binding to ferritin. Luminescence and X-ray crystallographic studies have 
demonstrated that Tb 3 + ions bind to one apoferritin molecule and thereby inhibit the 
subsequent uptake of Fe z+ (Macara et al. 1973, Stefanini et al. 1983, Banyard et al. 
1978). 

4.4.2. Reactions with bone proteins 
The idea that proteins might play a role in the fixation of yttrium, americium and 

plutonium in bone was proposed by Vaughan and her colleagues (Williamson and 
Vaughan 1967) who had observed in autoradiographs that these elements appeared to 
deposit in the osteoid layer on the bone surfaces. Herring (1969) and Williams and 
Peacocke (1967) subsequently isolated and characterised a number of glycoproteins 
from bovine bone. The actinide-binding properties of some of these proteins were 
investigated by Chipperfield and Taylor [see Taylor 1973a, b for detailed references] 
who showed that plutonium indeed bound quite strongly to the fractions designated 
bone sialo-protein, glycoproteins I and II and to bone chondroitin sulphate, but 
americium and curium bound much less strongly (Taylor 1973b). The biological signi- 
ficance of actinide binding to these bone glycoproteins is not known, but since these 
proteins appear to be located on bone surfaces near to the radiosensitive osteoprogeni- 
tor cells, preferential binding of 239pu could help to explain the greater ability of this 
nuclide, in comparison to 241Am or 244.Cm, to induce bone tumours (Taylor 1986). 

4.4.3. Reactions with other proteins 
In vivo studies of the reactions of f elements with other specific intracellular proteins 

do not appear to have been reported, but extensive in vitro investigation of the binding, 
and the effects of binding, of lanthanides to enzymes and other proteins have been 
published. Not surprisingly there has been little interest in the study of actinide 
interactions with such proteins. 

The interactions of various lanthanides with a very wide range of proteins has been 
recently reviewed in depth by Evans (1990). The range of proteins which have been 
investigated is large and includes such enzymes as the trypsins, elastase, collagenases, 
amylase, nucleases, ATPases, phospholipase-A 2 and acetylcholinesterase, the contrac- 
tile proteins actin and myosin and molecular oxygen carriers such as haemocyanin. 
These studies have confirmed that the major ligand for Ln 3 + ions is the carboxyl group, 
with additional coordination occurring through carbonyl and hydroxyl oxygens. Often 
the lanthanides occupy Ca 2 + ion binding sites on proteins. X-ray crystallographic 
studies have shown that in proteins such as calmodulin, Ca 2 + replacement by Ln 3 + 
can occur isomorphously. However, Ln 3 ÷ ions may also bind to sites on proteins which 
are not known to bind calcium or any other metal. Because of their higher charge- 
to-volume ratio, Ln a + ions usually have higher affinities for proteins than Ca 2 +. The 
affinities of the Ln 3 + ions vary widely but in general they increase with decreasing 
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hydration of the sequestered lanthanide ion and with increasing cationic charge at the 
binding site. 

The biochemical effects of Ln 3 + binding to proteins include both inhibition and 
activation, as well as stabilisation of enzymes. 

Lanthanide binding to proteins and other biomolecules can make very important 
contributions to structural and functional analyses. Techniques such as luminescence 
and NMR spectroscopy can help to provide detailed structural information and/or 
permit the identification of amino acids in the vicinity of binding sites, the estimation of 
hydration numbers of sequestered Ln 3 + ions and, where more than one metal-binding 
site exists, interionic distances. At the functional level Ln 3 + binding can also provide 
valuable information, e.g., the fact that Ln 3 + ions are better cofactors than Ca 2 + for the 
activation of trypsinogen to trypsin points to a "charge-masking" role for metal ions in 
this reaction (Evans 1990). 

In addition to protein studies, Ln 3 + ion binding to other types of biomolecules in 
vitro can also provide valuable structural and other information. The molecules 
investigated include nucleic acids, phospholipids and phospholipid model membranes, 
porphyrins, vitamin BI /and  high-density lipoproteins [-see Evans 1990 for reviews]. 

4.5. Interactions between f elements and chelators in vivo 

Because of the high radiotoxicity of the actinides and a widespread interest in the 
possible use of lanthanide radionuclides as diagnostic or therapeutic agents in clinical 
medicine, the ability of chelators to modify the biokinetics of felements in the body has 
been widely studied. In the nuclear-energy industry, the interest has been predominant- 
ly in the development of chelators which could be used therapeutically in the case of an 
accident involving contamination with plutonium or americium to enhance the natural- 
ly slow rate of elimination of these elements from the body and thereby reduce the risk 
of long-term radiation injury. This aspect of chelation therapy has recently been 
reviewed in depth by Taylor (1991). Since the work on the effects of chelators on 
lanthanide interactions in vivo has been reviewed recently by Evans (1990), both aspects 
are discussed only briefly here. 

For the treatment of internal contamination by plutonium or americium the current 
agent of choice is the polyaminopolycarboxylic acid, diethylenetriaminepentaacetic 
acid (DTPA), which is administered by slow intravenous injection as the CaNa3DTPA 
salt. For prolonged treatment the less toxic, but also slightly less effective, 
ZnNa3DTPA salt may be used. 

Diethylenetriaminepentaacetic acid forms very stable chelates with the actinide and 
transuranium metals with values of log/~ ranging from about 22 to 30. The ability of 
DTPA to mobilize plutonium from the transferrin complex has been demonstrated by 
in vitro studies (Duffield et al. 1986). These studies demonstrated the influence of the 
chemical environment on the release of the metal by DTPA. When the release of 
plutonium from the transferrin complex in 20mM TRIS-HC1 buffer containing 
130 mM NaC1 was studied, the results showed a maximum plutonium release of 
ca. 86~, achieved with DTPA : transferrin molar ratios > 10. This corresponded to a 
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DTPA : Pu ratio of > 1000. In contrast, when the release of plutonium from the trans- 
ferrin complex in rat serum was investigated, only about 20% of the plutonium was 
released at a DTPA : transferrin ratio of 100, corresponding to a DTPA : Pu ratio of 104. 

Numerous studies in experimental animals, predominantly in rats and mice, have 
shown that DTPA can be very effective in accelerating the excretion of injected 
plutonium, but that the effectiveness decreases rapidly with the time lapse between the 
contamination and the start of treatment. The maximum effect is seen only when 
treatment is commenced within a few minutes of contamination, i.e., while the 
concentrations of plutonium in the blood and easily accessible body fluids are high. 
However, significant reduction in the retention of plutonium and, especially of the 
trivalent actinides such as 241Am, may be achieved even when the start of treatment is 
delayed for several weeks (Taylor 1991). One disadvantage of DTPA, as indeed with all 
the currently available chelators, is that they are of only very limited effectiveness in 
mobilizing transuranium elements which have already been deposited in the bone. 
Thus a principal aim ofdecorporation therapy must be to limit the extent of deposition 
in bone which generally means that, in the event of an accident involving significant 
contamination, treatment must be commenced as rapidly as possible. 

The human experience in the use of DTPA for the treatment of human contamina- 
tion with transuranium elements was reviewed by Volf (1978). The most important 
case to date was the so-called 1976 Hanford americium exposure incident, in which a 
process worker was severely contaminated, on the face and upper body, with soluble 
and insoluble Z4tAm, and with heavily contaminated foreign bodies, as a result of the 
explosion of an ion-exchange column in a glove box (Thompson 1983). There was a 
very high degree of contamination, some tens of MBq, it was possible to start DTPA 
therapy about two hours after the incident, initially with CaNa3DTPA, and subse- 
quently with the less toxic Zn salt. The course of DTPA therapy extended over a p6riod 
of some four years during which time 583 g of DTPA were administered intravenously 
without any ill effects. The patient excreted a total of 41 MBq of 241Am in his urine and 
faeces before he died, from the complications of long-standing heart disease, in 1987 
(Breitenstein and Palmer 1989). This spectacular, and, hopefully, unique case, is the 
only published incident in which it can be stated with near certainty that the treatment 
with DTPA was life-saving. With the degree of internal contamination, without 
treatment, the radiation damage from the deposition of 241Am in the liver would have 
led to death within a few months from liver failure. 

The animal studies, and the limited human data, have shown that DTPA is most 
effective for the removal of plutonium and the trivalent actinides and appears to be 
much less effective for the removal of 237Np or 233pa. 

A serious practical disadvantage is the need to administer the DTPA intravenously 
by slow injection, or by infusion for maximum effectiveness. This requirement may 
delay the start of treatment if no qualified person is immediately available to give an 
intravenous injection. Further, experience has shown that the treatment needs to be 
continued for many months or years; long-term intravenous treatment may be 
unpleasant for the patient, and is quite demanding on medical resources. Thus there has 
been considerable interest in the possibilities of the other routes of treatment. For 
continuation therapy, after the first few weeks, oral treatment would be very useful. The 
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absorption of CaNa3DTPA from the gastrointestinal tract is small, < 5~ (Foreman 
1960), but studies in animals showed that administration of ZnNaaDTPA in drinking 
water was very effective in removing plutonium, americium or thorium from rats, when 
administered in daily doses of about three times greater than a single injected dose of 
CaNaaDTPA (Taylor 1991). 

Other types of chelator. An elegant approach was pioneered by Raymond and his 
colleagues at the University of California, Berkeley (Raymond and Smith 1981). The 
concept underlying this approach was the apparent chemical similarities between 
Fe(III) and Pu(IV) membrane. Noting that catechoylamide residues played an impor- 
tant role in the biological iron chelators called siderophores, Raymond and his 
colleagues developed a series of compounds designed to have the correct steric dimen- 
sions to form stable complexes with Pu(IV), but not with Fe(III) or the trivalent 
actinides. Of these "actinide-specific" compounds, perhaps the most interesting was the 
linear tetracatechoylamide known as 3, 4, 3-LICAM(C). In vitro studies have shown 
that LICAM(C) is about 500 times more efficient than Na3CaDTPA in mobilizing 
plutonium from transferrin in serum. The early in vivo studies with LICAM(C) showed 
that for treatment beginning at 30 min after Pu(IV) injection, LICAM(C) was much 
more effective than CaDTPA in enhancing the elimination of plutonium in beagles and 
in mice. Later studies, using rats, hamsters and baboons indicated that at longer time 
intervals after contamination, LICAM(C) was no more, or even less effective than 
Na3CaDTPA in mobilizing plutonium. These studies also revealed a two- to ten-fold 
increase in the retention of plutonium in the kidney following LICAM(C) treatment. 
Thus, despite its early promise, the potential of LICAM(C) for human therapy is very 
limited. Nevertheless, this approach was important and has led to the synthesis of 
further compounds of apparent high effectiveness in animals. 

The hydroxamic acid derivative known as Desferrioxamine B methane sulphonate 
(DFOA), a selective chelator for iron which has been widely used for the treatment of 
iron overload in man, is effective, either alone or in combination with NaaCaDTPA, for 
the removal of plutonium from rats. However, the compound is ineffective for the 
removal of americium and the effectiveness for the removal of plutonium was limited to 
very short times after injection [see Taylor 1991 for references]. 

Raymond and his colleagues (White et al. 1988) have investigated a number of new 
sequestering agents based on polydentate oxohydroxypyridinecarboxylate ligands. 
Some of these appear to be of considerable interest; e.g., one compound, code-named 
DFO-HOPO, on an equimolar basis, reduced the retention of newly deposited tissue 
plutonium to a greater extent than any agent previously tested. Further it was active 
when administered orally (Stradling et al. 1991). Recent research suggests that the 
synthesis of even more effective compounds of acceptably low toxicity is likely in the 
near future. 

In contrast to the actinides, interest in chelation therapy for radiolanthanide 
contamination has been very limited. However, there has been interest in the biological 
behaviour of lanthanides administered as complexes with DTPA or with EDTA. This 
interest has been directed principally to the possible applications of radioactive 
lanthanides, such as ~69yb-DTPA, for the scintigraphic localization of tumours, or of 
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9°y-DTPA for radiotherapeutic purposes (Evans 1990). There is also interest in the use 
of the paramagnetic lanthanide complexes, e.g., Gd(III)-DTPA, as "contrast enhan- 
cers" in clinical magnetic resonance (NMR) and in computer tomographic imaging 
(CT). For these purposes it is necessary for the biological stability of the chelate to be so 
high that the lanthanide ion does not dissociate from the chelator, which appears to be 
achieved when the log/3 for the Ln-DTPA complex is > 18. For such strong complexes 
the undissociated complex remains in the extracellular fluids with virtually no deposi- 
tion in liver, skeleton or soft tissues (Evans 1990). 

5. Lanthanides as actinide analogues for biokinetic studies 

Because of the high radiotoxicity of most of the actinide nuclides, only very limited 
studies of the biokinetics of plutonium and other important actinides are possible in 
human volunteers. As our information about the long-term retention of actinides is 
limited, there is interest in the possible use of stable lanthanide elements as surrogates 
for the actinides for long-term biokinetic studies in humans. The aim of such studies is 
to inject appropriate stable isotopes of lanthanides such as cerium, europium, and 
gadolinium into human volunteers and then to measure the excretion of the lanthanide 
in urine and faeces by mass spectrometry, charged-particle activation analysis or 
similar methods. Also, limited human studies can also be carried out using small doses 
of appropriate lanthanide radionuclides (Bailey 1989). 

For the trivalent actinides the choice ofa lanthanide surrogate is relatively easy. For 
example, based on electron configuration and ionic radius europium and gadolinium 
could serve as surrogates for americium and curium, respectively, tables 1 and 2. For 
the tetravalent actinides, thorium and plutonium, the choice is more difficult, Ce(IV) is 
a possible surrogate for Th(IV) or Pu(IV). The ionic radius of Ce(IV), 0.087 rim, is 
comparable with that of Pu(IV), however, it is considerably smaller than that of Th(IV), 
0.094. However, a more serious problem is that Ce(IV) is not the most stable valency for 
cerium in solution and in vivo studies (Durbin 1962) indicate that the skeletal cerium 
deposition is lower than that of plutonium while the liver uptake is greater. Taylor and 
co-workers (Taylor et al. 1983, Birnbaum et al. 1970) have used hafnium(IV) as a 
plutonium analogue for both biodistribution and kinetic studies as well as for studies of 
its binding to transferrin. 

Europium and gadolinium show in vivo deposition in the skeleton of rats which is 
broadly comparable to that of americium and curium. However, the liver deposition of 
the two actinides appears to be almost double that of the two lanthanides (Durbin 
1962). In the blood plasma in vivo (as discussed earlier) europium, gadolinium, 
americium and curium associate with transferrin to about 20% and the stability 
constants for their transferrin complexes appear to be similar, table 8. The long-term 
retention of the lanthanides in bone does not appear to have been studied in similar 
depth to that of the actinides, but animal studies appear to suggest that lanthanide 
retention time in bone may be a little shorter than for the actinides. By contrast, liver 
retention appears to be comparable for actinides and lanthanides, at least in rats and 
mice (Evans 1990). Although care will be needed in the interpretation of the data, it does 
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seem likely that human studies using lanthanides as actinide surrogates can provide 
valuable information about biokinetics in humans. 

6. Conclusion 

Although the f elements have no known essential biochemical or physiological role 
in the body, and some of the actinides are the most highly radiotoxic elements known to 
mankind, the study of their interactions with the components of biological systems has 
provided fascinating and valuable data about the behaviour of readily hydrolysable 
metal ions in biological systems, as well as fundamental information on interactions 
with various types of protein. While the actinides will always remain potentially 
harmful to homo sapiens, some of the lanthanides, in small amounts, are proving to be 
valuable probes for many biochemical systems, especially those involving Ca 2 ÷ ions, 
and lanthanide chelates are of increasing value in clinical medicine, both for diagnosis 
and therapy. 
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halide and non-halide anion systems 380 
halide complexation of hahnium 23 
hard-acid nature 561 
Hartree-Fock calculations 35 
hassium 21 
heats ofdilution 537 
heats of formation 540 
heaviest elements 4 
heptavalent oxidation states 562 
heterogeneous reactions in rare-earth oxides 445 
hexamethylphosphoramide 269 
hexavalent actinides 562 
HfH 80 
HfH 2 89 
high-pressure behavior 478 
high-pressure effects 438 
high-pressure studies 279 
high-temperature vapor species 491 
higher composition (e 0 424 
higher oxidation states 562 
higher oxides 447 

- of Ce, Pr, Tb 444 
higher oxides (O/M stoichiometiles greater than 2) 

457 
Ho 16 
HoO 128, 442, 443 
Ho203 419, 420, 430, 431,440, 441,445, 448, 

491 
Hobenberg-Kohn theorem 50 
Hund's rule 494 
hydrated cations 534 
hydrated ions 529 
hydrated Pa205 460 
hydration 190, 538 
hydration enthalpies 249~52, 541,542 
hydration entropies 253, 544 
hydration number 538, 539 
hydration zones 530 
hydride halides 401 
hydrogen reduction 459 
hydrolysis 190, 547 
- order 547 
hydrolysis constants 
- actinides 547 

mononuclear actinide complexes 548 
polynuclear actinide complexes 552 

hydrolysis studies of tetravalent cations 551 
hydrolyzed U(VI) 554 
hydroxo complexes 547 
hypersensitive bands 182 
hypersensitive transitions 180, 564 
hyperstoichiometric sesquioxide 463 
hypothesis of "actinide seiles" 5 
hysteresis 426 

(III)/(II) couples 482 
INDO-SCI energy separation of Kotzian et al. for 

GdO 126 
INDO/CI method 43 
IPs of Cu, Ag, Au 39 
(IV)/(III) couples 482 
inelastic neutron scattering 354-357 
mert-pair effect 31 
lnner-sphere character 573 
lnner-sphere complex formation 571,572, 585 
lnner-sphere hydration numbers 536 
lnner-sphere mechanisms 581,582 
mner-sphere structure 579 
morganic-ion exchangers 202 
interactinide separation factors 232 
lnteractinide separations 232 
interactions .of lower oxides of europium 418 
interlanthanide separation factors 232 
interlanthanide separations 232 
intermediate cerium oxides, lattice constants 433 
intermediate neglect of differential overlap 52 
intermediate oxides 432, 453 

- of Cm 466 
intermediäte oxides (O/M stoichiometries between 

1.5 and 2.0) 456 
intermediate praseodymium oxides, lattice 

constants 434 
intermediate terbium oxides, lattice constants 435 
intermediate-valent halides 395 
intermediate/homologous seiles 422 
mtra-group separations 206, 231 
1on configuration 495 
aon exchange I99, 200 
1on mobility 190 
aonic bonding 561 
aonic character 574 
aon~c radii 205, 250, 251,484 
aonic radii of actinides and lanthanides 483 
lonic UOF~, no evidence for contribution 518 
ionization energies 246, 248, 561 
ionization potentials 273, 542, 544 
isobaric hysteresis loop 426 
isobaric runs, PrOx-O 2 425 
lsopropyltropolone 202 
lSOtopes 450 

Judd-Ofelt theory 179, 180, 187 

Kahn-Baybutt Truhlar form 45 
ketones 202 
kinetic-based separations 201 
kinetics; mechanisms 321 327 
kinetics of phase reactions 444 
Klein~ordon equation 40 
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known members of  LnnO2n _ 2 homologous seiles 
437 

Kohn-Sham orbitals 51 
krypton diftuoilde 524 

LFSE 542 
3, 4,3-LICAM(C) 615 
LIX 51 215 
LIX 54 215 
L-S coupling 494 
La 16 
139La-NMR 573 
139La-NMR shift 572 

[La(DP)(HDP)(H2 O)2 ].4H20 577 
LaF 101 
LaF-LuF 106 
LaH 63 
LaH + 67 
LaH 2 73 
LaH~ 71 
LaO 111,429, 442, 443 
La203 419, 420, 440, 441,448, 491 
lactic acid 227 
lantanide chloildes 370 
lanthanide and actinide azide complexes 229 
lanthanide and actinide h~¢dration thermodynamics 

544 
lanthanide and actinide molecules 29 
lanthanide and actinide perovskites 276 
lanthanide and actinide tetrafluorides 261 
lanthanide bromides 370 
lanthanide chlorides 370 
lanthanide contraction 31, 88 
lanthanide coordination 510 
lanthanide dioxides, lattice constants 432 
lanthanide elements 415, 542 
lanthanide fluoride coprecipitation 200 
lanthanide fluoildes 369 
lanthanide halide cluster stabilized by non-metals 

402 
lanthanide hydrates 531 
lanthanide (III) mixed hatides 378 
lanthanide metals, tarnishing 441 
lanthanide oxides 

- structures 429 
- thermodynamic properties 439 
lanthanide sesquioxides 419, 427, 447 

- freezing and boiling points 440 
- thermodynamic properties 441 
lanthanide/actinide contraction 206 
lanthanide/actinide separation 
- by difference in reaction kinetics 235 

role of  covalence 225 
lanthanide/actinide separation factors 229 

lanthanides 547 
lanthanides and actinides inside carbon cages 

(M@Cn, M@C~) 146 
lanthanum and neodymium hydroxides 257 
lattice constants 299, 307, 309 

of intermediate ceilum oxides 433 
- of intermediate praseodymium oxides 434 
- of  intermediate terbium oxides 433 
- of  lanthanide dioxides 432 
lattice-energy calculations 272 
lattice parameters 

- for actinide oxides 461 
for cubic rare-earth oxides 431 

- for NaCl-type lanthanide monoxides 429 
- for sesquioxides 484, 489 
LiCmO 3 466 
ligand-field theory 50 
ligand fields 563 
linear dioxo actinide cations 533 
linear-equation method 48 

LnnO2n-2 432 
local-density functional (LDF) method 50 
low molecular mass fractions 610 
low-temperature electric resistivity 338-347, 

351-353 
low-temperature heat capacity 339, 352-354, 359 
low-temperature magnetic behavior 341,349-352 
lower composition phase (6) 424 
lower oxidation states 562 
lower oxides 416, 429, 454 
Lr 16 
Lr(c) 474 
Lr(g) 474 
Lr-260 451 
LrH 97 
LrO 493 
Lr203 452, 470, 474, 491 
Lu 16 
LuH 97 
LuO 442, 443, 493 
Lu203 419, 420, 430, 431, 440, 44I, 445, 448, 

491 
luminescence 184, 187-189, 192, 572, 574, 585 
luminescence lifetime 535 
luminescence spectra 185 

M + 480 
M 2 + 480 
M 3 + 480 
M 4 + 480 
MAPLE (Madelung part of  lattice energy) 272, 

276 
MAnO3 471 
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M(I)-M(1V) mixed halides 404 
M(II)-M(IV) mixed halides 404 
macrocyclics 578 
magic acid 508 
magnetic behavior 494 
- ofBaCfO 3 478 

of  transplutonium oxides 476 
magnetic characteristics 446 
magnetic data 477 
magnetic measurements 476 
- on Es203 478 
magnetic moments 494, 495 
magnetic properties 
- of  actinide oxides 477 

of binary oxides 475 
- of  lanthanide and actinide oxides 496 
magnetic susceptibilities 494 
mass-velocity effect 33, 42 
Md(c) 474 
Md(g) 474 
Md-258 451 
Md203 452, 474, 491 
meitnerium 21 
melting point 486 
mendelevium 16 
metal-ion exchange 584 
metallic bonding 248 
metallic reduced halides 396 
metallic valence 493 
metallurgical laboratory of the university of  

Chicago 4 
Mischmetal 198 
m~xed-anion dihalides 283 
mixed aqueous media 217 
mixed aqueous solvents 538 
mlxed-cation dihalides 399 
mixed-cation systems 384 
mlxed-cation trihalide systems 378 
maxed-dihalide systems 399 
mixed divalent-trivalent halide systems 384 
mixed univalent-tfivalent halide systems 388 
mlxed-valent oxides 422 
mlxtures of  o-phenanthroline and nonanoic acid 

230 
mobilities 530 
modelling of  chemical speciation 610 
modified coupled-pair formalism 49 
molecular orbital calculations 478 
molocular mechanics calculations 531 
molten salts 268 
moment 476, 496 
monazite 198 
mono-alkyl acid phosphorus extractants 214 
mononuclear hydroxo complexes 547 

monoxides 455 
- dissociation energies 493 
Morse potentials for LaH, LuH AcH 98 
Mössbauer chemical shifts 565, 567 
Mössbauer measurements 567, 571, 572 
Mössbauer spectrum 579, 580 
#eW 477 
muffin-tin method 50 
Mulliken-population analysis 

HfH 82 
- HfH 2 92 
- LaH + 71 
- LaH 2 79 
- LaH 2 75 
- ScH 2 63 
- YH 56 
- YH2 61 
- ZrH 86 
multiple-scattefing Xc~ method 50 

N-benzoyl-N-phenylhydroxylamine 212 
NH4SCN 209 
NMR (nuclear magnetic resonance) 537, 585 
NMR shift data 577 
NaCl-type lanthanide monoxides, lattice parameter 

429 
NaCl-type structure 429 

Na4 (NpO2)2 C12 O12-8H20 580 
NaSCN 220 
natural orbitals 48 
Nd 16 
Nd 4 + 272 

NdF 3 509 
NdO 429, 442, 443 
Nd203 419, 420, 430, 440, 441,444, 448, 491 
nephelauxetic scale 563 
neptunyl dimers 580 
neutral organophosphorus compounds 202 
neutral organophosphorus extractants 207 
neutron diffraction 571 
neutron diffraction measurements 535 
neutron scattefing 531 
nielsbohrium 21 
nitrogen and chlorine 380 
nitrogen and fluorine 381 
No 455, 470 
No(c) 474 
No(g) 474 
No-259 451 
NoO x 452 
No203 474, 491 
nobeliura 16 
non-aqueous solvents 268 
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nonradiative decay 184, 187-189, 192 
nonstoichiometric oxides 437 
nonstoichiometric phases 424 
nonstoichiometry in oxides 459 
nonzero moment 476 
Np 16, 198 
Np(c) 473 
Np(g) 473 
Npmetal 510 
Np-237 451 
Np(IV) 537 
NpO x 452, 455, 463 
- thermodynamic properties 474 
NpO 463 
NpO(c) 473 
NpO(g) 473 
NpO 2 457, 459-461,477, 491,513 
NpO 2 573 
NpO22+ 538 
NpO 3 463 
Np203 473, 491 
Np205 457, 461,463 
Np3 08 463 
NpO2(c ) 473 
NpO3(c ) 473 
NpO2(g ) 473 
NpO 3.H20 463 
NpO3 (OH)2 463 
NpO tetrafluorides 519 
nuclear magnetic resonance 530 

O/M ratio in CmO 2 466 
observed electronic transitions of PrO 117 
observed low-energy states of SmO 122 
one-center Dirac-Fock method 47 
optical properties 448 
optical spectroscopy 530 
orbital binding energies of atoms Hf through Bi 

36 
orbital energies of valence s electrons of radii Cu, 

Af, Au, Zn, Cd, Hg 37 
organometallics, sigma bonding 278 
organophosphorus compounds 202 
oscillator strength 179 
osmotic coefficient 256 
outer-sphere association complex 574 
outer-sphere complex formation 571,572, 585 
overall hydration numbers 536 
oxalates, nitrates 459 
oxidation of sesquioxides 439 
oxidation potentials 481 
oxidation state (III) for U, Np and Pu 510 

oxidation states 
- of actinide elements actinium to lawrencium, 

inclusive (1986) 20 
of actinides 453 

- of lanthanides in oxides 416 
oxidation-reduction comparisons 280 
oxidation-reduction stability relationships 283 
oxide systems 478 
oxides 428, 448, 450, 457, 459, 478, 486, 496 

ofDy, Cf 481 
- preparation by heating salts 459 
oxines 211 
oxonium salts 514 
oxygen and a halogen 383 
oxygen dissociation pressures 467 
oxygen self-diffusion in rare-earth oxides 444 

PUREX 205 
P - C - T  data 306, 307 
Pa(c) 473 
Pa(g) 473 
Pa-231 451 
PaO x 452, 455, 460 
PaO 462, 463 
PaO 2 459, 461,473, 477, 491 
Pa20 » 457, 459, 461,473 
Paraisen-Parr-Pople method 52 
partial molal volumes 535 
partial phase diagram of CEO2-O2 422 
Pauli terms 43 
Pauli two-component spinors 45 
pentagonal bipyramidal geometry 533 
pentavalent actinides 562 
perchlorate effect 219 
Periodie Table 
- futuilstic 24, 25 

just pilor to World War II 1, 2 
- modern 24, 25 

- showing hea W elements as members of an 
actinide seiles (1949) 13 

- showing heavy elements as members of an 
actinide seiles (1945, arrangement by G.T. 
Seaborg) 8 

perovskites 276 
phase diagrams 
- CeOx-O2 422 
- Eu-Eu304 417 
- PrOx-O 2 423 

sesquioxides 485 
TbOx-O 2 423 

phase reactions, kinetics 444 
phase relationships 301-303, 319, 357, 358 
phenomenological mechanisms 444 
1-phenyl-3-methyl-4-acyl-5-pyrazolones 211 
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1 -phenyl-3-methyl-4-benzoyl-5-pyrazolone (PMBP) 
215 

1 -phenyl-3 -methyl-4-trifluoroacetyl-5-pyrazolone 
217 

Phillips-Kleinman approximation 43 
phosphates 202, 208 
phosphinates 202, 208 
phosphine oxides 202, 208 
phosphonates 202, 208 
photochemistry 191 
photoelectron spectrometry 478 
physical properties of EuO 447 
pi bonding 279 
P(M) 241,255 
Pm 16 
Pm203 419, 430, 431,440, 441,491 
polarographic reduction of Am 3 ÷ 269 
polarographic reduction of Cm 3 + 269 
polyaminocarboxylate complexes 564 
polyaminocarboxylates 571,575 
polyatomic oxides and complexes 136 
polyaza polyoxa 578 
polycatecholates 578 
polymorphic transformation 427 
polynuclear complexes 553 
polynuclear hydroxo complexes 547 
potential-energy curves 
- LaH 64 
- LaH ÷ 69 
- LaH~ 72 
- Y H  54 
potential-energy surfaces 

HfH 81 
- HfH 2 90 
- LaH 2 76 
- ScH 2 62 
- YH 2 60 
- ZrH 84 
- ZrH 2 93, 94 
Pr 16 
Pr-O system 447 
PrO x 439 
PrO 114, 429, 442, 443 
PrO~.50 445 
PRO1.703 442 
PrOi.71 445 
PRO1.714 445 
PRO1.717 442 
PRO1.74 442 
PRO1.778 445 
PRO1.78 445 
Pr01.804 442 
PrOk83 445 
Pr01.833 442 

PRO2.00 445 
PrO 2 418, 421,428, 432, 442, 448, 491 
Pr203 421,430, 440, 441,448, 491 
Pr6ON 448 
Pr7012 421,434, 445 

high and low temperatures 444 
Pr9016 421,434, 437 
Pq0018 421,437 
PrllO20 421,434 
Pr12022 421,437 
Pq6030 421,434 
Pr24044 434 
Pr40072 434 
PrO2(TbO1.s18) 428 
precipitation 553 
precipitation of Ln(OH)3 551 
preeipitation/coprecipitation 200 
predicted and observed energy levels of YH 56 
predieted properties of transcurium elements 

(1949) 15 
prediction that element 96 is difficult to oxidize 
predictions for electronic structures of some 

transactinide elements 18 
preparation of aetinide oxides 457 
preparation of lanthanide oxides 416 
preparation of oxides of Ce, Pf, Tb 421 
preparation of single crystals 459 
preparation techniques 458 
pressure-induced structural transformations 375 
primary hydration 547 
primary hydration number 535 
pilmary hydration sphere 530, 536, 572 
primary solvation shell 529 
projections along [211] 437 
promotion energies 493, 544 
properties of binary actinide oxides 478 
properties of the Ianthanide(III) ions 416 
protactinide seiles 3 
protactinium 16, 198 
protactinium oxides 460 
- thermodynamic behavior 472 
pseudo-orbital 45 
pseudophase formation 426 
Pu 16, 198 
- correlation of chemical properties with atomic 

strueture 4 
Pu(c) 473 
Pu(g) 473 
Pu metal 510 
Pu-239 451 
Pu-242 451 
Pu-O system 474 
PuC13 513 
PuF6 518 
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Pu(III) 513 
Pu(IV) polymers 552 
PuO x 452, 455, 463 
PuO 463 
PuO(c) 473 
PuO(g) 473 
PuO 2 461,464, 473, 474, 477, 491,513 

- temperature-independent paramagnetism 
PuO 3 464 
Pu203 459, 461,463, 464, 473, 480, 491 
Pu 3 08 464 
Pu7O12 457 
PuO 3.0.8H20 464 
PuOF4, redistribution in HF 519 
PuO tetrafluorides 519 
pulse radiolysis 267, 269 
pyrazolones 202, 211 

476 

qualitative representation of electronic binding 
energies in the heaviest elements 11 

quasi-relativistic model potentials 46 

R203 428 
- A-type structures 430, 432 
- B-type structures 431,432 
- C-type structures 430, 432 

RnO2n- 2 423 
R e values of  2A3/2 states of  NiH, PdH, PtH 39 
radial distribution functions (RDF) 534 
radial expectation values for Hf, Re, Au, Hg, Tl, 

Pb, Bi 36 
radioelectrochemistry 267 
Raman spectra 538 
Raman spectral study of PuO~ + 553 
rare-earth diehlorides 261 
rare-earth hydrides 296, 297 
rare-earth metals 248 
rare-earth monoxides 

dissociation enthalpies 443 
- enthalpy of formation 443 
- Gibbs energy functions 442 
rare-earth oxides 
- electrical transport in 448 
- free energy of  formation 440 

heterogeneous reactions in 445 
- oxygen self-diffusion 444 
- thermodynamic properties 442 
rare-earth sesquioxides 257 
rare-earth trifluorides 260 
rare-gas structure at element 118 18 
reaction mechanism for halide synthesis 368 
reaetivity of  high spin stare Ir 35 
redistribution reaetions 518 
reduced halides stabilized by interstitials 395 

reduction 467 
reduction of PuO 2 463 
reduction potential diagrams 268 
reduction potentials 261-266 
- for M(III)/(II) couples 481 
- for M(IV)/(III) couples 482 
relative viscosities 537 
relativistic effective core potential 31 
relativistic effects 29, 544 
relativity and lanthanide contraction 35 
representations of fluorite-type RO 2 432 
resin-bead technique 458 
route of  entry of actinides into man 599 
rutherfordium 21 

- relativistic effects 25 

6s 544 
7s 544 
SCF, CASSCF, CI, RCI methods 47 
S O of Pu(III) 544 
saddle points in potential-energy surfaces 
- HfH 2 91 
- LaH 2 77 
- LaH~ 73 
salt effects in solvent extraction 218 
saturated moment 496 
SbF3/SbF 5 complexes 511 
Sc 243 
ScH 52 
ScH 2 59 
Sc species 254 
Schrödinger equation 40 
secondary hydratiõn 547 
secondary hydration sphere 530 
selected lanthanide and aetinide polyatomics 135 
selection factors 569 
self-irradiated oxides 459 
semi-empirical techniques 32 
separation factors 211-214, 216, 220-222, 231, 

570 
sesquioxide of uranium 449 
sesquioxides 418, 429, 453, 455, 456, 460, 467, 

469-471,492 
- enthalpies of  formation 494 

- enthalpies of  solution 490 
- first occurrence in actinide seiles 480 
- lattice parameters 484, 489 
- molecular volumes 487 
- - cubie forms 487 

- - hexagonal forms 487 
- - monoclinic forms 487 
- phase diagrams 485 
siderophores 578 

phase 437 
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single crystals 427 
- preparation 459 
- - fused salt electrolysis 460 
- - hydrothermal growth 459 
- - vapor deposition 460 
Slater local-exchange approximation 50 
Sm 16 
Sm 2+ 510 
Sm(Il) 580 
SmO l 18, 429, 442, 443 
Sm203 419, 420, 428, 430, 431,440, 441,444, 

448, 491 
small and large components of  6si/2 spinor of  Pb 

atom 42 
small-angle neutron scattering (SANS) 224 
sodium (benzene-1,2-dioxydiacetato) 

lanthanate(IlI) tetra-hydrate 577 
soft-donor synergist 4,7-diphenyl-1, 10- 

phenanthroline (DPPHEN) 231 
soff donors 571 
soft sulfur donors 570 
solid-state ehemistry 450 
solid-state electrochemistry 272 
solid-state hydrates 531 
solid-state studies 451,531 
solids, heat capacities 256 
solubility of  uranium, neptunium and plutonium 

513 
solubility product eonstants 259 
solvated fluoro-actinide 513 
solvating ligands 202 
solvation 538 
- of  UO92+ 539 
solvation number 540 
solvent extraction 199, 200, 570 
specific oxides of the actinide elements 460 
spectra of  YD and YH 55 
spectroscopic analysis 542 
spectroscopic constants 
- of  EuO 124 
- of  GdO 125 
- o f  H o O  129 
- of  LaF 102 
- of  lanthanide hydildes I00 
- of  low-lying states 
- HfH 81, 82 
- - LaH + 69 
- of  TiH 87 
- o f  U F -  1 0 6  

- of  YCl 103 
- of  YbO 134 
spectroscopic properties 
- of  LaH 65 
- of  low-lying electronic states of  YH 53 

- of  ZrH 83 

spin-orbit contamination in Hfl-I 2 91 

spin-orbit coupling 34 

spin-orbit interaction 33 
square prismatic structure 535 

stability constant 564, 572 
stability of  acUnide dioxides 456 

- order T h > P u > B k > A m > C m > C f  456 

stable oxides 
- for Cm, Cf, Es 455 

- for Fm, Md, Lr 455 
standard electrode potential 542 

standard enthalpies, free energies of  formation and 

standard entropies of important rare-earth and 

actinide species 244, 245 
standard enthalpies of  formation 543 

standard-stare enthalpies of  formation of aqueous 

ions 254 

states of diatomic lanthanide and actinide halides 

101 
status of  actinide elements (1990) 19 

stoichiometry considerations 459 
strain energy 532 

structural properties of  actinide oxides 461 
structural relationships 301-303, 307 

structure of La + inside C60 147 

structures of  lanthanide and actinide trihalides at 

room temperature and pressure 371 

structures of lanthanide oxides 429 

structures of  (ONPO+)2 138 

sub-doppler Zeeman spectroscopy of CeO 111 
substitution reactions 582 

suggested electron configurations for actinide and 

lanthanide elements 10 
suggestion of actinide concept 4 

suggestion of "actinide seiles" (1944) 4 
sulfonic acids 202, 211 

sulfur and iodine 380 

superacids 508, 524 

superactinide group 25 
supported liquid membrane 229 

surface profiles and substructures 439 
surface spectroscopies 

- inverse photoemission 334 

UV photoemission 329-331 
- X-ray photoemission 333, 334 
susceptibility of  NpO 2 476 
synergistic extraction 204 
synergistic extraction systems -215 

synthesis 368 
synthesis of  metastable dihalides 397 
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TALSPEAK (tilvalent-actinide/lanthanide 
separation by phosphorus reagent extraction 
from aqueous complexes) 228 

TCTP stmcture 534, 535 
TETA (1,4, 8, 11 -tetraazacyclotetradecane- 

1,4, 8, 11-tetraacetic acid) 579 
TRAMEX 210 
TTA (thenoyltrifluoroacetone) .202, 211, 215, 217 
tarnishing of lanthanide metals 441 
Tb 16 
TbO x 428 
TbO 442, 443 
TbOl.70 442 
TbOl.71 445 
TbO1.72 442 
TbO1.806 442 
TBO1.81 442 
TbO1.817 442 
TbQ.82 445 
TbOi.975 442 
TbOz0 442 
TbQ 418, 421,428, 432, 448, 491 
Tb203 420, 421,426, 430, 431,440, 441,448, 

491 
Tb203+6 445 
Tb407 448 
Tb7012 421,426, 435, 437 
Tb11020 421,435, 437 
Tb12022 421 
Tb16030 435 
Tb24 O44 435 
Tb48088 435 
Tb62Oll 2 421,423, 432, 435 
Tbll Oe0---*Tb7012 426 
temperature-independent paramagnetism 476 
temperature-independent paramagnetism in PuQ 

476 
temperature-phase diagram for actinide 

sesquioxides 485 
ternary lanthanide oxides 428 
1,4, 7, 10-tetraazacyclododecane-N,, N r, N fr, N Hr- 

tetraacetic acid (DOTA) 229 
1,4, 7, 10-tetraazacyclotetradecane- 1, 4, 7, 10- 

tetraacetic acid (DOTA) 578 
1,4, 8, 11-tetraazacyclotetradecane-1,4, 8, 11- 

tetraacetic acid (TETA) 579 
tetrad effect 545 
tetrahedrally coordinated vacant oxygen site 436 
tetrapositive aquo-ions 255 
tetravalent actinides 544 
tetravalent ions 549, 561 
tetravalent states 562 
Th 16, 198, 531 
Th(c) 473 

Th(g) 472 
Thmetal 511 
Th 4+ 572, 573 
Th-232 451 
ThO x 460 
ThO 460, 463, 472 
ThO(g) 473 
ThO 2 452, 455, 459-461,472, 473, 477, 491 
ThOz(g ) 473 
thenoyltrifluoroacetone, see TTA 
theoretical methods for lanthanide and actinide 

molecules 43 
theoretical studies 540 
thermal decomposition 419 
thermochemical and thermophysical properties 

257 
thermochemistry 313-321 
thermodynamic and high-temperature behavior 

489 
thermodynamic behavior of protactinium oxides 

472 
thermodynamic data on actinide halides 260 
thermodynamic measurements 585 
thermodynamic properties 
- of binary oxides 470 
- of lanthanide oxides 439 

- of lanthanide sesquioxides 441 
of Np oxides 474 
of rare-earth oxides 442 

thermodynamic studies 540 
thermodynamic values for actinide elements and 

their gaseous/solid oxides 473 
thermodynamics of actinide oxides 472 
thermodynamics of hydration 542, 546 
thermogravimetilc analysis 520 
Op(K) 477 
thin films 428 
thoilde seiles 3, 4 
TiH 85 
TiH-ZrH-HfH triad 88 
Tm 16 
TmH 97 
TmO 130, 442, 443 
Tm203 419, 420, 430, 431,440, 441,445, 448, 

491 
tolerance factor 276 
tracer chemieal observations on neptunium 3 
transactinide elements 21, 25 
transcalifornium sesquioxides 475 
transeinsteinium oxides 470 
transferrin 605, 606 
transition-intensity analysis 179 
transitions of invisible spectrum of uranocene 144 
transplutonium actinides 198 
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transplutonium oxides 
magnetic behavior 476 

tribromides 260 
tributyl phosphate 205 
tricapped trigonal pilsm (TCTP) 531 
trichlorides 260 
trihalide hydrates 393 
trihalide polytypism 373 
triiodides 260 
triisooctylamine 223 
2, 4, 6-tris(2-pyildyl)-l, 3, 5-tilazine (TPTZ) 230 
tris(dipicolinato) lanthanate(III) 577 
trivalent actinide ions 536, 577 
trivalent hydrated actinides 531 
trivalent ions 548 
trivalent lanthanide and actinide hydrates 393 
trivalent lanthanide extraction by tributylphosphate 

207 
trivaient lanthanide/actinide group separation 233 
trivalent oxide-halide systems 392 
two-component spinor 46 

U 16, 198, 531 
U(c) 473 
U(g) 472 
U metal 510 
U-238 451 
U(III) 512 
U(lV) 538 
U-O system 472 
U (CsHa) 2 dipole allowed states 144 
UF _ 105 
UF 105 
UH 96 
U H -  96 
UH + 96 
UO x 449, 452, 455, 462 
UO 462, 463 
UO(c) 473 
UO(g) 472, 473 
UO 2 459M61, 477, 491,513 
UO22+ 538, 572, 573, 577 
UO2.25 462 
UO 3 457, 462, 473 
U203 491 
U308 457, 459, 460, 462 
U409 460 
UO2(c ) 473 
UOF 4 

- no adducts formed with AsF5 518 
UOF 4-nSbF 5 518 
UO2(g ) 472, 473 
UO3(g ) 473 

UO~ + hydrate 533 
u symmetry excited states of Pu(CsHs) 2 
ultrasonic absorption 572 
ultrasound 539 
ultrasound absorption 582 
uranates 277 
uranide seiles 3 
uranium oxide tetrafluoride 518 
uranium oxides 462 
uranium sesquioxide 515, 516 
uranium trioxide 515 
uranocene 139 
uranyl 538 
uranyl fluoride 519 
uranyl-specific ion electrode 578 

145 

valence orbitals of LaH 99 
vapor species over sesquioxides 492 
vapoilzation 439 
- ofCm203 475 
- of NpO 474 
- ofNpO 2 474 
- of ThO2 472 
- of UO 2 472 . 
vaporization/decomposition of Cf203 475 
vaporization/decomposition of transcalifornium 

sesquioxides 475 
vernier-type halide phases 385 
vibronic bands 181 
volatility of chlorides and bmmides of hahnium 

23 

wate~l ,  4-dioxane 538 
water-acetone 538, 539 
water-acetonitrile 538 
water~tioxane 539 
Weiss-Matya-Nishimoto formula 52 

X-ray absorption fine structure, s e e  EXAFS 
X-ray diffraction 531,571 
X-ray. measurements 538 
X-ray scattering 579 
X-ray techniques 535 
xenon hexafluoride 524 
xenotime 198 

YC1 105 
YF 103 
YH 52 
YH 2 59 
Yb 16 
Yb 2+ 510, 562 
Yb(II) 580 
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YbO 131,417, 429, 442, 443 
Yb203 419, 420, 430, 431,440, 441,448, 491 

zero moments 476 

zone refining 460 

Zro.858Ca14201.858 
ZrH 84 
ZrH 2 93 
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