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PREFACE
Karl A. GSCHNEIDNER, Jr., and LeRoy EYRING

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, mystifying, and murmuring strange revelations and possibilities.

Sir William Crookes (February 16, 1887)

There are those who feel that the rare earth elements are destined to play an
even greater role in our ‘“high-tech” society in the future than they have in the
past. This judgement is based upon the trend of increasing applications resulting
from the electronic structures of these materials that lead to their unusual optical,
magnetic, electrical and chemical properties so adaptable to the demands now
being placed on materials. The “Handbook” seeks to provide topical reviews and
compilations of critically reviewed data to aid in the design and fabrication of the
required new materials. Four additional chapters in this tradition are the contents
of this volume.

The development of lasers containing rare earth species sparked an interest in
glasses containing these elements. Reisfeld and Jgrgensen discuss. excited-state
phenomena in vitreous rare-earth-containing substances. The description of the
chemistry and crystal chemistry of complex inorganic compounds of the rare
earths is continued by Niinist6 and Leskeld from the previous volume. Here they
consider the phosphates, arsenates, selenates and selenites, oxohalogen com-
pounds and vanadates. Encapsulation and transport of charged hydrophilic
species from an aqueous medium into a hydrophobic phase are promoted by
ionophores. The properties and applications of rare earth complexes with synthe-
tic ionophores are described by Biinzli. Finally, Shen and Ouyang review their
own work and that of others in the application of rare earth coordination catalysts
in stercospecific polymerization. These Ziegler—Natta type catalysts provide tools
for, among other things, the design of electrically conducting polymers.
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= transition probability from state E, to state E;

= dimensjonless constant 1/(afiw) in eq. (21)

= preexponential factor of rate of multiphonon deexcitation in eq. (18)
= modified B in eq. (21)

= probability of absorption

= velocity of light in vacuum

= molar concentrations

= standard oxidation potential

E' E’ = Racah parameters of interelectronic repulsion
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%, F*, F® = Slater—Condon—Shortley parameters of interelectronic repulsion
= Planck constant

= (h/2)

-

*

IO

o

n
0

o

.0

= Kossel number of electrons

= Boltzmann constant

=rest mass of electron

= coordination number

= refractive index

= number of electrons (in 4f shell)

= oscillator strength

= oscillator strength of electric dipolar transition
= oscillator strength of electron transfer band
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z = jonic charge; oxidation state

a = parameter of multi-phonon de-excitation in eq. (18)

B = amplification coefficient in eq. (10)

B, B; = branching ratio

A = sub-shell energy difference (=10 Dg) in octahedral d-shell

3 = one-sided half-width of absorption band; one-electron function (orbital) with the
quantum number A =2 in linear symmetry

€ = molar extinction coefficient in eq. (2)

Lie» &sp» {54 = Landé parameter of spin—-orbit coupling

n = quantum yield o

Ny = efficiency of energy transfer eq. (35)

A = wavelength

v = frequency

T = (also) one-electron function (orbital) with the quantum number A=1 in linear sym-
metry

o = wave number (= v/c); one-electron function (orbital) with the quantum number A =0
in linear symmetry

g, = stimulated emission cross section at peak

T = lifetime

Tra = 1, radiative (Einstein) lifetime

Toy = average lifetime, eq. (36)

v = many-electron wave function

0, = Judd-Ofelt parameter (+=2, 4 or 6) of transition probability

) =in phonon energy %®; quantum number of relativistic one-electron function in linear

symmetry in eq. (39)

1. Introduction - the vitreous state

From a spectroscopic point of view, the trivalent rare earths R(III) fall in two
main categories: (a) the closed-shell scandium(III), yttrium(ILI), lanthanum(III),
and lutetium(III), having their first excited electronic states in the far ultraviolet
(well above 6eV or 48000cm™'); and (b) the twelve cases, starting with
praseodymium(III) and ending with ytterbium(III), containing 2 to 13 electrons
in a partly filled 4f shell, correspondingly.

Many of these systems have their first excited states at quite low energy, and
the corresponding absorption bands occur in the far infrared, and were detected
only recently. An exceptional case is represented by the half-filled 4f7
gadolinium(II1), having the first excited state at 32100 cm " (4 eV), as was shown
by Urbain in 1909. The fluorescence from this state is characterized by a narrow
line in the ultraviolet. The narrow absorption bands attracted general attention,
and were already considered by Bunsen and Kirchhoff (before 1864) as closely
resembling the atomic spectral lines. The situation became muddled around 1908
by the detection of narrow emission lines of ruby, Al, ,Cr,O,, and other systems
containing 3d”> chromium(III) surrounded by an almost regular octahedron of six
oxygen ligating atoms. Around 1955 (cf. Jorgensen, 1969, 1971) it was clarified



4 R. REISFELD and C.X. JDRGENSEN

that this emission arises from the lowest doublet level to the quartet ground state
of three electrons in three d-like, roughly nonbonding orbitals, whereas the broad
absorption bands of Cr(III) and numerous other cases of partly filled d-shells
involve the two strongly anti-bonding orbitals as well. The optical spectra in
transition metal elements have only a remote similarity with the free-ion transi-
tions, whereas in the lanthanides the narrow absorption bands are almost
invariant, also with respect to the few known free-ion levels. As can be seen in
fig. 1, the theory of atomic spectra allows identification of definite J-levels of 44
(Reisfeld and Jgrgensen, 1977). The spectral assignments below 3 or 4 €V were
almost completed by Carnall, Fields and Rajnak (Carnall et al., 1968). The minor
shift of the center of each J-level, the nephelauxetic effect, was first observed by
Hofmann and Kirmreuther in 1910. From a comparison of the reflection spectra
of Er,O, and other erbium(III) compounds, it was possible to derive important
conclusions about chemical bonding, and particularly to define an upper limit for
the (weak) anti-bonding character of 4f orbitals (Jgrgensen, 1976, 1979), and the
separations of the (2J + 1) mutually orthogonal eigenstates belonging to a given
J-level (typically below 400 cm ™" or 0.05 €V). Information about the holohedrized
symmetry of the rare-earth site was obtained by Durville et al. (1983).
Cerium(IIT) and the bivalent lanthanides show features which are intermediate
between typical trivalent lanthanides and chromium(III). The broad-band
luminescence in Ce(II) and Eu(II) has a much shorter lifetime (in the 1077 s
range) than the narrow-line luminescence to the excited low-lying J-levels of
Eu(I1), GA(III) and Tb(III), with lifetimes above one millisecond.

The narrow absorption bands of solutions were used to monitor separation of
colored lanthanides having adjacent atomic numbers, and were the major tool
used by Auer von Welsbach when separating praseodymium and neodymium in
1885. The corresponding bands in glasses served as wavelength standards in
spectrophotometers. The strongest visible band of Nd(IIT) absoibs selectively the
two yellow sodium lines, circumventing interference in potassium and rubidium
spectral lines in gas flames. Glass goggles containing neodymium thus assist
glassblowers to see the red glow of glass objects under work.

The technological interest in glasses containing rare earths suddenly arose upon
the development of solid-state lasers. Originally, crystals (Weber, 1979; Reisfeld
and Jgrgensen, 1977) such as doped perovskite Nd Y, _,AlO,, doped garnet
Nd,Y,_,Al,O,,, or stoichiometric pentaphosphate NdP,O,,, were considered as
the most important materials. However, it was soon realized (Reisfeld, 1976b)
that glass lasers have enormous advantages over crystals, in that they are easily
prepared in large rods by melting together the constituent components, easily
shaped, and show less optical inhomogeneity, being isotropic by nature. Actually,
the first terawatt * lasers in the SHIVA system (functioning 1978) at Livermore

* terawatt = 10> W equivalent of 1000 joules released in a nanosecond pulse, corresponding to a
packet of light with the length, 30 cm, divided by the refractive index n of the glass.
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Fig. 1. Energy levels of trivalent lanthanides below 43000 cm ' (5.3 eV) arranged according to the
number g of 4f electrons. Excited levels known frequently to luminesce are indicated by a black
triangle. The excited levels corresponding to hypersensitive transitions from the ground state are
marked with a square. For each lanthanide, J is given to the right (in the notation of atomic
spectroscopy, J is added to the Russell-Saunders terms as lower-right subscripts). When the quantum
numbers § and L are reasonably well-defined, the terms are indicated to the left. It may be noted that
the assignments *H, and °F, in thulium(III) previously were inverted; these two levels with J =4
actually have above 60% of *H and °F character, respectively. Calculated J-levels are shown as dotted
lines. They are taken from Carnall et al. (1968) who also contributed decisively to the identification of
numerous observed levels, mainly by using the Judd-Ofelt parametrization of band intensities.
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National Laboratory, for thermonuclear fusion in carefully prepared DT
(deuterium—tritium) pellets, were huge neodymium giass lasers using the transi-
tion from the fourth excited J-level ‘F,,, to the first excited J-level *I,,,,. Since
the latter level is 2000 cm ™~ * (about 10 kT at room temperature) above the ground
state *I,,,, it is much easier to satisfy the primordial condition for lasers of
population inversion (which means that the molar concentration of the emitting
state is higher than that of the final state). In a NA(III) four-level laser, the
population of the terminal level is the fraction ~e '*~3 X 107’ of that of the
ground state. In contradistinction, in a three-level laser (such as a ruby) at least
51% of the Cr(III) has to be pumped into the long-lived excited state in order to
achieve population inversion, requiring a tremendous amount of energy. Though
high-power d-group lasers (Hammerling et al., 1985) tend to have problems of
self-absorption in the excited state, obscuring the laser emission, they are still the
favored choice for tunable emission over a rather broad interval of photon
energy, the selected laser transition going from the thermalized upper electronic
state (of which the populated part stretches over a few times k7') to the broad
continuum of the electronic ground state (not showing resolved vibronic structure
in condensed matter, in contrast to most gaseous molecules). Hence, such a
tunable laser is a four-level laser, because the luminescent transition terminates in
a relatively high-lying part of the continuum following the electronic ground state,
hardly showing any Boltzmann population. As discussed at the Conference on
Lasers and Optoelectronics (organized by the Optical Society of America in
Baltimore, May 1985, to commemorate the 25th anniversary of the ruby laser) a
major candidate is crystalline alexandrite Al,_, Cr,BeO,, to which we return at
the end of this section. Nevertheless, the less tunable, but much more high-
powered terawatt lasers are all neodymium(IIT) glass lasers, including the
NOVETTE and NOVA systems functioning at Livermore National Laboratory
since 1982 (Holzrichter, 1985; Holzrichter et al., 1985). Each of the ten lasers in
NOVA is able to supply 10° J ns pulses at a power level of 10™* W,

it is not easy to give a sharp definition of a vitreous material. It is certainly
amorphous in the sense of not being so crystalline as to give a Debye X-ray
diffraction diagram of resolved lines. However, not all amorphous materials are
vitreous, since it is felt to be necessary that vitreous materials exhibit trans-
lucency. :

It is now generally recognized that any melt will freeze to a glass (noncrystalline
solid) if cooled at a certain minimum rate. We therefore no longer ask whether a
composition can be obtained as a glass, but just at what critical cooling rate. This
concept is formalized as the Kinetic Theory of Glass Formation (Uhlmann and
Kreidl, 1983). In an increasing number of cases the rate can be estimated from
first principles, thus reinforcing the usefulness of the concept.

As to predicted or resulting glass forming structures, certain restricted but
technologically important fields were successfully covered by certain recipes, like
the Zachariasen—Warren rules. They retain some usefulness. But by and large
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atomistic bases for glass formation and the resulting structures must now be
considered as variable, as in the case of crystal structures. We find glasses with
structures closely related to those of the corresponding crystals, as well as glasses
quite different from their crystalline counterpart. We find glasses with consider-
able close-range order, or with complete randomness. We find covalent as well as
ionic bonds. And in all these respects any intermediates.

Among the most recent texts considering glass are those by Mackenzie (1964),
Wong and Angell (1976), McMillan (1979), Rawson (1980), Uhlmann and Kreidl
(1980, 1983, 1984), Waseda (1980), Guntherrodt and Beck (1981), Feltz (1983),
Kreidl (1984), McLellan and Shand (1984), and Vogel (1984).

Most people think of vitreous materials as exceedingly viscous liquids, but it is
difficult to be perfectly certain that all glasses are undercooled in the sense that
they would be thermodynamically stable by crystallizing in reasonably sized
crystals. It is true that this is the fate of many glass samples, when kept in vacuo
or in an unreactive atmosphere for weeks, years or centuries. Fortunately,
thermodynamics always has a limited jurisdiction for all pragmatic purposes; in
any given system, some reactions proceed to equilibrium and others (such as
nuclear transmutation to iron) do not take place perceptibly.

The glasses made along the Mediterranean coast during the last three millennia
are typically mixed oxides, with sodium, potassium, calcium, and lead silicates as
the major components. In the last century, borates and phosphates have also
gained much importance, in particular in laboratory glass, by creating mechanical
strength compatible with a rather low temperature of softening (‘“‘melting’). It is
a general rule of thumb among glassmakers that the more minor components are
added, and the farther the glass is removed from a simple stoichiometric ratio, the
less the final product runs the risk of slowly crystallizing (“‘devitrifying”).
However, the dehydration by heating of Na'(HO),PO, produces a glass
1Na:1P:30 with the same composition as cyclic metaphosphates P,O,," and
almost the same composition as the chain polyphosphates obtained by intercalat-
ing PO, groups (such as CH, links in n-alkanes) in pyrophosphate, giving
0,P(OPO,),_,0PO;" 2. There is good reason to believe that the NaPO, glass
contains nearly all its P(V) as localized tetrahedral groups (as in the polyphos-
phates) surrounded by four terminal or bridging oxygen atoms. Even chemical
elements can be vitreous; high-purity selenium can be prepared as a translucent
red glass, analogous to the metastable latex-like modification of sulfur obtained
by rapid cooling of the red-brown melt with cold water.

The textbooks describe the industrially important types of glass as large

network modifier cations Na(I), K(I), Ca(Il), Pb(1l), . . ., accommodated (with
rather long M-O internuclear distances) within the cavities of the network
former, the ramified polyanion formed by borate, silicate, phosphate, . . . , or by a

mixture of such oxo-complexes of small atoms of nonmetallic elements. However,
the real situation may be even more complicated, as exemplified by the fluoride
glasses in section 6.1. The absorption spectra (Weyl, 1959; Landry et al., 1967) of
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d-group ions clearly indicate octahedral coordination of green Cr(III)O, (compar-
able to crystalline corundum-type Cr,0; and beryl-type emerald Be,Al,_ -
Cr,SicO,;), pale green Fe(I1I)Og, pink Co(I1)Og, and yellow to green Ni(11)O,.
This octahedral trend is likely to occur also for Mg(II)O,. On the other hand, the
large Ca(Il), Th(IV), and all the rare earths, may accept various coordination
numbers N=17,8,9,10, ..., and different (usually low) symmetries for the local
site. It is worth noting that N in inorganic compounds (generally consisting of
anion-bridged architectures as opposed to molecules, allowing N to be above the
oxidation state) is essentially, but not entirely, determined by relative atomic size
(Jgrgensen and Reisfeld, 1982b; Jgrgensen, 1983, 1984) and that the aqua ions, in
hydrated crystals and in solution, fall into three main categories: strictly tetra-
hedral N =4, such as Be(OH,),?, the large group of octahedral N = 6, and then
the high N independent of local symmetry. Among cations in aqueous solution, a
fourth group of exceptionally large cations such as Rb*, Cs* and Ba*? may have
the same relationship to the ambient solvent as N(CH,); and Co(NH,);”. In a
sense, such ions may start with the second hydration sphere surrounding
Cr(OH,).”.

The picture of high, varying N and widely differing local symmetry has been
verified for fluorescent trivalent lanthanides by measurements of inhomogeneous
linewidth. The technique FLN (fluorescence line-narrowing) has been used for
excitation of the nondegenerate state “D, of Eu(IIl), and for determining the
various sites (Brecher and Riseberg, 1976; Durville et al., 1983), vide infra.

Our description so far has assumed a straightforward glass, without evidence of
regular structure on a scale of 100 or 1000 A. It is possible to perform experiments
in the future (assisted by electron micrographs) of conceivable relations between
FILN and inhomogeneities in the micrometer (10000 A) range. However, we
possess even today materials that are manifestly heterogeneous on such scales,
but which still remain vitreous.

Among such materials are the consecutive intermediate states (gel glass— fully
dehydrated glass) (Levy et al., 1984), where by heating to 110°C or 200°C the
emission spectrum of incorporated Eu(III), obtained by hydrolysis of Si(OCH,),
at room temperature (similar to aqua ions in ID,0), changes to stronger bonding
to the silica gel and concomitant more detailed and intense bands; by heating of
the sample to 600°C the spectrum becomes similar to that of Eu(1ll) in conven-
tional silicate glass. It may be noted that the hypersensitive transition (ct. section
2.2) °D,—'F, becomes much more intense in the heat-treated gel glass, similar to
the saturated red cathodoluminescence Eu,Y,_,O,S, which is more suitable for
color television than Eu Y, VO,, which was used originally (Blasse, 1979).
There is a large future open for preparation of gel glass below 100°C by hydration
and dehydration of appropriate mixtures of alkoxides such as B(OA);, Al(OA),,
Si(OA),, Ti(OA),, . . . . Among several advantages are that rare-earth complexes
of organic ligands and fluorescent organic dye stuffs can be incorporated without
excessive heating (Reisfeld et al., 1983b) and (partly because of absence of
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collisions between excited states, quenching their luminescence in solvents of low
viscosity) frequently with exceptionally high quantum yields.

The commercially available Vycor glass (Corning 7930) consists essentially of
96 wt% SiO, and 4B,0;. The chemically reactive precursor of this glass has been
leached by hot hydrochloric acid to remove large amounts of alkali borates, the
product having pores with an average diameter of 40 A and 28% void volume.
This Vycor glass, when stored, is usually soaked with distilled water, which can be
replaced by an aqueous salt solution atter desiccation. The fluorescence spectra of
seven lanthanides adsorbed in such porous glass (Mack et al., 1983) are much
more intense than of aqua ions, and again with strong hypersensitive transitions.
It may be noted that the quantum yield of the lowest 4d° triplet state (just below
the intense, inverted electron-transfer band, where a 4d-like electron jumps to the
lowest-lying empty molecular orbital delocalized on the heterocyclic ligands) of
the ruthenium(IT) dipyridyl complex Ru(dip);” is much higher in porous glass
(Reisfeld et al., 1983b) than in low-viscosity solvents, and the same is true for
several fluorescent organic ions and molecules (Wheeler and Thomas, 1982;
Reisfeld et al., 1983b; Avnir et al., 1984). Such enhanced luminescence (and
decreased photodegradation of the organic colorants) is of great interest for
flat-plate solar concentrators using consecutive total reflections of the trapped
light (Reisfeld and Jgrgensen, 1982), and perhaps also for lasers, as discussed in
section 3. It is important to note that in all cases gel glasses and porous glasses can
be prepared with the dimensions of heterogeneous composition much smaller
than the wavelength of visible light, thus avoiding light scattering.

Frequently, devitrification of a glass produces a fine dispersion of extremely
small crystallites of a stoichiometric composition differing from the original glass.
Thus, a few percent of rare earths form permanently limpid glasses with 60 to
70wt.% WO, and the Na,P,O, forms the remaining 30 to 40%. However, in
systems where more than 70% tungsten(VI) oxide occurs, microcrystallites of
orthophosphates are precipitated. X-ray powder-diagrams show existence of
PrPO, and EuPO, of the monoclinic monazite-type and HoPO, and TmPO, of
the tetragonal xenotime- (zircon-) type (Reisfeld et al., 1975; Mack et al., 1981,
1985). It should be noted that powder-diagram lines of crystallites do not exclude
the presence of larger amounts of a vitreous phase. The europium(III) fluores-
cence of such phospho-tungstate glasses has been selectively excited in the
crystalline and vitreous components (Durville et al., 1983), and provides interest-
ing information about the holohedrized symmetry and the differing behavior of
the local site in the vitreous phase.

Molten glasses which have been heated under such circumstances that a major
component of the cooled material is microcrystallites, are, when cooled, called
glass ceramics. Such materials are well-known from opalescent kitchenware, and
generally they show more mechanical strength against breaking and scratching
than conventional glasses. For spectroscopists, it is interesting that translucent,
and even limpid glass ceramics can be obtained, where all the microcrystallites are
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considerably smaller than the wavelength of violet light. The preparation of such
transparent glass ceramics may need somewhat spec1al conditions. Thus
chromium(III) in 0.2 molar concentration (1.2 X 10" ions/cm ) has been incorpo-
rated in glass ceramics prepared typically at 1570°C with titanium(IV) or zir-
conium(IV) oxide as the nucleating agent (Reisfeld et al., 1984a; Kisilev et al.,
1984; Bouderbala et al., 1985; Reisfeld et al., 1986b). Cr(III) concentrates in the
microcrystallites are shown from powder diagrams to be the cubic spinel-type
MgAl,_ Cr O, and ZnAl, ,Cr,O, (gahnite), or the less stoichiometric types,
petalite and B-quartz; and the quantum yield of emission from both the lowest
excited quartet and doublet state is exceptionally large. This may represent a
useful alternative to crystalline alexandrite Al,  Cr BeO, as laser material,
avoiding handling the highly toxic BeO dust during the preparation. Further work
on europium(III) and other rare earths in glass ceramics is in progress in Haifa
and Jerusalem.

2. Intensities of absorption and emission

The J-levels of trivalent lanthanides, containing a partly filled shell 4f7, have the
paradoxical aspect of being treated as atomic spectra, while the corresponding
gaseous ions, M™*°, are hardly known (Martin et al., 1978; Goldschmidt,. 1978).
Disregarding comments made by Ellis in 1936, to the effect that P of 4f°
produces the three narrow bands of Pr(IIl) in the blue, the identification started
(Gobrecht 1937, 1938) around the smgle absorption band of ytterblum(III) at
10300 cm ™" due to a transition from °F, , to the only other J-level, “Fs,, of 4",
This energy difference demonstrates spin—orbit coupling nearly as strong as in the
6p shell of the mercury atom, and was used by Gobrecht for his estimation of the
total width (2L + 1){,; of the lowest (S, L) term of other 4f? in the asymptotic
limit of Russell-Saunders coupling. It is interesting for our purposes that he used
a vitreous material, the borax bead of molten Na,B,O, (introduced by Berzelius
for blowpipe analysis of minerals) for the infrared spectra. This was done to avoid
the O-H stretching frequency close to 3500 cm ™' and its numerous overtones
(Jergensen, 1985), looking like narrow, weak 4f? bands. For the same reason,
Carnall (1979) has used perchlorates in deuterium oxide since 1962 and has also
studied spectra in a mixture of LiNO, and KNO, melting at 150°C. For reasons to
become apparent below, the proton-free borax bead also showed several fluores-
cent lines, which were helpful in identifying low-lying J-levels. Narrow-line
emission of Sm(III), Eu(IIl), and Tb(III) had been studied by Tomaschek and
Deutschbein since 1932. For comparison it may be mentioned that the level of
Yb*? lies at 10214 cm ™' (Bryant, 1965). We know twelve among the 13 J-levels of
Pr*? (Sugar, 1965). The highest 'S, has remained controversial, though it is
detected (Lee et al., 1984) close to 47000 cm ™' in Pr(IIT). Finally, the seven
J-levels of "F in [54}4f*Tb ™"’ between 0 and 5654 cm ' (Spector and Sugar, 1976)
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are the only instances of J-levels of [54]4f? identified in gaseous M™>, Many such
J-levels, however, have been identified (Martin et al., 1978) in Pr™ Nd*? Sm™*?
Eu™? (the first excited °P,,, at 28200 cm '), Gd*? (where the lowest [54]4f* level
’F, is situated 2381 cm ™' above the ground state "D, belonging to [54]4f’5d),
Tb*™ Ho™ Er™® and Tm™ Such M™? allow interesting comparisons with the
(almost coinciding) J-levels of [54]4f6s” in the gaseous M atom. For ¢ =2 to 12,
the parameters of interelectronic repulsion in the SCS (Slater—Condon—Shortley)
treatment, as streamlined by Racah (1949) (cf. Goldschmidt, 1978) are even more
prominent than the Landé parameter {,, of spin-orbit coupling, known to
increase smoothly from 644cm™" in Ce™” to 2918 cm ™' in Yb™”, and hence, the
model for the numerous J-levels (119 for both ¢ =6, 7, and 8) is technically
intermediate coupling, though the lowest (S, L) term is remarkably close to
Russell-Saunders coupling. Since there are three independent parameters of
interelectronic repulsion, the pioneer work on 4f'* thulium(III) (Bethe and
Spedding, 1937) and on 4f’ ncodymium(III) (Satten, 1953) uncritically adopted
an assumption about quite small ratios F/F* (SCS) and E'/E’ (Racah), resulting
in good agreement with the energy differences between terms with the same S, ,,
as the ground term (these distances are always multiples of E’), whereas terms
with §=(S_, —1) were predicted far too low (Jgrgensen, 1955). However, since
the J-levels are quite crowded from g =4 to 10, the complete calculations in
intermediate coupling (J@rgensen, 1957b; Elliott et al., 1957) were not sufficiently
convincing for assignments in cases where several J-levels were predicted within
an interval of a few thousand cm ™. The last identifications of J-levels exclusively
based on predicted energies were probably 4f'* erbium(III) (Wybourne, 1961),
and subsequent work was significantly assisted by the Judd-Ofelt theory for
intensities discussed in section 2.1 (Carnall et al., 1968).

Whereas the position of J-levels of 4f? in condensed matter is treated by the
same techniques as monatomic entities, the probabilities of absorption and
emission between J-levels are an entirely different problem. In gaseous M’
nearly all observable transitions (Condon and Shortley, 1953) are electric dipolar,
occurring between states of opposite (even and odd) parity (if the electron
configuration is a satisfactory description, one electron changes its / value one unit
up or down) and J obeys the selection rule J— (J + 1), J or (/ —1), and at least
one of the J values (original and final state) is positive. Hence, many atoms are
left with metastable states (such as the first excited J =2 state of neon, argon,
krypton, and xenon, or the first odd J = 0 state of mercury) which cannot decay
radiatively to the ground state, but can disappear only by further excitation (by
absorbing another photon) or by collisions with other atoms or surfaces. A highly
excited J-level of a monatomic entity typically cascades down through a series of
intermediate states (each time of opposite parity), and may encounter difficulties
in arriving all the way down to the ground state. For instance, as soon as a J-level
of M belongs, like all subsequent lower J-levels, to the conﬁguratlon [54]41¢,
there is hardly any hope left for downward transitions if M is sufficiently
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isolated at low pressure in an electric discharge. Such levels (Martin et al., 1978)
have mainly been determined from their transitions to and from [54]4f?~'5d of
opposite parity.

The fundamental concept for transition probabilities in monatomic entities is
the oscillator strength P (called f by many authors). Einstein pointed out in 1917
that if the interactions between an isolated atom and the photons in the
electromagnetic field (providing an energy density per unit volume proportional
to 7% at a state of thermal equilibrium, and hence a specific heat of empty space
proportional to T°) did not modify the distribution of momentum mv, the
probability A ; going from the state E, to one of the lower states E, is a constant of
nature times the cube of the frequency V times the probability of absorption B,
going from E; to E,. In this thermodynamlcal argument, not involving the detailed
electronic structure of the atom, spontaneous emission was predicted as an
enhancement of emission in the case of increasing concentration of E, if thermal
equilibrium with E; is not established (Reisfeld and Jgrgensen, 1977).

When quantum mechanics developed after 1925, the oscillator strength was
introduced for atoms P = A mc/ 8mw’o’e’ (w1th o = v/c'the wave number) and for
electric-dipole transitions, P (e,/ey) (l F|’/bohr”) (hv/3 rydberg) with the elec-
tric dipole moment 7 (the “transition moment”’) of ¥, ¥, where e, states possess
the same energy E, (the “degeneracy number”) and e, mutually orthogonal states
have E,. Hence, the lifetime 7 of the exponential decay of unperturbed atoms is,
with 16V =8065.48 cm

7=(e,/e,)2.3x 107 % s/ P(hv/eV)* . (1)

The half-life ¢, ,, (usuvally given for radioactive decay) is 7(In 2) with the result that
7=1.4427 t,,, and the unit of time in eq. (1) is 1.6 x 10™%s for the half-life. It is a
quantum-mechanical sum rule that the absorption lines in a system with K
electrons have the sum of all P values equal to K. This means that most of the
oscillator strength for higher K originates in inner shells, which is of importance
not only for X-ray absorption spectra, but also in determining electric
polarizabilities (Salzmann and Jgrgensen, 1968; Jgrgensen, 1975) proportional to
the summation over P/(hv)>. In most cases, a major part of P is due to transitions
to continuum states rather than to discrete levels. The P can be evaluated for the
hydrogen atom (Condon and Shortley, 1953) and its value is 0.416 for the Lyman
a line 1s—2p, 0.079 for 1s— 3p and only 0.07 for all the higher 1s— np. In
comparison with hydrogen, the transitions in the sodium atom from [10]3s to
[10]3p have P =0.32 for ’P,,, and 0.65 for P, [approximately proportional to
the number e = (2J + 1) of states in the excited level], and atoms with two outer s
electrons (except helium) can show P for 'S,— 'P, of the order 1.5.

Even though Einstein’s argument for a Maxwellian distribution of mv cannot be
strictly applied in condensed matter, his relation between transition probabilities
in emission and absorption still holds. Chemists usually introduce a molar
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extinction coefficient £ via Beer’s law
log,(I,/I)=ecl =[e,c; + g,c, ++ -]l 2)

for a single species in concentration C (moles/1000cm’) in a path [ (cm)
attenuating the intensity of monochromatic light from I to I (the term between
braces indicates the result of additive absorption of species simultaneously
present), and the area as a function of wave number o (hv = hco) gives

P=432x10"° edr=920%x10"%__5, (3)
band max

where the second expression is the result for a Gaussian error curve having the
maximum g, at o, and the one-sided half-width 8, that is e=¢,, /2 for
(0 pax T 8) and for (o, — 8).

In comparison with the yellow sodium lines, P for most inorganic compounds is
rather modest (Jgrgensen, 1963). The highest value for a band in the visible is
0.18 for PtI_> and the electron transfer band of MnO; in the green has only

P =0.03.

2.1. Judd-Ofelt parameters

The typical values of P between 10~ and 10" clearly show that the absorption
bands of trivalent lanthanides in solution, glasses, and crystals are strongly
forbidden. On the other hand, most excited J-levels in the visible give absorption
bands of comparable area, excepting the moderate to low intensity of spin-
forbidden transitions (as known from atomic spectra), modifying the total spin-
quantum numbers S in the Russell-Saunders approximation.

Broer, Gorter and Hoogschagen (Broer et al., 1945) analyzed this situation,
based on a quite complete set of P values for aqua ions between 9000 and
30000 cm ™, and concluded that the major mechanism for transitions is induced
electric-dipole arising from a very weak mixing of the order of magnitude of the
ground state 4f? wave function (being odd for ¢ odd, and even for g even) with
functions of the opposite parity. Two kinds of external perturbations were
suggested, deviations from a local center of inversion of the distribution of nuclei
of neighbor atoms, and deviations on a short time scale (Jorgensen, 1971) due to
vibrational motion of neighbor nuclei. The distinction between these two mechan-
isms may make sense in crystals, but is very moot in liquids. The two explanations
have in common a rather tolerant selection rule, namely that J at most changes by
6 units (this is derived from the triangular conditions of Gaunt, 6 being twice the
I =3 for f electrons); and since at most twenty J-levels had been identified in the
visible, it was not felt to provide a very informative restriction. Broer et al. (1945)
argued that a few transitions might be magnetic dipolar, where the transition
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probabilities can be evaluated (Condon and Shortley, 1953) without going beyond
the monatomic picture. However, not only is it a selection rule for magnetic
dipolar transitions that J changes by at most 1 unit, but nearly all the probability
(for g #7) is concentrated on the transition to the first excited level of the same
term, normally situated in the far infrared. Carnall et al. (1968) have tabulated
the corresponding oscillator strengths P, ,, which are of the order of magnitude of
107", Several spin-forbidden transitions in the visible and ultraviolet may show
P_, slightly below 10~". A famous case is 'F,— °D, at 19000 cm™" and 'F, — °D,
at 16800 cm ' of 4f° europium(III), where both transitions are known, both in
absorption and in emission, e.g. in fluoride glasses (Reisfeld et al., 1983c).

The arguments about low local symmetry allowing electric dipolar transitions to
a small extent were rendered much more quantitative by two independent studies
(Judd, 1962; Ofelt, 1962). In the Judd-Ofelt treatment, there are six kinds of
parameters, falling in two quite distinct categories. Supposing the total wave
function for a given initial J-level is known in intermediate coupling, {(f?[ySL]J|,
and for a given terminal J'-level (all primes referring to the terminal level), it is
possible to evaluate nondiagonal elements between the unprimed and the primed
wave functions of three tensors, U('), with £ =2, 4, and 6. On the other hand, the
neighbor material in condensed matter (or in a gaseous molecule) is characterized
by three material parameters (2,. The radiative rates of emission are given in eq.
(8) in section (2.5), where the strength of magnetic dipolar transitions, S_, has
been explicitly evaluated by Carnall (1979) in eqgs. (24.11) to (24.14). As
discussed by Peacock (1975) and Carnall (1979), previously there were used
slightly different material parameters, for which the transcription to {2, is well-
defined, but the latter parameters (usually given in the unit square picometer
1 pm® = 107> cm®) have turned out to be more practical. The oscillator strength
P for an absorption band, from which (the usually much smaller) P, deriving
from the probability as magnetic-dipole transition has been subtracted, is then

p_p = 8mimy  (n® +2)
md T Th(2J+1) n

[‘QZUZ + ‘Q4U4 + '()6U6] ’ (4)

where m is the mass of the electron. For n = 1.5, eq. (4) has the numerical form
(J being for the initial state before absorption)

ag

. - 10
P = Ppy=1204x10" 2

12.04[,U, + Q,U, + QU] , (5)

where the constant 12.04 is replaced by 18 for n =2 and by 10.70 for n =1.333
(water). Originally, both Judd and Ofelt, and several other pioneers, hoped to
derive the material parameters (2, from wave functions of the lanthanide and of
the neighbor (ligating) atoms, but it does not seem to have succeeded better than
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within one order of magnitude. What is more deplorable is that comparative
calculations on highly differing materials do not illustrate the trends such as the
ratio (£2,/42;) discussed below. It is worthwhile to note that Krupke (1966)
concluded that the spectroscopically accessible configuration 4f?~'5d (cf. Jorgen-
sen, 1969) is not nearly as important for the size of {2, as 4fq_1g, where it is clear
that the g-like radial function in condensed matter has a much smaller average
radius than the almost hydrogenic Sg-radial functions (even in atoms with Z as
high as radium).

For trivalent lanthanides with g from 2 (praseodymium) to 12 (thulium), eq. (5)
is overdetermined, in so far as only three {2, have to be determined from typically
5 to 16 experimental P values. This gives rise to a statistical uncertainty for each
{2, which turns out to be 15 to 50%, indicating the varying degree of validity of
the Judd-Ofelt treatment in differing cases. On the other hand, the matrix
elements U, do hardly vary at all when the same M(III) is incorporated in
different materials. Since the nephelauxetic effect shifts the J-level energy differ-
ences mainly by a scaling factor 0.97 to 1.01, it is rare that the modified
eigenvectors in intermediate coupling influence U, by as much as 10 percent,
which is negligible compared to the uncertainty of (2, inherent in eq. (5). It is
true, of course, that the 4f group M(II), or 5f group M(III), or M(IV) would have
entirely different U,.

2.2. 02, as indicator of covalent bonding

Around 1955 it was generally felt that a given 4f7 transition in a given trivalent
lanthanide produces an absorption band of roughly the same area in different
environments, and hence roughly the same oscillator strength P according to eq.
(3). Then, Moeller and Ulrich (1956) reported that tris(acetylacetonates) of
neodymium(III), holmium(III) and erbium(III) have one, two, and two absorp-
tion bands of unheard of intensity, respectively, more than 10 times higher than in
the aqua ions, and considerably broader. At first, this unexpected phenomenon
was compared with anomalous high band intensities in d-group complexes. of
phosphines and arsines (Jgrgensen, 1969) and it might be explained by a few of
the 4f? transitions borrowing intensity from the exceedingly strong bands of the
“conjugated” ligands in the near ultraviolet. Then Carnall (1979) found the same
bands to be quite intense in molten nitrates, and it remained a general charac-
teristic of such cases that the ligands had some ‘“conjugated” features, like
bidentate nitrate, carbonate, acetate, and other carboxylates and anions of
biological and synthetic amino-acids (Bukietynska and Choppin 1970; Karraker,
1971; Henrie et al., 1976).

Jgrgensen and Judd (1964) discussed this spectacular behavior, pointing out
that the examples had in common an extremely high value of 2, in eq. (5), and
they proposed to call transitions with a large matrix element U, hypersensitive
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pseudoquadrupolar. In monatomic entities (Condon and Shortley, 1953) a few
electric-quadrupole transitions are known, such as [18]4s— [18]3d in potassium
with P~ 107°, but it would be difficult (Broer et al., 1945) to obtain P above 107’
in lanthanides, which is entirely insufficient. This is the reason why these
transitions are not considered genuine quadrupolar. However, the matrix ele-
ments U, are exactly those determining the quadrupole strength S., and the
hypersensitive transitions in lanthanide(III) compounds are pseudoquadrupolar in
the sense that they have the same absolute selection rules (J changing at most 2
units) and numerical relative size. In the asymptotic limit of Russell-Saunders
coupling, by far the largest U, occurs (for transitions from the ground state S,
Ly, J,) to the level (S,, L, -2, J, —2), such as “Gs,, in the yellow of Nd(III). In
lanthanides, intermediate coupling is sufficiently pronounced that two levels of
Ho(III) with J =6 at 22100 and 27700 cm ™" have large U, (representing mixtures
of °G, with *H,) and two levels of Er(1II) with J = 11/2 at 19200 and 26400 cm
(*G,,,, mixed with *H,,,, in the case of the lower level in the green; for
eigen-vectors, see Wybourne, 1961).

The hypersensitive pseudoquadrupolar transitions represent by far the most
extensive variation of 4f? intensity, the most extreme case being NdI, vapor
(Gruen and DeKock, 1966) where the transition to ‘Gs,, has ¢, =345 and
P=53x10""% 60 times as high as in the aqua ion. The first idea one gets is a
decisive influence of strong covalent bonding related to the low electronegativity
of the iodide ligands, and to the unusually short internuclear distance correspond-
ing to the exceptionally low coordination number N. Jgrgensen and Judd (1964)
discussed several alternatives for explaining high (2,, the most plausible being the
imperfection of describing the surrounding atoms by an invariant dielectric
constant n, as inherent in the semiclassical correction factors containing 7z in
equations (4) and (8). This explanation, based on an inhomogeneous dielectric
constant (as conceivable already in a gaseous NdI, molecule), still seems to be the
most attractive (Peacock, 1975; Judd, 1979) and, in his 1979 paper, Judd gave up
especially the idea prevailing in the end of the sixties that the major condition for
a large (2, is a sufficiently low local symmetry for allowing one vector (or one p
orbital, if one prefers) to have total symmetry. This condition had been related to
the possibility of the “ligand field” (Jgrgensen, 1971) containing a specific
component enhancing pseudoquadrupolar transitions. The concept of the dynamic
polarization of the ligand electronic structure by the quadrupole moment of the
optical transition has been applied (Mason, 1979 and 1980) both to the 4f and the
d-group compounds. This concept is closely related to that of the inhomogeneous
dielectric constant (Judd, 1979).

Table 1 gives the three {2, values for a series of compounds of eight trivalent
lanthanides. Rather than attempting to give a complete compilation of the rather
unwieldy literature, we attempt to select the values with the lowest degree of
uncertainty (inherent in the overdetermined equations, when more than three
transitions are taken into account). Obviously, the emphasis is on vitreous
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TABLE 1
Judd-Ofelt parameters (unit: 1 pm® =107 cm®). *

Lanthanide, material 0, 0, £ Reference **

4f* praseodymium(IIT)

Pr.La,_.F, crystal 0.12x0.9 1.77£0.8 4.78=+0.5 a
ZBLA fluoride glass 0.12+0.2 37=x0.5 53x04 b
Li,0, B,0, glass 08+1.4 3.8x0.6 3.6+0.6 c
Na,O, B,0, glass 08x15 41=0.6 3.1+07 c
K,O,B,0, glass 2.1+0.9 29+0.4 1.7x0.4 c
Na,0, TeO, glass 2.8+1.9 6.5+0.8 4.6+0.8 c
Zn0O, TeO, glass 26x2.0 7.3x0.8 5.4+09 c
BaO, TeO, glass 49=x2.4 65=1.1 5411 c

4> neodymium(III)

Nd,La,_,F, crystal 0.35=0.14 2.57+0.36 2.50+0.33 a
fluoroberyllate glass 0.23+0.27 3.92+0.40 4,60=0.12 d
fluorophosphate glass 1.86 £0.28 4.13+0.41 5.02+0.18 d
50Z1F,:23BaF, : 25NaF : 2NdF, 1.95+0.26 3.65+0.38 4.17+0.17 e
Nd(IIT) aqua ion, solution 0.93+0.3 5.00%=0.3 79104 f
Nd,Y,_,Al,O,, crystal 0.2 2.7 5.0 g
Nd,Y,_,AlO, crystal 1.24 4.68 5.85 h
Nd,Gd,_,(MoO,), crystal 4.22 2.57 2.35 i
Li,0:2 Si0, glass 33 4.9 4.5 j
Na,0:2 §i0, glass 4.2 3.2 31 j
K,0:2S8i0, glass 5.0 2.4 2.0 j
Na,0:5 S§i0, glass 4.1 2.9 2.6 j
0.4 Nd,0,:99.6 SiO, glass 6.1 4.5 4.3 i
15Li,0:20 BaO:65 810, glass 2.8 4.0 3.9 j
15 Na,0:20 BaO:65 SiO, glass 3.6 3.4 : 3.5 j
15K,0:20 MgO: 65 SiO, glass 5.1 4.1 2.8 j
15K,0:20 CaQ:65 510, glass 4.6 3.6 2.9 j
15K,0:208r0:65 Si0O, glass 3.8 33 2.7 j
15K,0:20 BaO: 65 SiO, glass 3.7 2.8 2.3 j
15K,0:18 BaO:66B,0, glass 39 39 4.3 i
15K,0:18 BaO: 66 P,O, glass 2.7 5.4 5.4 j
15 K,0:18 BaO: 66 GeO, glass 6.0 3.7 2.9 j
20Na,0:79 TeO, glass 4.06 =0.16 48=02 4.6*0.1 k
Nd,Y,_,O, crystal 8.55x0.4 5.25+0.8 2.89+0.6 a
LiNO, + KNO, melt 11.2+0.3 2.6+0.3 4.1+04 1
0.13Nd,S,:0.87 La,S,:3 Al,S, glass 9.45 i 4.84 6.54 m
NdW,,0;/ in solution 0.8+0.5 5.6x0.6 7.0+0.3 n
Nd(dbm), in methanol 48 5.3 12.4 o
Nd(dbm),, H,O crystal 45 12 1.2 p
NdBr; vapor 180 9 9 q
CsNdI,, vapor 130 - - r
NdI, vapor 275 9 9 q

M samarium(II1)

Sm(III) aqua ion, solution 09=0.8 4.1+03 2.7+03 f
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TaBLE 1 (continued)

Lanthanide, material 0, 0, 0 Reference **
4f° samarium(III) (cont’d)
borate glass 2.42 4.62 4.16 s
phosphate glass 4.31 4.28 5.78 s
germanate glass 3.97 3.33 2.85 s
tellurite glass 3.17 3.65 1.61 s
LINO, + KNO; melt 8.1x2 4.5%0.5 3.7+0.5 1
4f° europium(III)
Eu,La,_,F, 1.19 1.16 0.39 t
zirconium fluoride glass 0.93 2.61 2.17 u
Eu(III) aqua ion, solution 1.46 6.66 5.40 f
phosphate glass 4.12 4.69 1.83 u
Eu,Y,_,AlO, crystal 2.7 6.3 0.8 h
EuwY,_,O, crystal 9.9 2.2 0.3 v
4f° dysprosium(III)
Dy,La,_,F, crystal 1.1 1.4 0.9 w
Dy(IlI) aqua ions, solution 1.5 3.44+02 3.46+0.3 f
Na,0, P,0, glass 1.46 +2.0 1.16+0.2 1.97+0.1 c
Na,0, TeO, glass 37+1.4 1.15+0.2 2.22+0.1 c
ZnO, TeO, glass 43x14 1.32+£0.2 2.53+0.1 c
BaO, TeO, glass 32=x09 1.35+0.1 2.47+0.1 c
LiNO, + KNO, melt 14.4£0.3 1.4+£0.4 3.16x0.2 1
4" holmium(III)
Ho,La,_,F, crystal 1.16 1.38 0.88 h
ZBLA fluoride glass 2.28 2.08 1.73 X
ZBLA fluoride glass 2.43+0.03 1.67 £0.09 1.84 +0.03 y
Ho(III) aqua ion, solution 0.36 0.1 3.14x0.2 3.07+£0.2 f
Ho,Y, ,AlO, crystal 1.82 2.38 1.53 h
Li, O, Ca0, B,0, glass 6.83x0.3 3.15+04 2.53+03 z
phosphate glass 56003 2.72+04 1.87+0.3 z
tellurite glass 6.92+0.2 2.81+x0.3 1.42+0.2 z
LiNO, + KNO, melt 16.4 0.2 3.6+0.3 2.3+0.2 1
La,S,:3 ALS, glass 8.1 3.8 1.4 m
How,,0; solution 3.5+0.2 1 2.4+0.3 2.6+0.2 n
4" erbium(III)
Er La, .F, crystal 1.07 0.28 0.63 aa
46 PbF,:22 ZnF, : 30 GaF, glass 1.54+0.25  1.13+0.4 1.19+0.2 ab
ZBLA fluoride glass 2.54 1.39 0.96 ac
ZBLA fluoride glass 3.26 1.85 1.14 ab
Er(Iil) aqua ion, solution 1.59 = 0.12 1.95+0.2 1.90 0.1 f
ErCl,, 6H,0 in CH,OH 3.20x0.22 3.25+0.16 0.8+0.3 ad
ErCl,, 6H,0 in C,H,OH 5.0+0.2 25%0.2 0.6+0.3 ad
ErCl,, 6H,0 in #-C,H,OH 55+0.2 2.5%0.2 0.7+£0.3 ad
Er, Y, ,AlO, crystal 1.06 2.63 0.78 h
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TaBLE 1 (continued)

Lanthanide, material {2, 2, £ Reference **

4f* erbium(1II) (cont’d)
Er. Y, _,Zr, O, ;5 crystal 2.92+0.2 0.78+0.3 0.57+0.2 ae
Er,Y, O, crystal 4.6x0.3 1.2x0.2 0.48+0.3 a
borate glass 11.3+0.6 361 22+0.5 af
phosphate glass 9.9+0.5 3.7+£0.8 1.9+0.4 af
germanate glass 9.3+0.4 1.5+0.6 0.7+0.3 af
tellurite glass 11.8+0.3 2.0+£0.3 1.7+0.2 af
LiNO,; + KNO; melt 15.8+x1.2 2+2 1.4+0.9 1
La,S,:3 ALS, glass 3.74 4.33 0.90 m
Erw,,0;; in solution 6.7+0.7 2.3+0.4 1.4£02 n
Er(dbm),, H,O crystal 35 1.1 6.6 p
Er(dpm), vapor 46 2.7 3.7 q
ErCl,(AICL,), vapor 25.8x0.5 2.7+0.9 2.0+04 ag
ErBr; vapor 60 1.5 1.7 q
Erl, vapor 100 - - q

4" thulium(IIT)
Tm(III) aqua ion, solution 0.8+0.6 2.1+0.3 1.86 0.2 f
fluorophosphate glass 4.12 1.47 0.72 ah
borate glass 6.0x1.4 31x£0.6 1.8+0.4 ai
phosphate glass 5.7+0.8 3.0x03 0.8+0.2 ai
germanate glass 4.0x0.9 1.6x0.5 0.8+0.4 ai
tellurite glass 5.5+0.8 29+04 1.6+0.2 ai
Tm,Y,_,AlO, crystal 0.67 2.30 0.74 h
Tm,Y,_,O, crystal 4.07 1.46 0.61 a
LiNO, + KNO; melt 104 £2 2.8+0.7 1.7+04 1

* The bidentate ligands dbm™ and dpm~ are dibenzoylmethide (also named 1,3-diphenyl-1,3-propane-
dionate) and dipivaloylmethide, respectively. ZBLA is a fluoride glass of molar composition
57 ZiF,:34 BaF, :4 AIF; : 5 RF, (in part LaF,).

** References:
(a) Krupke (1966).
(b) Eyal et al. (1985).
(c) Hormadaly and Reisfeld (1979).
(d) Brecher et al. (1978).
(e) Lucas et al. (1978).
(f) Carnall (1979).
(g) Krupke (1971).
(h) Weber et al. (1973).
(i) Spector et al. (1977).
(j) Jacobs and Weber (1974).
(k) Weber et al. (1981).
(1) Carnall et al. (1978b).
(m) Reisfeld (1982).
(n) Peacock (1973).
(0) Mehta and Tandon (1970).
(p) Kirby and Palmer (1981).
(q) Gruen et al. (1967).
(r) Liu and Zollweg (1974).

O]
®
G
W
(w)
(x)
)
]
(aa)
(ab)
(ac)
(ad)
(ae)
(af)
(ag)
(ah)
(ai)

Boehm et al. (1979).

Weber (1967b).

Blanzat et al. (1980).

Weber (1968).

Xu et al. (1984).

Tanimura et al. (1984).
Reisfeld et al. (1985a).

Reisfeld and Hormadaly (1976).
Weber (1967a).

Reisfeld et al. (1983a).

Shinn et al. (1983).

Keller et al. (1982).

Greenberg et al. (1982).
Jgrgensen and Reisfeld (1983b).
Carnall et al. (1978a).
Kermaoui et al. (1984).
Reisfeld (1975).
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materials, where equation (5) offers the advantage that each of the three (2, is an
average value for all kinds of sites, weighted by their concentration. However,
some crystalline materials and complexes in solution are included for comparison.
The observation by @ye and Gruen (1969) that the vapor pressure of NdCl, is
enormously increased by the simultaneous presence of aluminum chloride, has
" been extended to terbium (Caird et al., 1981b) and to erbium (Carnall et al.,
1978a), though the exact composition of the volatile adducts RCI,(AICl,), is not
known. These ternary chloride vapors show that a huge (2, can occur outside
condensed matter, again suggesting a predominant influence of the closest
neighbor atoms.

The complexes of bidentate B-diketonates, where the hypersensitive transitions
were discovered (Moeller and Ulrich, 1956) have been further studied (Kirby and
Palmer, 1981; Richardson, 1982a). The Judd—Ofelt pdrameters and the lumines-
cence of Eu(1lI) and Tb(III) [replacing calcium(II) with comparable ionic radius]
have been informative about many biological materials (Horrocks and Sudwick,
1981; Richardson, 1982b) and absorption spectra of neodymium(III) complexes of
multidentate amino-acids (Bukietynska and Mondry, 1985).

Not only are the (2, values above 10 pm* in many materials in table 1 (and the
main feature in common for these cases is perhaps short internuclear distances
R-X) but, to the contrary, in a few cases, {2, is almost as small as its experimental
uncertainty, such as in several aqua ions (Carnall, 1979), in the lead zinc gallium
fluoride glasses (though it is twice as big for barium zirconium fluoride glass) and
in R La,_,F, crystals. The experimental uncertainty [in the sense of equation (5)
being overdetermined] is less serious for erbium (Jgrgensen and Reisfeld, 1983b)
where (2, =1.59+0.12pm” but in a recent study (Carnall et al., 1984) of 5f°
berkelium(III) aqua ions, it was decided to fix {2, =0.1pm® resulting in an
uncertainty below 10% of {2, = 18.8 and £, = 18.3 pm”. The same fixation for 5f’
curium(III) aqua ions results in 2, =17.9 and £, =38.6pm°. We discuss in the
next section, §2.3, why the Judd-Ofelt treatment is less successful in the
beginning of the f-groups, such as 4f° praseodymium(IIl) and 5f* uranium(IV);
but it is beyond discussion (Jgrgensen, 1957b) that the 5f-group aqua ions U(III),
Np(I1I), Pu(IIl), and Am(III) show oscillator strengths some 30 times higher
than the analogous Nd(IIT) to Eu(IIT). The fact that U(IV), Np(IV) and Pu(IV)
aqua ions show lower P than M(III) may be related to the higher excitation
energy 5f— 6d in M(IV) (Jergensen, 1957b, 1969). Nevertheless, a fixation of {2,
around a few pm” for 5f group aqua ions would seem less radical, though perhaps
more arbitrary. It is true that 4f° to 4f’ aqua ions might as well have {2, = 1 pm*
without impeding the precision of the predicted P to any significant extent.
Comparison of the high electron transfer band wave numbers (and concomitant
high optical electronegativity) of fluorides and aqua ions (Jgrgensen, 1970;
Reisfeld and Jgrgensen, 1977) compared with mixed oxides in crystalline or
vitreous state suggests a common trend of particularly weak covalent bonding
providing low {2, values.
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2.3. Q, and (), as indicators of viscosity

It was made clear very early (Jgrgensen, 1957b, and 1963) that the variation of
the oscillator strength, equation (3), of internal 4f? transitions in lanthanides as a
function of the surrounding ligands is quite different from the (frequently much
more intense) absorption bands of 3d, 4d, and 5d group compounds in condensed
matter, though both kinds of transitions are parity-forbidden, and could not occur
as electric dipolar transitions in monatomic entities. Although the constitution of
4f group aqua ions in solution is still quite controversial (Jgrgensen and Reisfeld,
1982b), it seems that the (perhaps overwhelming) majority of early lanthanides
(with large ionic radii) in noncomplexing salt (perchlorate, -chloride,
bromide, . . .) solutions at moderate concentration (say, below 1 molar anion)
occur as R(OH,);’ with a trigonal symmetry close to the point group D, quite
similar to the crystal structures of bromates [R(OH,),](BrO,), and ethylsulfates
[R(OH,),](C,H;0S0,), (Morrison and Leavitt, 1982), whereas a tendency
toward R(OH,);’ grows more pronounced after samarium (though each of the
series of bromates and ethylsulfates are isotypic for yttrium and all the lanth-
anides). The latter species in solution may, like Mo(CN);*, be a tetragonal
(Archimedean) anti-prism of point group D4, or have lower symmetry, or, as is
entirely conceivable, be a mixture of several symmetries having the coordination
number N = 8 in common. Anyhow, the various aqua ions with N=9 and 8 do
not have a high symmetry, like d-group M(OH,);” (z =2 and 3) exemplifying (or
at last being close to) O, . This situation carries across to glasses, where the rare
earths represent mixtures of N=9, 8, and probably 7, with quite variable
internuclear distances R—X, whereas many d-group ions, such as chromium(III)
and nickel(II), remain close to octahedral N =6 in oxide and fluoride glasses.

In d-group spectra, there is not a black-or-white distinction between the
presence or absence of a center of inversion, but it still has to be admitted that
3d” cobalt(II) exhibits a (exceptionally pronounced) difference between tetra-
hedral (point group T,) CoX; > (X = chloride, bromide, or iodide) having P up to
0.009 (Jgrgensen, 1963; Mason, 1980) for the transition from the quartet ground
state to the highest quartet term, and Co(OH,),” having P a hundred times
smaller, but still five times larger than each of the five most intense quartet-
quartet transitions in neodymium(III) aqua ions.

It took some time to recognize cases of unusually weak 4f? transitions in
lanthanides on a site with an inversion center in crystals. Thus, the reflection
spectrum is conspicuously weak (Jgrgensen et al., 1965a) of the pyrochlore
Er,Ti,O,, where Er(III)O; is a cube contracted along one of its body diagonals.
and hence has the point group D,, with a center of inversion; and the cubic
C-type R,0, has three quarters of the R nuclei on a low-symmetry site C, and
one quarter on a site with center of inversion S, (frequently called C;;). The
absorption bands of the latter minority site are exceedingly weak, but the
positions of the excited states can be de.ected, such as °D, of Eu(Ill), by laser
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excitation of fluorescence. If such excited states are slightly below the correspond-
ing J-levels accessible by light absorption, they may become very efficient traps
for energy, especially at certain intervals of low temperature, and their proportion
of the luminescence yield may be much higher than expected from their concen-
tration. It is well-known from studies of paramagnetic resonance of traces, say of
gadolinium(III), incorporated in fluorite-type crystals (CaF,, SrF,, BaF,, CdF,,
CeO, and ThO,) that most of the R(III) sites show perceptibly low symmetry
because of the charge compensation needed, such as an additional F~ on
interstitial positions, R(III)F,O with one oxygen nucleus, etc., and only a smaller
part remains cubic R(IIT)F, or R(IIT)O, with the charge-compensating substitu-
tion far away (Catlow et al., 1984). Thus, only 1 to 15% of erbium(IIl) in CaF,
(dependent on concentration and heat treatment of the crystal) are on cubic sites,
the rest are distributed on several other types (Moore and Wright, 1981). On the
other hand, Er(IIT) in cadmium fluoride (charge-compensated by Li, Na, K, or
Ag) is about half on cubic sites and the rest on a definite site with point-group C,,
(Ensign and Byer, 1972). Eu,Th,_,O,_,s, shows several sites (Porter and
Wright, 1982).

Whereas N = 6 is not too rare for rare earths, even approximations to octahe-
dral symmetry (excepting scandium) are highly unusual. They must occur in the
perovskites LaErQ,, LaTmO;, and LaYbO,, stable below about 650°C (Jgrgen-
sen and Rittershaus, 1967); but the most striking example is MX, * which can be
studied both in acetonitrile solution (hexa-chlorides and -bromides, Ryan and
Jgrgensen, 1966; and hexa-iodides, Ryan, 1969) and in the cubic elpasolite type
Cs,NaRCl, where each Cartesian axis contains an alternating string of
CIRCINaCIRCINa - - - nuclei (for references, see Morrison and Leavitt, 1982).
Like the octahedral 5f” uranjum(IV) complexes UX 2, the bands are an order of
magnitude weaker than in the aqua ions (excepting the hypersensitive
pseudoquadrupolar transitions of comparable intensity) and finely structured. The
electronic origin can sometimes (but not always) be seen as a sharp line, followed
at slightly higher wave numbers by the three fundamental frequencies of MX;
having odd parity. At room temperature, three “hot’”” bands are observed at lower
wave numbers, at the same distances from the purely electronic transition, and
due to the Boltzmann population of the three odd vibrations superposed on the
electronic ground state. This unique behavior of the hexahalide complexes
constitutes a textbook example of vibronic assistance of parity-forbidden transi-
tions, and has also been observed in the “ruby lines” of the 5d° systems ReX; >
and IrF,. It may be added that a crystal structure of M(OH,)(ClO,); (M=
erbium, terbium, thallium, and even lanthanum) crystallized from strong per-
chloric acid (with very low water vapor pressure) contains octahedral aqua ions
(Glaser and Johansson, 1981). There are no comments about very pale pink
Er(III), and further spectroscopic investigation may be worthwhile, though the
vibrational amplitudes obviously are larger for M—O distances than for the heavy
halide ligands. The similarity of erbium and thallium(IIT) is known from other
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situations; cubic C-type Er,O, and T1,0; have almost the same unit cell parame-
ter, whereas it is smaller for In,O, than for Lu,0O;.

For our purpose, the 10 times smaller 2, and () in octahedral hexahalide
complexes, and comparable low values for lanthanides on crystalline sites with a
center of inversion (we do not know any definite case with 100 times less
intensity), are only an instructive curiosity, in so far as aqua ions and other
complexes in solution, and nearly all glasses and crystals, show a moderate
variation of both () and ), between 1-and 5 pm” in contrast to 0, varylng from
below 1 to 40 pm® in condensed matter (table 1) and even up to 275 pm* for NdI,
vapor. Before 1983, it was the general opinion that the moderate variation of .Q
and {2, was rather unpredictable, but a closer analysis of Er(III) (Jgrgensen and
Reisfeld, 1983b) suggested that these two parameters increase with increasing
vibrational amplitudes of the R-X distances. Rigid crystals show low values,
though the local symmetry is low like in LaF, or in statistically disordered
fluorites such as R, Th,_, O, ;.. or R, Y, .Zr,;0, s, which are known to
contain a large percentage of the rare earth as R(IIT)O,, lacking one oxygen
nucleus relative to a cube. Hence, the small {2, and {2, may not be nearly as much
a question of high local symmetry as of the extent of vibrational dispersion, and
even MX;> (and gaseous ErBr,) may be determined by modest vibrational
amplitude. The trend as a function of decreasing ridigity in table 1 is hexahalide
complexes < crystalline mixed oxides < glasses < viscous solutions <aqua ions <
halide vapors < complexes of large organic ligands; returning to the ideas of Broer
et al. (1945). It is difficult to understand why {2, and (2, differ by less than 30% in
the majority of cases, when compared to the much smaller (2, values for several
aqua ions and vitreous and crystalline fluorides. From the point of view of
monoatomic entities, the matrix elements U, and U, of eq. (4) represent the
probabilities of 2°, that is 16- and 64-pole transitions. The order of magnitude of P
for such transitions in one partly filled shell characterized by the average value
(r') and occurring at a wavelength A is 10" in the visible region (Jgrgensen
and Reisfeld, 1983b), though they would be more perceptible for the X-ray
region, since P is proportional to (r')*/A*~". However much oscillator strengths
around 107> and 10™*° are ludicrously small, and however much pseudo-16- and
pseudo-64-polar transitions have comparable intensity when both U, and U, are
positive, it remains true that the material parameters {2, and (2 in condensed
matter are (astronomically huge) constants multiplying the practlcally vanishing
intensity of 16- and 64-pole transitions in the gaseous ion R"’. This is not a
tautological statement, since 5 to 16 observed P values usually can be inserted in
eq. (5).

It is important to realize that the apparent 256-polar transitions for ¢ =8 and
analogous higher, even, ¢ values are not observed (which is astonishing in view of
the great extent of configuration intermixing in many-electron atoms). Thus,
absorption from the ground state °H,;,, of 4f° dysprosium(III) to °F,,, is
excluded, though it is safely predicted to be close to 13700 cm ™' in an entirely free
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window in the absorption spectrum. However, such a state can be the final state
of luminescence from a higher level (here ‘F,,,). Absorption is equally forbidden
to excited levels with /=1 and 0 of Ho(IIl) and to J=1/2 of Er(III). This
select1on rule is very efficient in 4f° europ1um(III) where the Boltzmann popula-
tion of "F, (only some 300 to 400 cm ' above the ground state 'F,) allows at most
transitions toward J-levels of 7, but not to 8 and higher values, of which six are
predicted between 27000 and 40000 cm ™" (Carnall et al., 1968). The situation is
even more extreme in 5f° americium(III) (Pappalardo et al., 1969) where the
ground state with J=0 (squared amplitude 0.48 "F, and some 40% quintet
character) is not followed by J = 1 before 2720 cm ™", and only transitions to J =2,
4, or 6 have one nonvanishing U,. The strongest transition of Am(III) in the
visible is to J = 6 (¢ =350 and P =5 x 10™* of the aqua ion at 19800 cm ™, varying
between 19630cm ™' in solid AmCl, and 19250cm™' in Aml; because of
nephelauxetic effect) analogous to L, of Eu(III) at 25400 cm L

There is one well-characterized exception from the selection rules (Broer et al.,
1945) of the Judd-Ofelt treatment. Some, but not all, europium(III) compounds
show a very narrow emission line from °D, (somewhere between 17200 and
17300 cm ') to ’F, and even fewer compounds show detectable absorption in the
opposite direction, as was used (Geier and Jgrgensen, 1971) to distinguish the
temperature-dependent concentrations in solution of two ethylenediaminetetra-
acetate complexes differing in constitution by one mole of coordinated water. The
narrow-line absorption is useful for site-selective laser excitation of Eu(IIl) in
vitreous and crystalline materials, and the subsequent emission to 'F, and 7F2 for
investigating the local holohedrized symmetry of the sites (Durville et al., 1983).
The group-theoretical apology for the occurrence of this highly forbldden transi-
tion is the mixing of 'F, and/or D, by the nonsphencal “ligand field” with
sublevels of the same symmetry type 0r1g1nat1ng in other levels with positive J
(Porcher and Caro, 1980). This is a plaus1ble explanation for a transition normally
having P much smaller than 107" found in the complex of a multidentate
amino-acid (Geier and J¢rgensen 197 1) but Blasse and Bril (1967a) pointed out
that certain mixed oxides emit D —"F, with far higher yield than others, and
that it does not seem entirely determmed by low symmetry of the local site
(though, of course, it is less well known than in a stoichiometric crystal) but
rather a kind of polaizability (perhaps akin to the low point groups allowing
totally symmetric vectors) different from the pseudoquadrupolar (2, effects. It is
characteristic for D, luminescence to ’F, and F that no vibronic structure can
normally be detected

We have mentioned several times that the Judd—Ofelt treatment is not numeri-
cally perfect. This can be seen from the number of measured P values, usually
being well above 3, overdetermining eq. (5) for the evaluation of the three (2,.
Various explanations have been proposed. In the original theory (Judd, 1962;
Ofelt, 1962) the total width of the excited configuration of opposite parity mixing
(to a very small extent) with 4f? has to be negligible compared with the distance
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between the two configurations. This is also a fair approximation, but all kinds of
extraneous parameters creep in from moderate deviations from this assumption.
It must be recognized that (in close analogy to parametrization of the energy
levels) there is an optimum number of free parameters (say a quarter, or at most
one half, of the numbers in the data to be described) in such a case. Thus, two
parameters (2, and (2, = (2, would work nearly as well for many materials in table
1, and look more attractive than three, in spite of the implicit belief by Broer et
al. (1945) that O, is much smaller than (2,.

One of the spectacular difficulties for the Judd—Ofelt treatment (Peacock, 1975;
Reisfeld and Jgrgensen, 1977) is praseodymium(III) aqua ions, having their last
band before 46000 cm ™, the transition at 22600 cm ™' to °P, with P =15X 107°
(which is a record, since all other visible bands of trivalent lanthanide aqua ions
have P below 107°). Nevertheless, the *H,— P, transition has U, =0.136
[smaller than U,=0.341 for °H,,,— °F,, of samarium(III) aqua ions at
9200 cm ' with P =2 x 107°, or U, =0.715 for *H;,,— °F,,, of dysprosium(III)
aqua ions at 11100cm™' with P=2.7x107°] and this value is also out of
proportion with U, =0.042 for *I,,— ‘F,,, of neodymium(III) aqua jons at
14800 cm ', having P = 0.7 x 10~° It cannot save the situation that *H,— P, also
has U, =0.036. This quantity is 0.173 for *H,— P, and should provide all the
observed intensity P =2.5 x 10° of the latter transition. Accepting {2, close to
33 pm? for Pr(III) aqua ions procures another difficulty, the two transitions from
*H, to °F, (U, =0.698) and °F, (U, = 0.485) should then have a total P more than
three times their observed sum 13 X 10™° There have been several reactions to
this discrepancy; it may be argued that the Judd—Ofelt treatment is not meaning-
ful for Pr(III), though it is quite successful for Nd(III) and most of the
subsequent lanthanides; or that one has to exclude °P, (as done in table 1) and
only consider the other transitions. One might also have argued that the 3P2
surplus intensity is due to configuration interaction (via nondiagonal elements of
interelectronic repulsion) between 5d° and 4f> (perhaps also then explaining the
relatively large bandwidth, as discussed in section 2.4). However, it is rather
difficult to explain why P, and °P, are so much weaker, intermixing of configura-
tions as distant as Sd° and 4f” not being strongly dependent on J. It is true that P,
is situated about halfway between the ground state *H, and the first excited state
of 4f5d of Pr(IIl) in condensed matter, but one has to admit (Jgrgensen, 1969)
that this is also true (typically 0.3 to 0.6 times the distance) for many excited
J-levels of other lanthanides not showing strong deviations from the Judd—Ofelt
treatments. Recently, this problem was taken up again (Eyal et al., 1985) for
Pr(III) in a barium zirconium fluoride glass. It was argued (cf. Peacock, 1975)
that if the perturbing odd configuration is relatively close to 4f% eq. (5) is
essentially supplemented by 2,U, + Q,U, (vanishing in the original Judd-Ofelt
assumption). It is certainly not cheerful to introduce two new parameters, but the
justification is the luminescence of *P, going to *H, in 11% of the cases (cf. the
branching ratios in section 3.1) whereas all the U, (for even ) vanish for this
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transition. Though an alternative would be J-mixing by nonspherical symmetry, it
was felt that the effect is so pronounced that it is easier to accept the relatively
small values of {2, and {2 (about a quarter of {2, and (), respectively), which in
turn have relatively weak influence on all other detectable absorption and
emission probabilities.

Praseodymium(1II) is the first lanthanide that can be treated relatively mean-
ingfully according to Judd and Ofelt. There are much more serious problems in
the beginning of the 5f group. Auzel et al. (1982) have shown that three {2, are
entirely inadequate for 5f° uranium(IV), where the cnergy levels recently could
be compared (Jgrgensen, 1982) with gaseous 1on U’ One of the surpnses is that
the level with J =4 (squared amplitudes 0.478 ' G4, 0.496 F4, and 0.026 H4) at
16656 cm ™ almost coincides with J =2 (0.548 'D,, 0.334°P,, and 0.118 °F ,) at
16465 cm ™' [corresponding to the identification by Jorgensen (1959), for ;=
1600 cm '], showing that the two strongest absorption bands of U(IV) aqua ions
in the visible (P 2.1x107* centered at 15400 cm ~'; and P = 1.6 x 10* centered
at 20500 cm ™" being mainly ' 6) formally are spin- forbldden The high P values
compared to octahedral UX;” show that the aqua ion distinctly lacks a center of
inversion. Comparison with reflection spectra of ternary fluorides with differing N
for U(IV) suggests N =9 as for Nd(III) (Folcher et al., 1978). The pronounced
intermediate coupling in the 5f group corresponds to the Landé parameter £,
being twice as large, but the SCS or Racah parameters of interelectronic repulsion
are only 0.6 times those of the analogous 4f group species. Consequently, many
small U, matrix elements for almost spin-forbidden transitions in the 4f group are
much larger in the 5f group, and the ground state does not have a very
well-defined . Carnall et al. (1984) argue that the Judd—Ofelt treatment with the
appropriate U, values becomes applicable to Am(III), Cm(III), Bk(III), and
subsequent elements. On the other hand, “ligand field” mixing of J is not a
general problem for 5f group M(III) with splittings of a given J-level only about
twice the splitting in the corresponding lanthanide, but can certainly be in 5f
group M(IV) and higher oxidation states, though the J-mixing seems to vary a lot
with the ligands.

Inductive parametrization (rather than deductive evaluation from radial func-
tions etc. from necessarily approximate wavefunctions) always stimulates an
appetite for physical significance of the mechanism. This is a relatively minor
problem for parameters of interelectronic repulsion, which are typically some
(z +2)/(z + 3) times the Hartree~Fock integrals for gaseous 3d-group M** and
some (.7 times in the 4f group (Jgrgensen, 1962a,b), suggesting some kind of
dielectric effect. Among the Judd-Ofelt parameters, the origin of (2, is most
likely to be the inhomogeneous dielectric, not so much because of precise
numerical calculations being possible but because the other suggestions all remain
strongly insufficient (Judd, 1979). The comparable, and roughly standard-size (2,
and (), may seem somewhat enigmatic at the moment. It is worthwhile to
compare with the d-group compounds. It is quite striking that the spin-allowed
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broad absorption bands have oscillator strengths P, related to the P,, of the first
strong electron transfer band (Jorgensen, 1963, 1970) via the expression for
second-order perturbations

Py = Pet(hydd/hyet)Hif/(hVet - thd)2 > (6)

which has been further studied by Fenske (1967). It is striking that the effective
nondiagonal element H,, (usually between 1500 and 2500 cm ') is close to the
double-sided half-width 28 of eq. (3), suggesting a dependence on vibrational
amplitude. The low intensities of d-group fluoride and aqua complexes are then
related to the unusually high Ay, (Jgrgensen, 1970).

Yamada and Tsuchida (1953) introduced a hyperchromic series of intensities of
cobalt(III) complexes, which is also valid for other octahedral, typical Werner
complexes of chromium(IIT) and rhodium(III):

F~ <OH,<Cl  <NH,<Br <S$0;?<NO; <OH <C,0,>
<C0;?<NO; <S0;*<CrO;?<NCS~ <(C,H;0),PS, . (7

It may be added that solutions of Cr(IIT) and Ni(II) in strong solutions of sulfuric
acid (mainly containing HOSO; ) have a hyperchromic position between F~ and
OH, and that Claus E. Schéffer found a similar behavior in the heteropoly-anions
CrMo,0;;> and CoMo,O,;’, possibly representing cases of restricted vibrational
amplitude,

When the d-group complexes are not octahedral, they seem to exploit au-
tonomous sources of intensity, such as the tetrahedral C0X4_2 discussed above,
and many complexes of phosphorus- and arsenic-containing ligands (Jgrgensen,
1969). These propensities are extreme in copper(II) complexes (Jgrgensen, 1975)
and even more so in palladium(II). (Rasmussen and Jgrgensen, 1968; Jgrgensen
and Parthasarathy, 1978), including complexes of the neutral ligands OH, and
NH,;. In one way, the lanthanide aqua ions show some of these tendencies too,
compared with MX;>.

The reason why the trivalent lanthanides do not present a hypsochromic series
like eq. (7) is probably the same as why the nephelauxetic effect takes extreme
proportions in R,0, and several mixed oxides (Jgrgensen et al., 1965a; Jgrgensen
and Rittershaus, 1967), is not nearly as pronounced in the pyrochlore Er,Ti,O,
and is very weak in aqua ions and in complexes of bidentate nitrate R(O,NO);>
and icosahedral R(O,NO);”, i.e., the former cases have much shorter R—-O
distances. The contraction of M—O distances is much less going to Cr,0, and NiO
from the corresponding aqua ions, but they can be artificially prolongated in
brick-red ilmenite-type Ni Cd,_, TiO, compared with yellow NiTiO, (Jg¢rgensen,
1969).

Ou)r colleague Minas D. Marcantonatos has pointed out that the electron
transfer bands of lanthanide complexes in solution (Jgrgensen, 1962c; Ryan and
Jprgensen, 1966; Ryan, 1969) also show quite varying intensities (though much
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weaker than in the d-group because of the much smaller extent of spatial
coexistence of the filled orbitals of the ligands with the partly filled 4f shell), and
that it is conceivable that a part of the {2, has an origin similar to eq. (6). On the
one hand, this does not seem too likely in the case of "F,— °D, absorption lines
situated inside the broad electron transfer band of orange europium(III) bromide
and dithiocarbamate complexes, but on the other hand it is difficult to evaluate
P, for electron transfer bands in solids. The general trend of decreasing (2, from
Nd(III) to Tm(IIl) does not seem to have a singularity toward lower values
(rather the opposite; Carnall, 1979) at Gd(III).

2.4. Radiative and factual lifetimes

The rationalization of absorption band intensities in lanthanide compounds (as
developed since 1945) got in the Judd--Ofelt treatment a form in eq. (8) (see
§2.5) directly involving the Einstein transition probabilities A(J, J'). In the case
of resonant absorption and emission being the only process occurring (like sodium
atoms in yellow light), eq. (1) gives a direct relation between the (radiative)
lifetime 7 and the oscillator strength P. As an important example of such a
resonant situation can be mentioned 7 = 10.9 ms for the first excited state °P,,, of
gadolinium(II1) aqua ions (Carnall, 1979) at 31200 cm ™", of which three quarters
of P,,,=7.3x10""is due to P, and less than 2 x 10 * to P,,, to be compared
with a total P, =2.88x107° for the six closely adjacent °I, at 35800 to
36700 cm ™.

The more general question is whether the sum of transition rates (in s™')
A+ Ayt Ayt + Ay of a given excited level E, to the ground state E,
and to all the J-levels from E; to E,_,, situated between E; and E; is well
described (Weber, 1967a, 1968) by the Judd-Ofelt treatment, the U, matrix
elements being evaluated between differing excited levels (for a useful compila-
tion, see Carnall et al., 1977) and assuming the parameters (2, to be the same as
derived from absorption spectra (and also .the rates of magnetic dipole transi-
tions). Carnall (1979) gives 7 (in ms) for the “classical” fluorescent J-levels of
aqua ions, 6.3 for ‘G, of Sm(III), 9.7 for °D,, of Eu(III), 9.0 for °D, of Th(III)
and 1.85 for *F,,, of Dy(III). These values are far in excess of the observed
lifetimes, and most materials containing Sm(III) or Dy(III) do not fluoresce
perceptibly. This is due to various mechanisms of nonradiative relaxation with
rates much higher than A, to be discussed at length in section 4. In the normal
situation, the quantum yield of luminescence is n = 7., /7,4 and dependent on the
material and on the distance between E, and the closest lower E(;_,,; this ratio
can easily be 10> or 10> with no luminescence being detectable in practice. On
the other hand, gadolinium(IIlI) perchlorate, or chloride dissolved in deuterium
oxide (Vuilleumier et al., 1982; Marcantonatos et al., 1982; Vuilleumier, 1984;
Jorgensen, 1985), has 7, close to 10ms for the ultraviolet emission, to be
compared with 6ms in light water. The only values in the interval 10 to 30 ms
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observed in the d-groups belong to the lowest quartet excited state of 3d’
manganese(Il) in crystalline chlorides and bromides (Oelkrug and Kempny,
1976), in phosphate (Reisfeld et al., 1984b) and related glasses, and in vitreous
and crystalline Mn(II) fluorides, to be discussed in section 6.1.

References to early uses of Judd—-Ofelt parameters to predict radiative lifetimes
from a higher to a lower excited J-level in materials with established {2, values are
summarized by Reisfeld (1975) and by Reisfeld and Jgrgensen (1977). The main
use of such results is to predict the-branching ratio = A, /L A, for the
proportion of the quantum yield 87 going from E, to E,, as discussed in section
3.1 (selected examples are given in tables 3 and 4). Excepting pathological
conditions, the branching ratio is independent of the nonradiative de-excitation,
which is only manifest in the factor 1. Observed and calculated 8 were compared
for fluorite-type Er, Y, s_,Zr, sO, ;5 (Greenberg et al., 1982) and again compared
with erbium(II) in fluoride glasses (Reisfeld et al., 1983a). The same problem
was studied (Reisfeld et al., 1983c) for europium(IIl) in barium zirconium
fluoride glass, exceptionally fluorescent also from *D, and °D,. 4f"° holmium(III)
in this glass shows luminescence from eight excited J-levels to the ground state °I,
and also, in many cases, to 5I7 and 5I6 (Tanimura et al., 1984; Reisfeld et al.,
1985a; Jgrgensen et al., 1986). The branching ratios from 4f° terbium(III) *D, to
the seven 'F, levels are strongly influenced by the exceedingly high £2, =20 pm® in
TbCl,(AICL,), vapor, where {2, =2.3 and {2, = 3.0 pm” (Caird et al., 1981a). On
the other hand, the absorption from 'F, to °D, has only P =8.4 X 10, slightly
higher than 5 x 10™° for Tb(III) aqua ions.

It is expected that excited J-levels of lanthanides on sites with a center of
inversion, to which the weak absorption has not been detected, may have quite
long radiative lifetimes, and perhaps unusual branching ratios. At this point the
hexa-halide complexes occupy a prominent position. At 300K, the observed
lifetimes 7 are 22 ms for *1,,,,, 6.5 ms for “I,,, and 3.8 ms for “F,,, in the cubic
elpasolite-type Cs,NaErCl; (Ryba-Romanowski et al., 1982). The two latter
values are 21 and 8.5ms at 77K, and may be compared with the observed
7=13ms for *I,,, and 11 ms for 4111,2 in low-symmetry Er,La, F, (Weber,
1967a), similar to the calculated ,,,; and the more differing 7., =21 ms for ‘I,
and 7 =0.15 ms; and 1.87 ms and 0.75 ms, respectively, for *F,,, (showing lower
yield 7). Elpasolite-type Cs,NaNdCl, shows observed 7 =1.23ms at 300K and
5ms at 77 K of *F,,,. There is not only an influence of the temperature (as in the
erbium compound) but also of concentration quenching, since Cs,NaNd, -
Y, 4oClg shows 7=4.1ms at 300 K and 11 ms at 77 K (Tofield and Weber, 1974).
The situation is more complicated in Cs,NaTbCl, and Cs,NaTb, ;Y ,,Cl,
(Thompson et al., 1977), where the luminescent transitions (from "D, and °D5,),
changing J by one unit, are essentially magnetic dipolar and do not show
extensive vibrational structure, whereas the other transitions are mainly vibronic
(i.e., simultaneously changing the electronic and vibrational quantum numbers).
The same behavior is observed (Serra and Thompson, 1976) in
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Cs,NaY,_ Fu,Cl;, where a unique case of coexcited vibrations accompanying
*D,— "F, luminescence, as well as *D,— 'F,, are observed. It would seem that if
T.aq 18 above 50 ms for J-levels of R(III), the vibronic mechanism takes over and is
still able to provide a minute transition probability.

With the exception of hexa-halide complexes, the general impression of 4f-
group absorption and emission spectra is that of essentially pure electronic
transitions (with weak to very weak mixing of parity) not accompanied by
coexcited vibrations. The situation is exactly the opposite in the broad bands of
3d- and 4d-group compounds, which are technically blurred-out vibronic struc-
tures obeying the Franck—Condon principle (though it has not been established in
a general sense that they are always due to totally symmetric stretching frequen-
cies) and where the electronic origin may not be observable at much lower wave
number than the perceptible beginning of the absorption band. However, there
may be a little more coexcited vibronic quasi-continua (Jgrgensen, 1985) in the
background of 4f spectra than usually realized. It is very striking that some
absorption bands, e.g., of Ho(III) and Er(II1) aqua ions in solution, are much
sharper, and some, such as °P, of Pr(Ill) and nearly all bands of Tm(III), are
relatively broader. In a d-group compound, such a difference between the “ruby
lines” and usual, broad bands would be ascribed to Franck—Condon coexcitation,
but such an explanation cannot be adapted here in its simplest form. However,
Caro et al. (1985) pointed out that the sublevels of a definite J-level measured in
the absorption spectrum of a solid compound at 4 K tend to become quite broad
above the average energy of the J-level, compared to very sharp lines at lower
wave numbers. Besides antiferromagnetic effects in nondiluted compounds, such
a behavior can be ascribed to the dense distribution of vibronic levels mixing up
with the higher sublevels. Furthermore, supernumerary sublevels may be due to
vibronic near-resonances. Though such sublevels tend to equilibrate thermally
within a given J-level, it does not seem likely that the broadening discussed by
Caro et al. can be due to Heisenberg’s uncertainty principle, which would bring
the time scale of the phenomenon down in the 107" to 10™'*s range. This
particular complication of exceedingly narrow, and less narrow, sublevels may
play an important role in glasses (in particular in view of the low libration
frequencies of order of 10cm™') where the conditioned reflex otherwise is
inhomogeneous broadening exclusively due to nonequivalent sites.

The excited J-levels of trivalent lanthanides escape lifetimes above 50 ms by
exceptional vibronic couplings. They may be more frequent than suspected,
because a quantum yield 5 x 10™* still corresponds to an observed lifetime around
0.01 ms. Really long lifetimes are not conceivable without trapping of energy.
Due to the exceedingly small ¢, in carbon and adjacent elements, the first excited
triplet state of an organic molecule or ion may show a 7,,, of several seconds,
especially if fully deuteriated. This phenomenon is often called “phosphores-
cence”, in analogy to certain inorganic solids showing (frequently nonexponen-
tial) decay for hours or days. In the latter case, the rate.of phosphorescence is
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determined by the Arrhenius activation energy for a (non-Franck—Condon)
process where energy (stored somewhere else in the solid) slowly diffuses to the
emitting luminophore. There is no sharp conceptual limit between such a
diffusion taking days or months, and the thermoluminescence where energy
provided by the presence of radioactive isotopes, or by the cosmic radiation, is
stored for centuries or millennia, and suddenly liberated by heating to an
appropriate temperature. This phenomenon is of great interest for the study of
ceramics and other archeological objects, and is also known from several miner-
als, such as many fluorite crystals emitting (one time) bright violet light by heating
to a temperature well below red heat.

Quantum yields of luminescence (Reisfeld, 1972) were determined in standard
references, varying the excitation wavelength for *G,,, emission of samarium(I1I)
and D, emission of europium(III) in phosphate glasses, and for °P,,, emission of
gadolinium(IIT) and °D, emission of terbium(III) in borate glasses.

2.5. Radiative transition probabilities and laser cross sections of rare earth ions
in glasses

For most practical purposes the oscillator strengths and the connected radiative
transition probabilities obtained from the absorption spectra correspond to some
average values due to the total number of sites. This is also true for the
nonradiative transition probabilities, which are obtained from the measured
average lifetimes and average quantum efficiencies of fluorescence.

The positions of the spectra of the rare earth ions which are due to intraconfigu-
rational f—f transitions in amorphous materials are only slightly dependent on the
host. However, a small shift of the free-ion levels to lower energies, the
nephelauxetic effect, can be observed as a result of covalency between the rare
earths and the matrix. This is especially evident in chalcogenide glasses (Reisfeld,
1982). The intensity of the transitions can to a good approximation be calculated
by the Judd-Ofelt theory, in which the calculated matrix elements of the
transitions are combined with the experimentally obtained intensity parameters
(Reisfeld and Jgrgensen, 1977). The radiative transition probabilities of the rare
earths in glasses are composed mainly of the electric-dipole contribution and to a
much lesser extent by the magnetic-dipole contribution (Reisfeld, 1976a).

The spontaneous emission rate is

647’ [ n(n® +2)° s ]
A(aJ:bJ") = Sen + 1S 8.1
, (aJ:bJ") 3hC3(2J+1) 9 ED T P omp | > (8.1)
7 e2h2 N N rary 1\ |2
Sup(aJ:bJ') = i l(f ['YSL]JHL+2S”f [y'S'L']J >| , (8.2)

Sep(al: b)) = € 2 ) QLN ySLINU | N y'S L) P, (8.3)
t=2,4,
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where n is the refractive index, J the initial level, J' the terminal level, v the
frequency of emitted light in s~, Sy, the forced electric-dipole strength and Sy,
the magnetic line strength.

The matrix elements are calculated from the reduced matrix elements of
Nielson and Koster (1964) and the 3j and 6j symbols (Rotenberg et al., 1959) as
described by Wybourne (1975).

The (2 parameters have been calculated in crystal matrices and glasses from the
absorption spectra and calculated matrix elements.

It was discussed previously (Reisfeld 1984b) that the matrix elements of the
majority of rare earth ions are only insignificantly dependent on the environment
in which they are situated. The main factor responsible for differences in intensity
of the various transitions are the three intensity parameters.

This statement is relaxed to some extent when rare earth ions form a covalent
bond with the host matrix. Covalent bonding may have the effect of lowering the
electronic levels of the free ion due to the nephelauxetic effect, as first suggested
by C.K. Jgrgensen.

In crystals, and even more so in glasses, the rare earths are distributed over a
large number of nonequivalent sites and the intensity parameters are the average
values of (2. We have discussed previously that {2, is strongly enhanced by
covalent bonding, which is equivalent to the dynamic polarization of the ligands
by the quadrupole moment of the transitions. The covalency effect can be clearly
seen from the fact that the (2, parameters are the smallest in fluorides (both
crystals and glasses), which are known to have the least covalent bonding with the
rare earths. The (2, parameters are much higher in oxide glasses than in fluoride
glasses and are in general higher in glasses than in crystals. The reason for such
behavior arises from a large number of different sites in oxide glasses and lower
symmetry in which the rare earth ion is situated. In fluoride glasses the number of
different sites is much smaller, as exemplified by the narrower absorption and
emission spectra of, for example, Er(IIT) (Reisfeld et al., 1983a) and Ho(III)
(Shinn et al., 1983; Reisfeld et al., 1985a) in these glasses as compared to oxide
glasses.

When (2, parameters are plotted versus atomic numbers of the rare-earth ions,
a monotonous ascending function is obtained for each host. The lowest values are
due to fluoride hosts and the highest to phosphate and tellurite. £2, and (2, when
plotted in a similar way, exhibit a descending function of the atomic number, the
absolute magnitude being smallest for fluoride and highest for phosphate and
tellurite glasses.

The praseodymium (Eyal et al., 1985) exhibits an exceptional behavior towards
the Judd—Ofelt theory. In this ion the proximity of 5d orbitals to 4f orbitals
invalidates the assumption in the Judd-Ofelt theory that the energy difference
between the Sd and 4f states is much larger than the energy differences within the
4f states. This is reflected in the hypersensitivity of the >’H,— °P, transition and in
the large error in the (2 parameters when this transition is included in the
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calculation. Since the Judd—Ofelt theory is not completely valid for Pr(III), the
odd matrix elements U, and U, cannot be neglected when the contrlbutlon to the
transmon 1s 51gn1ﬁcant This is especially the case for the transitions *P,— °H,
and *P,— °F,, in which the even matrrx elements vanish. In this specific case the
product () U, for the transition *P,— *H, as calculated from the branching ratios
is 0.21 pm”® (the square picometer 10~ 20 cm’ is a convement un1t for {2, values),
one third of the product .(2 U, for the strong emission *P,— *H,. Another odd ¢
product for the transition P —°F, observed in the system studled by Szymanski
(1984) is estimated by us to be .(2 U, =0.02 pm> These values indicate that the
corresponding (2, and {2, should be of the same order of magnitude as the even
,, £, and (2 (Eyal et al., 1985).

The enhancement of Eu(IIT) luminescence in glasses can be also achieved by
embedding small silver particles (Malta et al., 1985) in the glass. The question
whether the enhancement is due to interaction of the silver plasmons with the
medium, or due to radiative trapping of Eu(IIT) luminescence is still disputable.

2.6. Hole burning

The radiative transition probabilities for each site of the rare earth in glass are
different; the measured absorption and emission bands correspond to the average
value. By using a narrow laser beam whose width Ay, is smaller than the
homogeneous, Ay,, and inhomogeneous, Ay,,, linewidth, it is possible to excite
ions which are resonant with the laser beam within the homogeneous line and to
bring it to saturation. Thus, with narrow-band excitation very narrow and
photochemically stable holes can be “burned” into the absorption bands of the
rare earth in glass.

Spectral hole burning has been observed, for example, by Nikitin et al. (1978),
in Nd(IIT) laser glass in the emission band, due to the ‘F,,,— I,,,, transition at
temperature as high as 300 K (Friedrich and Haarer, 1984).

Recently, Pedrini et al. (1985) studied the photoionization of excited states of
lanthanides in crystals, and the effects of hole burning in fluorite-type
Sm Ca,_ F,. Most of the recent extensive work on hole burning is done on
crystals at liquid helium temperature. A quite innovating study (Winnacker et al.,
1985a,b) involves 4f° samarium(II) in the tetragonal crystal Ba,_ Sm FCI, allow-
ing a two-step photoionization where the excited J-levels D, and *D, (corres-
ponding to narrow absorption bands at 687.9 and 629.7 nm, respectively) are
photoionized by another photon, losing an electron to Sm(III) present. At 2K,
the states (with a lifetime of about a millisecond) acquire holes with a width of
only 25 MHz for x =10 and of some 1 GHz for x = 0.005. Since the inhomoge-
neous broadening of 16 GHz (0.5 cm™") allows burning of 200 distinct holes, such
a system may be revolutionary for frequency-domain optical data storage. Macfar-
lane et al. (1985) have also used the 25 MHz holes to measure small linear Stark
and nonlinear Zeeman coefficients of the ’F,—"D,, transitions. Contrary to many
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other materials, the holes persist even after heating to 300 K for a few days. Since
glasses can show effects of hole burning (and have intrinsically more
inhomogeneity to start with), memory devices may be feasible with differing time
scales of persistence, even at room temperature.

3. Luminescence
3.1. Branching ratios

The rare-earth ions with electron configuration 4f? show a very characteristic
spectroscopy due to the fact that the 4f shell is well shielded from the surround-
ings. This is also more or less true for the transthorium ions (5f?). These
electronic configurations yield optical properties which cannot be observed for
other metal ions. These, in turn, lead to many important applications, for lasers,
cathode-ray tubes, luminescent lamps and X-ray imaging.

If we consider the optical spectrum of a rare-earth ion, either in absorption or
in emission, we are immediately struck by a large number of sharp lines. Their
position seems to be independent of the surroundings. Their intensity ratios vary
strongly, indicating certain selection rules, which are reflected by the branching
ratio defined as the ratio of a specific radiative transition from a given level
divided by the sum of all the radiative transitions from this level. The branching
ratio is defined as 8; = A ;/% A, (the ratio between the transition probability A ;
and the sum over all the probabilities A, of transitions to lower states, including
A).

]When two emitting levels are close enough (the separation being about
200cm ™" or less) a thermalization takes place and the branching ratio has the
following form

X, gexp(-AE/kT)A,
IBi]’ - 3, Ej g exp(—AEi/kT)A,-j '

)

3.2. Glass lasers and rare-earth-based luminescent solar concentrators

Research on neodymium lasers increased rapidly in the 1970’s because of the
requirement of large neodymium glass lasers for fusion research. Laser-driven
fusion is one approach to a long-term solution of the world’s energy supply
problems as it is based on the inexhaustible fuel deuterium, which is obtained
from water. The unique capability of lasers to produce a very high instantaneous
power density over a very small area introduces the possibility of driving
thermonuclear fuel to extremely high temperatures and densities at which fusion
is expected to occur (Weber, 1976; Reisfeld and Jgrgensen, 1977; Brown, 1981).

The demonstration of the scientific feasibility of the initiation of a fusion burn
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with the energy produced from the pellet exceeding the absorbed beam energy
can be attempted with laser energies of the order of 0.33 to 0.5 MJ and lifetimes
of a few nanoseconds. Such a laser, the NOVA neodymium glass laser, is now
operating in the Lawrence Livermore National Laboratory.

Neodymium-doped yttrium aluminum garnet lasers have found extensive appli-
cations as range finders and have also become standard laboratory equipment for
research in photochemistry and related fields.

High-efficiency laser emission has also been observed from yttrium lithium
fluoride doped with Er(IIT) (Chicklis et al., 1972), Tm(III) (Jenssen et al., 1975),
Ho(III) (Karayanis et al., 1976; Barnes et al., 1979), and Nd(IIT) (Knights et al.,
1982).

All glass lasers developed to date have used a rare earth as the active ion and
optical pumping for excitation (Stokowski, 1982). Of these, flash-lamp-pumped
neodymium glass lasers are the most frequently used and the most widely
investigated. The spectroscopic data needed for estimation of the laser charac-
teristics are usually obtained from small samples (Reisfeld and Jgrgensen, 1977).
The data include absorption, emission, nonradiative relaxation, energy transfer
probabilities and laser cross sections. Laser operation predictions can be made
from such data without actually demonstrating laser action.

Stimulated emission cross sections of neodymium vary with glass composition.
We have previously shown that the amount of covalency between the glass-
forming medium and the neodymium ion increases significantly with the emission
cross section (Reisfeld, 1982). This fact is demonstrated by the very high cross
section of Nd(III) in chalcogenide glasses. The decision about the type of glass
laser to be used for a specific application depends on the emission wavelength,
pulse duration, signal output and optical configuration requirements.

Additional work is still needed to establish the relative merits of various glasses
for lasers. This work includes investigation of spectral inhomogeneities and their
effects on large-signal energy extraction, laser-induced damage threshold as a
function of wavelength and pulse duration for a wider range of glass compositions
(Weber, 1982).

3.2.1. Luminescent solar concentrators

The world’s conventional energy supplies, which are based mainly on readily
available fossil fuel sources, are diminishing rapidly. The main approach to the
energy crisis — nuclear fusion ~ is raising a great deal of hope but its practicability
has still to be demonstrated. There is no doubt that solar energy, which is clear
and nonhazardous, could contribute considerably to a solution of the energy
problem if appropriate methods were developed to collect, concentrate, store and
convert solar radiation, which is diffuse and intrinsically intermittent (Reisfeld
and Jgrgensen, 1982). Owing to the original efforts of the National Aeronautics
and Space Administration to supply electric current from silicon photovoltaic
(PV) cells to space vehicles, such devices are now available at a cost of about $8
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per watt of power. At present, large-scale solar cell arrays are operating in
inaccessible locations distant from conventional electricity plants. Previous price
estimates (predicting a decrease in cost to $1 to $2 per watt in 1984), which were
obtained by making comparisons with the aluminum or electronic computer
industries, were slightly optimistic, as the difficulties of preparing inexpensive
silicon with a high photoelectric yield cannot easily be removed by increased
production. One way of lowering the price of PV electricity is to concentrate the
solar radiation, particularly the part that is most efficient in PV energy conver-
sion. It is hoped that this can be achieved with luminescent solar concentrators
(LSC) (Reisfeld and Jgrgensen, 1982).

The operation of an LSC is based on the absorption of solar radiation in a
collector containing a fluorescent species in which the emission bands have little
or no overlap with the absorption bands. The fluorescence emission is trapped by
total internal reflection and concentrated at the edges of the collector, which is
usually a thin plate (Reisfeld and Jgrgensen, 1982). LSCs have the following
advantages over conventional solar concentrators: (a) they collect both direct and
diffuse light; (b) there is good heat dissipation of nonutilized energy by the large
area of the collector plate in contact with air, so that essentially “cold light”
reaches the PV cells; (c) tracking the sun is unnecessary; and (d) the luminescent
species can be chosen to allow matching of the concentrated light to the maximum
sensitivity of the PV cell.

3.2.2. Requirements for glass lasers and luminescent solar concentrators:
similarities and differences

The requirements for a glass laser are (cf. fig. 2)

(a) high absorption of the exciting light,

(b) population inversion of the emitting level,

(©) high quantum efficiency of light emission,

(d) high cross section of stimulated laser emission,

(e) nonradiative quick relaxation of the lower laser level.

The requirements of LSCs are

(a) large absorption in a broad spectral range,

(b) high population of the emitting level,

(©) high quantum efficiency of light emission,

(d) high intensity of emitted light,

(e) Stokes shift between the emitted and absorbed light.

As can be seen, the requirements for both devices are quite similar; however,
they are more stringent for lasers than for LSCs. An additional need is that the
materials will be stable towards corrosion by light, heat, and humidity.

3.2.3. Basic parameters of a laser

The basic parameters of the solid-state laser operation are the following:

(a) The threshold of laser action is defined as the minimum input power or
energy needed to start the laser action.
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(b) The output power of the laser, P, for a given peak power pumping [for a
pulsed laser, P, is given in joules per pulse, for a continuous operation (CW) in
watts].

(c) The spectral distribution of the emitted radiation is defined by a central
wavelength A, or frequency v, and linewidth dA (or dv) of the emission.

(d) The spatial distribution of energy in the laser beam, both in position and in
direction (the latter is usually specified by a mean angular divergence).

The R laser consists of a resonant cavity, containing the amplifying medium,
the excited rare-earth ions incorporated in crystals, glasses, or liquids. The laser
medium (tube or rod) is placed between two parallel mirrors, having reflection
coefficients R, and R,. The mirrors may be placed separately or evaporated
directly on the ends of the rod.

Oscillations may be sustained in the laser if the amplification of the radiation
through the active material is sufficient to compensate for the fraction of energy
lost due to all causes. In other words, in order for a fluorescent material to exhibit
laser operation, the round-trip optical gain resulting from the optical pumping,

out
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must exceed round-trip losses within the cavity. In each passage through the laser
the intensity of the radiation is increased by a factor e”” by virtue of the
amplification in the material, where L is the length between the mirrors and S the
amplification coefficient, expressed as

B(v) = k(%) AN, (10)

where k(»,) is the absorption coefficient at maximum wave number v, and AN is
the population inversion.

The threshold of laser oscillation is attained when the peak value B8 of the
amplification curve satisfies the equation

BL>vy, (11)

‘where vy is the loss factor after single passage. Equation (11) is the simplest
formulation of the threshold condition.

Thus, a laser of a given length and mirror reflectivity will operate only if the
population inversion is large enough to ensure the amplification per unit length
satisfying the equation

B =AN k(v), = % . (12)

This equation combines the requirements for the qualities of the resonator
design (L and vy) and the amplifying medium which is related to the population
inversion AN and the radiative transition probabilities reflected in the absorption
coefficient k(v),.

We shall summarize briefly the parameters for the laser design, which are
extensively discussed elsewhere (Lengyel, 1971). The laser medium spontaneous-
ly emits light into an extremely large number of oscillator modes. The usual
optical resonators (Yariv, 1975) provide appreciable feedback for only a limited
number of modes, which are the resonator modes (Kogelnik, 1966). From this
concentration of radiation in the small number of modes arises the coherence of
laser light. : »

An important parameter of a resonator mode is its decay time ¢,. This is the
time at which the nonequilibrium energy AE decays to 1/e of its initial value,
AE =exp(—t/t,). The value of ¢, is related to the fractional round-trip loss of the
mode and the round-trip optical length L of the resonator by

te=—%ln(1—y), (13)

where ¢ is the velocify of light. Usually vy <1 and the equation may be
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approximated by :
t,=Llcy | (14)
The decay time and the quality factor Q of the cavity are related by
Q =2my,t, , (15)

where Q is the loss rate of the system and depends on the macroscopic properties
of the cavity. Any disturbance that decreases Q increases y and increases AN, the
population inversion at which the oscillation begins.

From equations (10) and (11) it is evident that the material parameter for the
laser condition at a given population inversion is explicitly contained in the £(v;)
which is related to the stimulated cross section of emission. This is true both for 3-
and 4-level laser systems.

3.2.4. Rare-earth doped laser glasses

Trivalent rare-earth ions present a unique instance for which a priori calcula-
tions can be made from a small number of parameters, which are calculated
theoretically and/or derived from simple experiments on small samples. Such
predictions are of value in devising materials based on transparent media doped
by rare-earth ions. The cross sections and performance of glass lasers can be
predicted with quite good accuracy based on such calculations (Reisfeld and
Jgrgensen, 1977; Reisfeld, 1984a,b).

The main difference between optical spectra of inorganic ions in amorphous
materials and crystalline media of comparable composition is the inhomogeneous
broadening due to the variety of sites in the former (Riseberg, 1973; Weber,
1981). This is due to the fact that the dopant ions in glasses reside in a variety of
environments and experience different perturbing local fields. Thus, instead of
identical electronic energy levels, there is a distribution of spectroscopic parame-
ters which depend on the host glass composition and result in different and
. nonradiative transition probabilities. These variations are evident in absorption
and fluorescence spectra as inhomogeneously broadened lines when conventional
light sources are used. The decay times of fluorescence from excited states of
different sites normally exhibit a nonexponential behavior. However, if fast
diffusion of excitation energy occurs among the different sites, then the decay will
become exponential with the fastest time constant available among the sites.

Laser-induced-fluorescence line-narrowing (FLN) enables, in some cases, the
excitation of a subset of ions having the same energies. In the absence of
accidental coincidence of electronic levels, a tunable pulsed laser can be used for
determining the electronic levels and transition probabilities of a selected subset
of the total ensemble of sites. The intraconfigurational 4f-4f transitions of
rare-earth ions are especially suitable in this type of investigation because of small
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electron—phonon coupling. The degree of selectivity of the FLN technique
depends on the ratio of homogeneous to inhomogeneous widths (Weber et al.
1976; Brawer and Weber, 1981a,b), which is of the order of 1072 for rare earths at
low temperatures. Figure 1 of Durville et al. (1983) provides an example of FLN
on Eu(Ill) in phospho-tungstate glasses at 4 K, the excitation being performed
into the °D, level of the different sites. The three-line *D,— 'F, emission is
shown as a function of excitation frequency of the 'F,— °D, transition and
corresponds to the different sites.

Modelling the atomic arrangement in glass is often done using molecular
dynamics. In this technique the position of the ions is calculated by numerical
integration of Newton’s equations of motion using a model interatomic potential
function. This method has been applied so far to SiO,, B,0,, BeF,, ZnCl,, KCI,
and multicomponent sodium silicate, sodium borosilicate, and fluoroberyllate
glasses (Weber, 1982). While the method is very elegant and promising, its
validity is still being tested by comparison with experimentally measured physical
properties such as thermodynamic and transport characteristics.

The previously discussed radiative transition probabilities and line strengths are
connected to the peak-stimulated emission cross sections of the rare-earth ionin a
glass by

87 (nP+2) A
T 32T +1) n Ahy

S(J, T, . (16)

where n is the refractive index, A is the wavelength of the emission peak, and
A); is the effective linewidth of the emission between states of J and J'.

3.3. Luminescence efficiency and competing processes

Luminescence is the emission of light in the ultraviolet, visible, and infrared
part of the spectrum as a result of excitation of the system in excess of thermal
equilibrium. In condensed matter, luminescence of an excited electronic state is
the exception rather than the rule, especially at room temperature and above.

Luminescent emission can be excited by light (photoluminescence), by cathode
rays, electric field (electroluminescence), and high temperature (candolumin-
escence).

In glass, rare-earth luminescence has in general higher quantum efficiencies
than the luminescence of the 3d and 4d ions. This is due to the fact that the 4f
orbitals are rather isolated from the surrounding medium. The luminescence
quantum efficiency is defined as the number of photons emitted divided by the
number of photons absorbed, and in most cases is equal to the ratio of the
measured lifetime to the radiative lifetime of a given level.

The processes competing with luminescence are radiative transfer to another
ion and nonradiative transfers such as multiphonon relaxation and energy transfer
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between different ions or ions of a similar nature. The last transfer is also named
cross-relaxation.

The radiative transfer consists of absorption of the emitted light from a donor
molecule or ion by the acceptor species. In order that such transfer takes place,
the emission of the donor has to coincide with the absorption of the acceptor. The
radiative transfer can be increased considerably by designing a proper geometry.
Such transfers may be important in increasing pumping efficiencies of glass lasers
(Reisfeld, 1985a) and luminescent solar concentrators, whereby energy emitted
from organic molecules can be absorbed by ions such as Cr(III), Mn(II), or
Nd(III), followed by characteristic emission from these ions.

4. Nonradiative processes

The nonradiative processes competing with luminescence are energy loss to the
local vibrations of surrounding atoms (called phonons in solids) and to electronic
states of atoms in the vicinity, such as energy transfer, which may be resonant
(including as a special case energy migration between identical systems, which
may ultimately emit radiation) or phonon-assisted [the excess energy being
dissipated as heat, or, to a much smaller extent, the thermal reservoir supplying
low-energy phonons (kT =210cm ™" at 300K) to a slightly higher level of an
adjacent system]. Special cases of energy transfer are cross-relaxation, where the
original system loses the energy (E, — E,) by obtaining the lower state E, (which
may also be the ground state E,) and another system acquires the energy by going
to a higher state. Cross-relaxation may take place between the same lanthanide
(being a major mechanism for quenching at higher concentration in a given
material) or between two differing elements which happen to have two pairs of
energy levels separated by the same amount.

The observed lifetime 7 and the quantum yield of luminescence 7 of a given
J-level in a given material are connected with the rate W of nonradiative
relaxation (in Hz=s""),

r=1/(rg' + W), n=r1l1g . 17

In most cases, n is well below 10~ and cannot be readily detected. When
cross-relaxation and energy transfer are not the predominant mechanisms, the
multiphonon deexcitation is reasonably well described (typically +30%) with the
exponential law

W= Bexp(—a AE), (18)

where B is in Hz and AE is the energy gap between the luminescent J-level and
the closest lower J-level. It is empirically well-known (Reisfeld, 1976a; Reisfeld
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and Jgrgensen, 1977) that the glasses and crystalline materials most favorable for
luminescence tend to have the highest (fundamental frequency) phonon % w with
as low wave number as possible, providing smaller rates W. Though the parame-
ter a has the dimension of a reciprocal wave number, it is not simply 1/%w, but is
related by a small constant a in « = (akw) ', where a is increasing from 0.25 for
LaCl, through 0.4 for aqua ions and the garnet Y;Al;O,, up to 0.5 for Y,O,.
Crystalline LaF, has a = 0.5 and ZBLA glass has ¢ = 0.38. Though eq. (18) has a
somewhat greater percentage uncertainty than the Judd-Ofelt treatment of 7y, it
is noted that the parameters B and « do not depend on the lanthanide chosen
(Reisfeld, 1985b,c).

4.1. Multiphonon relaxation

Today, multiphonon relaxation in lanthanide ions is a well-understood process,
contrary to other transition metal ions, which still require additional understand-
ing. Excited electronic levels of rare earths R in solids decay nonradiatively by
exciting lattice vibrations (phonons). When the energy gap between the excited
level and the next lower electronic level is larger than the phonon energy, several
lattice phonons are emitted in order to bridge the energy gap. It was recognized
that the most energetic vibrations are responsible for the nonradiative decay since
such a process can conserve energy in the lowest order. In glasses the most
energetic vibrations are the stretching vibrations of the glass network polyhedra;
it was shown that these distinct vibrations are active in the multiphonon process,
rather than the less energetic vibrations of the bond between the R and its
surrounding ligands. It was demonstrated that these less energetic vibrations may
participate in cases when the energy gap is not bridged totally by the high-energy
vibrations. The experimental results reveal that the logarithm of the multiphonon
decay rate decreases linearly with the energy gap, and hence with the number of
phonons bridging the gap, when the number of phonons is larger than two. Figure
3 presents the logarithm of the nonradiative relaxation rate versus the number of
phonons of the glass-forming material. Figure 4 presents the same dependence;
however, two phonons are taken as the origin of the abscissa.

Application of the multiphonon theory to glasses requires the knowledge of the
structural units forming the glass. Similar to the electronic spectra in glasses, the
vibrational frequencies show inhomogeneous broadening due to the variation of
sites. Table 2 shows the average frequencies of the network formers. The
vibrations involving the network modifiers are lower by a factor of 2 to 4.
Considering the dependence of the multiphonon relaxation rate, W,, on the
phonon occupation number for a p-order multiphonon decay at temperature
T>0,

W, = B[n(T) + 1" exp(~a AE) , (19)
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Fig. 3. Dependence of multiphonon relaxation on the number of phonons in the glass former needed

to bridge the energy gap between the luminescent J-level and the closest lower-lying level. The curves

refer to glasses of the following types: (1) phosphate; (2) borate; (3) silicate; (4) tellurite; (5)

fluoroberyllate; (6) germanate; (7) zirconium fluoride (ZBLA); (8) aluminum lanthanide sulfide

(ALS) and gallium lanthanide sulfide (GLS); (9) the crystalline hosts Y,Al;0,,(YAG), and (10)
LaF,.

o
T
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[}

NUMBER OF PHONONS

Fig. 4. Dependence of multiphonon relaxation on the number of phonons in the glass former and in
two crystalline materials (note that the abscissa starts at 2 phonons). The numbering of the samples is
the same as in fig. 3.
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TABLE 2
Parameters for nonradiative relaxations in glasses.

Matrix B 'a fiw a log,, B* Ref. **
s (107* ¢m) (em™)
tellurite 6.3 x 10" 4.7 700 0.30 7.97 a
phosphate 5.4x 10" 4.7 1200 0.18 7.88 a
borate 2.9 x 10% 3.8 1400 0.19 7.89 a
silicate 1.4 x 10* 4.7 1100 0.19 7.89 b
germanate 3.4 % 10" 4.9 900 0.23 6.74 a
ZBLA *! 1.59 x 10*° 5.19 500 0.38 7.97 c
1.88 x 10*° 5.77 460-500 0.36 7.89 d,e
LaF, (cryst.) 6.6 x 10° 5.6 350 0.50 7.1 f
ALS, GLS *2 10° 2.9 350 1.0 5.1 a

*! ZBLA glass: 57 Z1F,:34 BaF,:3 LaF,: 4 AIF,:2RF,.
*2 ALS glass: 3 AL,S,:0.872La,S,:0.128 Nd,S,; GLS glass: 3 Ga,S,:0.85La,S;:0.15Nd,S,.
*? References:

(a) Reisfeld (1980). (d) Shinn et al. (1983).

(b) Layne et al. (1977). (e) Tanimura et al. (1984).

(c) Reisfeld et al. (19852).  (f) Riseberg and Moos (1968).

where AE is the energy gap between the emitting and next lower level
a=—In(e)/hw, (20)

and « and B are dependent on the host but independent of the specific electronic
level of R from which the decay occurs.

In calculating theoretically the multiphonon relaxation (Englman, 1979), the
electronic matrix elements are separated from the vibrational ones, assuming that
the transition is dominated by a small number of promoting modes which
consume the energy fiw. The accepting modes provide only for the remaining
energy difference AE, — fiw,,,,.

The multiphonon decay rate from a given level to the next lower level decreases
with the lowering of energy of the stretching frequencies of the glass former.
Since, in order to reach the same energy gap, a larger number of phonons is
needed in fluoride and in chalkogenide glasses, the nonradiative relaxations are,
under equal circumstances, smallest in these glasses.

Table 2 gives B and « of eq. (19) together with the highest phonon energy for a
variety of glasses and crystals. For most oxide glasses, « is fairly constant while B
differs by several orders of magnitude. Schuurmans and Van Dijk (1984) carefully
analyzed this phenomenon, and gave specific reasons to decrease the energy gap
by twice the phonon energy, and hence write

Wyr = B* exp[(—AE +2hw)a],

21
log,, B* =log,, B — 0.86afiw =log,, B — (0.86/a) , @



45

"($861) “[e 10 emunue]

;mm pue Nmm S[2A3] 9y} JO UONeZI[PWIdYy] SUILINSSE ‘pjemoE)) .

WU Qf/, PUB (S 18 UOISSTID pIa[osayun Jo ' . pue Nwm syuouodurod Jo SyIpIm pIjeuNs? uo paseg o
‘umipads uondiosqe wory pajenfeagy *

EXCITED STATE PHENOMENA IN VITREOUS MATERIALS

- - - - ++0S 10°0 ~ 99 ov6zs ¥l
W 120 - - - - 9°0 - 0661 06LLT P
e 670 - - - - 8€°0 - 0991 overe L A, + 'd,
200 £€°0 050 vl T Iro - 009 0L6ST *L,

- Sv'1 - - - 67°0 - 0€91 02807 I

- ST'E - - - LEO - 011z oLzLl I <D,
*TET frad 62T LS50 T0 050 - 060€ orove I

- 8T - - - vE0 - (113 ¢4 06881 ‘I

- 90 - - - 600 S 08S 0pEST I, <D,
*S0°€E TEOT LEOT #00°0 S0°0> v8°0 - 00501 oLTee Sl

- - - - - (A v 00ST oziLl “Ig<°D,
1+ 870 1 Tl T1 01 £5°0 - 00L1 06v0T *l

- LT - - - ££°0 - 0801 OpEsT ‘I

- SL'0 - - - 60°0 ~ 00€ 06LIT L ",
+€9°0 8T [8¢'€] ¢+ 90T S0T 2:40] - 088 00981 I
o+ €670 S50 - - - 600 - 00€ 0SYEL P

- Lo - - - 90°0 - 01z 0066 I "d,
2+ VEO £9°0 [se€l o+ 90T S0T S50 - oplT 0SP8IL L«
€6 18°0 - - - 9¢°0 - 09L 00€€T I

- 120 - - - L0°0 - ort 05L6 I, <8,

60 [ W ST ST LL'O - 0EPT 07951 "l
€1 [ - - - 61°0 - 0s¢ 0LYOT e

- ¥8°0 - - - 700 [ €L 0769 L+

- 8T°0 - - - 00°0 10°0 S 0SER I

- 10°0 - - - 00'0 SO0 70°0 08¥C I < d,

- 7100 L+ S10°0 60 - 01°0 - 9 OrIEL !l

- P1°0 - - - 90 - 9 066L e+

- LED - - - LE0 - | ¢4 ovby °L

- LEO - - - L0°0 €1 ST 0L8T I <"I,
+95°0 91°0 91°0 or - LE0 - 0s oLzt S+

- w60 - - - S50 - L 0219 I

- w0 - - - 80°0 S S 0LST I <°I,
TP €01 €01 0062 4« 00ST $8'0 - 0sT 00L8 L

- 90°T - - - ST'0 S'TT 91 (1199 o<1,
€60 6L'T S6'1 00611 o+ 00T 00'T jxd €9 0STS L <1,

(,.wo . 01) *o[ea ‘seaw (s) (sm) (,.9) (.9
‘o [OR119%¢ (,_on)d " e d Wy WSy o uonIsueIy

"[uaard st sousIofax 19yl0 ou usyM (BS86T) T 12 PIRISIN] M Q0E 1B sse[d vIgZ W ([[)wniwjoy
Joy suonds ssoxd yead pue ‘syySusns Iojeqso ‘sowmeyy ‘g soner Surgouelq ‘saniqeqord UONISURI] dANBIPEY

¢ A18V],



"(€861) ‘e 10 UUyS _,
"¥tg, Buldl-ramor yua “''E, Jo uonezijeunoy) SuWNSSY ,

v$'T 6€°S 88't - - 7€6°0 - 01Ty 0LT6T T,
- - - o EVE = 9¢0°0 99 76 0SLZL ey
- - - - - $10°0 T8 LS 0106 B
- - - - - v10°0 LS 8¢ 0699 YL, —
- - - - - £00°0 T0 €1 068¢ Yo, —
Z - - - - - 000°0 - €0°0 0sL “5s, <" H,
2 0L'0 wo 90 - - 969°0 - 988 0Zs81 e
o - - - o* €€ 06T ¥8T°0 - £8¢ 08611 i
S - - - - - 120'0 - 8 0928 Y, e
Q - - - - - 6£0°0 - 139 ov6S Yo,
= . . zi6 /g
. - - - - - 0000 - $0 ovIE a4, < %S,
w AN €T 98'T o1l 0Ll 6060 - 0SZT 08¢ST HE, —
- - - - - - 00 - 9 0v88 FE, e
g - - - ort ox OTT £50°0 9 €5 0zIS i
a - - - - - 100°0 $T [ 008T i i
= 61°0 8€°0 620 - - LL'O - 81 085zI A,
e - - - - - o - Iy 0v09 e
o - - - - - 10°0 T1 Lo 0zeT Dk
& LEO IS0 50 - - 80 - I11 09201 e
& - 1 - 00Z$ 2+ 0009 81°0 v'8 91 0zLE R AL
850 €91 vL'T £908 2+ 0018 001 9 98 0vS9 “E, <
ANEU oToS ‘o[en *SeIW (s (s Ava (.9
mb Aw\OﬂvnN AolOﬂvnN o1Esy sq0, Q QE«\ va\ HIﬂ.—u uonIsueBI],

46

‘[uaa18 asuarayar 10yj0 ou uaym (BEEL) ‘T8 12 PRSIV ] M 00E
1e sse[d y1gZ ur (II])wniqra 107 suorods ssom yead pue ‘syifusans 1oje[oso ‘sawmay ‘g soner Junypuerq ‘soniqeqoid uonisuel) JAnRIpey

y 18V,



EXCITED STATE PHENOMENA IN VITREOUS MATERIALS 47

where 0.86=1log,, ¢>. The value of log,, B* is also presented in table 2 and is
seen to differ much less between most glasses (and crystals) than B. One may also
compare with fig. 4. '

The multiphonon transition rates for lanthanides in a variety of glasses can be
obtained from eq. (21) using the tabulated B*, «, and 7w in table 3 and the
energy difference to the next lower J level AE. The good agreement with
experiment (typical uncertainties are 0.1 or 0.2 in log,, Wy ) has been demon-
strated for Pr(III) (Eyal et al., 1985); Nd(III) (Lucas et al., 1978), Ho(IlI)
(Tanimura et al., 1984; Reisfeld et al., 1985a), and Er(III) (Reisfeld and
Eckstein, 1975a; Shinn et al., 1983; Reisfeld et al., 1983a).

The multiphonon processes compete with luminescence as excitation energy is
lost to the local vibrations of the glass formers. Other nonradiative losses arise
from energy transfer to the electronic states of atoms in the vicinity of the excited
ion. The energy-transfer process may be either resonant or phonon-assisted,
where the excess of energy is dissipated as heat. The energy deficiency in
nonresonant processes may be supplied by the thermal reservoir of the low-energy
phonons (kT=210cm™' at 300K) to match the missing energy. Because of
thermodynamical considerations the last process is much less efficient. As charac-
teristic examples of observed and radiative lifetimes, branching ratios, etc., the
4'° holmium(III) in ZBLA glass is treated in table 3, and 4f'' erbium(III) in
table 4.

4.2. Cross-relaxations

A special case of energy transfer is cross-relaxation, where the original system
loses the energy (E, — E,) by obtaining the lower state E, (which may also be the
ground state E,) and another system acquires the energy by going to a higher
state E}. Cross-relaxation may take place between the same lanthanide (being a
major mechanism for quenching at higher concentration in a given material) or
between two differing elements, which happen to have two pairs of energy levels
separated by the same amount.

The cross-relaxation between a pair of R ions is graphically presented in fig. 5.

The two energy gaps may be equal or can be matched by one or two phonons.
Cross-relaxation has been measured in a variety of ions and it is a dominating
factor in nonradiative relaxations at high concentration. The nonradiative relaxa-
tion rates can be obtained by analysis of the decay curves of R fluorescence using
the formula of the general form where the population number of state i, N,, is
proportional to the intensity of emitted light, /,:

dN(D)

a2 == xS W) N+ SWNG (22)

dN,(#)/dt is the decrease of intensity after pulse excitation, vy is the reciprocal of
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CROSS RELAXATION
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Fig. 5. Scheme for cross-relaxation between
|3>—|2>~ | I'> —|2'> two ions of the same, or of different mature.

the lifetime of the excited state in the absence of a cross-relaxation process. ¥ W,
is the probability for cross-relaxation, W, is the probability of the inversed
process, and W;; is the rate of cross-relaxation.

Theoretically, the cross-relaxation rate for a dipole—dipole transfer can be

obtained from the formula (Reisfeld, 1976a)

1 2 (27T><e2>2[ ) 2]
(OB = (2T £ O
PR = D@ D) 3 Ve \g) (2 s

AOEREAULVASES @)

Here {2, are the Judd-Ofelt intensity parameters, (J||U||J’) is the matrix
element of the transition between the ground and excited state of the sensitizer
and activator, respectively. [The calculation of these matrix elements in the
intermediate-coupling scheme is now a well-known procedure and may be found
in Reisfeld (1976a) and Riseberg and Weber (1976)]. S is the overlap integral and
R is the interionic distance.

The measured lifetime of luminescence is related to the total relaxation rate by

1 1
;=2WNR+2A+PéR=T—O+PCR, | (24)
where ¥ A is the total radiative rate, ¥ Wy, is the nonradiative rate and Py is
the rate of cross-relaxation between adjacent ions.

The possible cross-relaxation channels for Pr(IIT), Nd(III), and Ho(III) are
outlined in table 5 (Reisfeld, 1985¢c, Reisfeld and Eyal, 1985).

In order to obtain the critical radii, which are the distances at which the
probability for cross-relaxation is equal to the sum of the radiative and multi-
phonon probabilities, the decay curves are analyzed with respect to the Inokuti—
Hirayama model (Inokuti and Hirayama, 1965).
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The energy transfer between Cr(III) and Nd(IIT) (Reisfeld and Kisilev, 1985),
and Cr(III) and Yb(IIT) (Reisfeld, 1983), has been studied extensively by static
and dynamic methods. The transfers occur by dipole—dipole mechanisms and are
important in increasing the pumping range of Nd(III) and Yb(III) ions.

4.3. Temperature dependence and lifetime of the excited states

Huang and Rhys (1950) base their theoretical explanation of the temperature
dependence of the nonradiative decay rate on a single-configuration-coordinate
model, in which the parabolas representing the ground- and excited-state oscil-
lators both have the same force constants, but whose minima are offset. The use
of the time-dependent perturbation theory for calculation of multiphonon emis-
sion rates for the rare-carth ions, with no restriction on force constants or offsets,
was also provided (Struck and Fonger, 1975; Fonger and Struck, 1978). In this
treatment the theoretical data may differ by one order of magnitude from the
experimental results. A phenomenological model of multiphonon emission in
crystals (Riseberg and Moos, 1968) and in glasses (Reisfeld and Eckstein, 1975a)
gives good agreement with experiment when the number of phonons bridging the
emitting and terminal levels is more than two. Recently, a modified energy-gap
model was developed (Schuurmans and Van Dijk, 1984). Their model assumes
that the phonons having single highest frequencies are active in the nonradiative
transition. '

The expression for. the temperature dependence is

exp(hw)/kT ]" ’ (25)

Wir(T) = Wir(0) [exp(ﬁw/kT) -1

where p is the number of phonons emitted in the transition, and Wy;(0) is the
low-temperature multiphonon emission rate.

Experimentally, the multiphonon emission rate of an excited state { to an
adjacent lower-lying state j in the absence of energy transfer is given by

(26)

=
~
I
|
Ale

at a constant temperature. In this formula 7, is the observed lifetime of state i at
the particular temperature, and the subscript NR stands for the nonradiative
process.

Expression (26) has been found to account fairly well for the temperature
dependence of the nonradiative rate as determined by the use of equation (25) at
various temperatures in oxide glasses (Layne et al., 1977; Reisfeld and Eckstein,
1975a; Reisfeld and Hormadaly, 1976) in cases where the highest-energy phonons
were active. However, when the energy gap cannot be bridged by only one
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frequency phonon, two vibrational modes are responsible for the relaxation
(Hormadaly and Reisfeld, 1977; Reisfeld et al., 1978). In instances where less
than one phonon is needed to bridge the energy mismatch, the relaxation is
slowed down due to a bottleneck created, as shown in the relaxation of Ho(III) in
tellurite glass (Reisfeld and Kalisky, 1980a). The temperature dependence of
multiphonon relaxation in fluoride glasses was studied for Er(III) (Shinn et al.,
1983), for Ho(IIT) (Tanimura et al., 1984), and for Nd(III) (Lucas et al., 1978).
The temperature dependence in these glasses exhibits a similar behavior to the
oxide glasses; however, the phonon energies of about 500 cm ™, characteristic for
fluoride glasses when put into eq. (25), result in the best theoretical fit.

5. Energy transfer between differing species
5.1. Possible mechanisms of energy transfer

Energy transfer between two inorganic ions can occur either by multipolar
interaction or an exchange mechanism in dilute systems (Reisfeld and Jgrgensen,
1977; Reisfeld, 1973, 1975, 1976a), or by multi-step migration in concentrated
systems (Powell and Blasse, 1980). In addition to resonant transfer, phonon-
assisted transfer is a quite common phenomenon (Reisfeld, 1976a, 1986).

Usually, energy transfer efficiencies and probabilities determined experimental-
ly for macroscopic systems are applied to some average values and not to actual
distances between donor and acceptor ions. The theories for resonant energy
transfer were developed by Dexter (1953) and Forster (1959) for multipolar
coupling, and by Inokuti and Hirayama (1965) for exchange coupling; the theory
for nonresonant energy transfer, where the energy mismatch between the energy
levels of the donor and the acceptor ions is compensated by the emission or
absorption of phonons, was developed by Miyakawa and Dexter (1970).

The energy transfer mechanism in dilute systems has been summarized by
Watts (1975). At high donor concentrations and at elevated temperatures the
donor—donor transfer may be appreciable. The fluorescence decay curves of the
donors behave differently in the two cases mentioned above. If we write the
donor-acceptor transfer rate as a/R’ and the donon—donor rate as b/R’, where R
is the separation between the interacting ions and s equals 6, 8, and 10, for
dipole—dipole, dipole~quadrupole, and quadrupole—quadrupole interactions, re-
spectively, then two limiting cases can be considered: (i) b/a =0, where donor—
donor interaction is absent, and (ii) b/a> 1, where donor—donor interaction is
predominant. In the former case the decay curve of the donor fluorescence is
nonexponential, being the sum of the decay of an isolated donor ion and the
energy transfer to various accepted ions characterized by the factor exp(— At>").
In the opposite limit, which corresponds to rapid donor-donor transfer, the decay
is exponential at all times, with a rate equal to the total donor—acceptor transfer
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rate averaged over all donors. In most cases falling between these two limits the
donor decay is initially nonexponential but becomes exponential in the long-time
limit.

The energy-transfer processes in laser materials are discussed thoroughly by
Auzel (1980) and Weber (1981). An excellent theoretical treatment of energy-
transfer dynamics can be found in an article by Huber (1981). Energy transfer
between inorganic ions in glasses has been also summarized recently (Reisfeld,
1984c). The various mechanisms are summarized below.

5.1.1. Radiative transfer

Radiative transfer occurs when the absorption spectrum of the acceptor ion
overlaps the emission of the donor ion. The emission profile of the donor ion in
such a case are concentration- and geometry-dependent and the lifetime of the
donor is independent of the concentration.

The probability of such a transfer between the D and A ions at distance R is:

L[ emaa av, @7)

4RT

where o, is the integrated absorption cross section of an A ion. An example of
radiative transfer is germanate glass codoped with Bi(III) and Eu(III) (Boulon et
al., 1979).

The excitation spectra of 0.8% Bi(III) germanate glass consist of two broad
bands with maxima at 2780 A and 3190 A at T= 4 2K and 2860 A and 3250 A at
room temperature. By pumping in the first band 'S,— *P, with a nitrogen laser, it
1s easy to observe the broad blue fluorescence band (4490 A at 295 K) due to the

P, —'S, transmon and 4650 A at 4K due to the ’P,— 'S, transition. At 42K
only the *P,— 'S, band has a time constant long enough for accurate measure-
ments (7, =0.7 ms) A subset of ions in the quasi-continuum of multisites in glass
was selected and the fluorescence spectra and decay curves were obtained for
various concentrations of Eu(III) acceptor ions up to 5%.

The radiative transfer can be visualized from the d1p in the maximum of the

*P,— 'S, broad band corresponding to the "F,— °D, forced electric dipolar

transmon The radiative transfer efficiency 7, can be approx1mately calculated by
comparing the area of the dip to the area of the emission band included in the
spectral range of the *D, absorption: the rate of the radiative transfer, 7y, is 0.05
with 0.5% Eu(Ill), and 0.3 with 5% Eu(IIl), in agreement with eq. (27). ny is
independent of temperature.

5.1.2. Nonradiative transfer
The interaction between the donor and the acceptor ion may occur via an
exchange interaction when their wave functions overlap; the following expression
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for the transfer probability then holds:

Won(R)zexp(~ 28 ) [ go(mga) dv (28)

where R is the distance between the two ions, L the effective average Bohr
radius, and g,(v) and g, (v) are the normalized absorption and emission spectral
shapes of the donor and acceptor ions. The integral presents the spectral overlap.

5.1.3. Multipolar interaction

Multipolar interaction has been previously discussed in section 4.2, in connec-
tion with cross-relaxation, where the general formula for time evolution was
presented. The same formula holds for macroscopic cases of energy transfer.
When dealing with the microscopic situation, we have for the resonant nonradia-
tive energy transfer

Wia=(Ro/RYrS", (29)

where s equals 6, 8, and 10, for dipole—dipole, dipole—quadrupole, and quad-
rupole interaction, respectively, and R,=gp(»)g,(v)dv according to the
Forster—Dexter theory. When there is no diffusion within the donor system, eq.
(27) acquires the form given by Inokuti and Hirayama (1965):

1) =exp[— —-r (1 = §>(i>3”] : (30

d S/ANTy

corresponding to a situation where one donor ion is surrounded by a large amount
of acceptor ions.

5.1.4. Phonon-assisted transfer

Here one has to distinguish between energy transfer among ions of the same
nature and between different types of ions. The energy transfer within inhomoge-
neously distributed ions requires lattice phonons (vibrations) to make up for the
energy gap to enable the transfer. The phonon assistance may involve one or
more acoustic phonons of energy of several reciprocal centimeters (Holstein et
al., 1981). A microscopic treatment of this type of phonon-assisted energy
transfer results in a paradoxical situation: one-phonon-assisted transfers are
inhibited between sites that have similar coupling strength to the lattice and
two-phonon transfers are more probable.

When the energy mismatch is considerably larger than the maximum phonon
energy available, multiple-phonon interactions are required for conservation of
energy. This has been formulated by Miyakawa and Dexter (1970). The energy-



54 R. REISFELD and C.K. JORGENSEN
transfer probability according to their theory is given by
Npr =(Ry/R)'r5', 5§=6,8,10. (31)

This formula for nonresonant transfer resembles the formula for resonant trans-
fer; however, in this case R, =exp(—B AE), where B is related to the coefficient
a of multiphonon relaxation by B=a —In2, « being given by a=
ho 'In{[p/S(7 +1)] - 1}.

5.1.5. Energy transfer in the case of interaction between donor ions

The diffusion of energy in the donor-system ion occurs in concentrated systems
and is of the same magnitude as the transfer between donors and acceptors. The
general case of diffusion in the donor system has been treated by Yokota and
Tanimoto (1967). When energy transfer occurs by a dipole—dipole mechanism,
their equation takes the form under uniform distribution

_ ' 1+ 10.87x + 15.50x>\*'*
No() = No(©) e exp| §77 Ny (ary (LTSN )
where x = Da " **">, W,, = aR ", and D is the diffusion constant.

The survival probability of the excited donor ions ¢(¢) is nonexponential at
short times ¢, where the migration is still unimportant. In this limit it approaches
the Inokuti—Hirayama function for d-d interaction. For large ¢, D(¢) decays
exponentially at a rate determined by the migration. As migration becomes more
rapid, the boundary between these two regions shifts to shorter times until, for
sufficiently fast migration, the decay appears to be a pure exponential. This
long-time behavior is referred to as diffusion-limited relaxation. In the limit, as ¢
goes to infinity, the fluorescence decay function (Inokuti and Hirayama, 1965)
becomes

1
—= 0.51(47N,a"* D). (33)

D

t t
P )
The last equation characterizes the regime which is most easily investigated
experimentally because the experimental conditions enable analyzing the behavior
of decay curves at long times in a more tractable way.
It was shown (Layne, 1975) that the diffusion-limited decay depends on the
concentration of sensitizer and activator ions by

80 = exp( — £ ~ kNN, ), (34)

where k, is a constant proportional to ag and «,.
Experimental evidence for migration of energy has been given in many papers
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recently. Weber (1971) investigated energy transfer between europium and
chromium in phosphate glasses and analysed his data in view of the Yokota-
Tanimoto theory. He found that the diffusion constant within Eu(III) in
Eu(PO,), glass is 6 x 107" cm®s ™" at room temperature.

5.2. Novel experimental techniques of studying energy transfer

This section reviews the application of ftwo new experimental methods to study
energy transfer in glasses: (a) time-resolved spectroscopy, and (b) fluorescence
line-narrowing (FLN).

A very effective method to study incoherent transport of electronic excitation in
glasses is the method of time-dependent selective spectroscopy (Weber, 1981). In
this method, a short laser pulse is used to excite selectively ions having a single
energy by following the changes of the emission frequency with time. This
observation enables the study of the kinetics of migration of energy from
originally excited centers.

The technique of FLN, using laser excited luminescence spectroscopy, has
contributed to our understanding of glass structure. Since glass is a strongly
disordered medium, both absorption and emission spectra exhibit considerable
inhomogeneous broadening. FLN allows the excitation of individual sites (Weber,
1981) in the inhomogeneously broadened band, which has a typical width of
100cm ™.

Applying FLN measurements, Brecher and Riseberg (1976) succeeded in
measuring radiative and nonradiative parameters for individual sites of Eu(III) in
NaBaZn silicate glass. Other examples of FLN studies in glasses may be found in
the papers by Motegi and Shionoya (1973), Takushi and Kushida (1979), Hegarty
et al. (1979), and Brecher and Riseberg (1980).

Phospho-tungstate glasses doped by Eu(III) were studied by Durville et al.
(1983). The analysis of the experimental data allowed them to locate the Eu(III)
residing in holohedrized symmetry in the glass and crystalline domain of the
phosphotungstate matrix.

A clear-cut example of the use of time-resolved spectroscopy for studying the
energy migration of Yb(III) in silicate glass can be found in the paper by Weber
et al. (1976).

The emission of Yb(III) corresponds to the transition between the lowest
“ligand field” levels of the °F,,, and F,,, manifolds. Following the laser pulse,
the initial line-narrowed luminescence decays, due to radiative decay and non-
radiative transfer to other Yb(III) ions, without pronounced broadening. How-
ever, luminescence from the acceptor ions results in a rise of the inhomogeneous-
ly broadened emission profile, demonstrating that transfer occurs to nearby, but
spectrally different sites. The transfer was attributed to multipolar processes with
an effective range of about 1 nm.

Time-resolved spectroscopy was also used by Moine et al. (1981) to study
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energy transfer between Bi(IIl) and Eu(Ill) in germanate glass at liquid helium
temperature. At this temperature there is no indication of diffusion of energy
within the donor system. The experimental curves of the Bi(III) emission from
the 3P0 level to the ground state 1S0 could be fitted by the Inokuti-Hirayama
formula, indicating dipole—dipole interaction between the donor Bi(III) ion and
acceptor Eu(III) ion.

Basiev (1985) used time-resolved spectroscopy to study the energy migration
between Sm(III), Nd(III), Eu(IIl), and Yb(III) ions in a variety of glasses. He
believes that energy migrates by a dipole—dipole mechanism in the ions, with the
exception of Eu(III), where he attributes the energy migration to a quadrupole—
quadrupole mechanism. Blasse (1985) recently published reviews on energy
migration and energy transfer to traps in crystals, with special emphasis on
Gd(IIT), Eu(III), and Tb(III).

5.3. Energy transfer between trivalent lanthanides

Energy transfer between trivalent rare earths has been investigated thoroughly
in crystals (Blasse, 1984) in connection with their use for phosphors and related
compounds. Their sharp lines, mainly arising from the zero-phonon transitions,
are ideal for energy transfer studies. In the transfer studies one can derive a
distinction between dilute systems, which have been shown to follow the pattern
of dipole—dipole interaction, and concentrated systems, the extreme case of which
is the stoichiometric material of the pentaphosphate type, suitable for minilasers.
The migration of energy in the latter class is mainly diffusion controlled. In
glasses, energy transfer between different lanthanides was studied thoroughly in
dilute systems (Reisfeld, 1973, 1976a; Reisfeld and Jgrgensen, 1977; Weber,
1981).

Energy absorbed by a donor system in a glass which contains both donor and
acceptor ions will excite the donor system. If the energy is absorbed to levels
higher than the emitting state, the excess energy is lost to the glass matrix as
phonons until the emitting level is reached. The excited donors can then return to
the ground state by spontaneous emission or by transfer of energy to the nearest
acceptor ions. Reisfeld (1984c) discusses energy transfer between UO;” and
Sm(III), Pr(III), Eu(IlI), Nd(III), and Ho(III), between Bi(IIl) and Nd(III),
and between Mn(II) and Eu(IIl). Qualitative evidence of energy transfer be-
tween Cr(III), Nd(III), and Yb(III) in lanthanum phosphate glass is also given.
Quantitative data of energy transfer between Cr(III) and Nd(III) in lithium
lanthanum phosphate glasses (LLP) are presented below.

Some recent additional evidence for a dipole—dipole transfer between Sm(III)
and NA(III) (Joshi, 1978a), and Eu(III) and Nd(III) in sodium borate glass
(Joshi, 1978b) was found. In addition, energy transfer from Tb(III) to Sm(III) in
barium borate glass as been found to take place by a dipole—dipole mechanism
(Agarwal et al., 1984).

Diffusion of energy in the europium system has been discovered to be the
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decisive factor in energy transfer from europium to chromium in europium
phosphate glass (Weber, 1971), and in the ytterbium system in barium aluminum
phosphate glass (Ashurov et al., 1984). Phonon-assisted energy transfer according
to the theory of Miyakawa and Dexter was detected by Yamada et al. (1971) for a
variety of rare-earth ions in yttrium oxide. Chen et al. (1984) found this transfer
between ytterbium and neodymium in phosphate glass. Energy transfer between
neodymium and ytterbium in tellurite glass was found to be very efficient
(Reisfeld and Kalisky, 1981). Contrary-to the assumption of Holstein et al.
(1981), discussed previously, a one-phonon-assisted transfer was observed by
Chen et al. (1984). The efficient transfer from NA(IIT) to Yb(III) in a lead-
gallium-zinc fluoride glass agrees with the model of Eyal et al. (1986) for the
detailed time evolution.

5.4. Energy transfer from the uranyl ion to lanthanides

The uranyl ion (Rabinowitch and Belford, 1964) has been extensively studied
in connection with its photophysics (Jgrgensen and Reisfeld, 1982a) and lumines-
cence. It has been established that in glasses similarly to crystals the uranyl ion
forms a linear molecule with U-0O distances of about 1.75 A, which is about 0.6 A
shorter than the distances to 5 or 6 ligating oxygen atoms from the glass in the
equatorial plane. The excited states around 20000cm ' arise from electron
transfer from the highest M.O. (of odd parity) of the 2p oxygen orbitals to the
empty orbitals of uranium.

The lowest excited state of the uranyl ion is the only long-lived state. All the
higher levels are nonradiatively deexcited to this level, followed by emission in
the yellow and green part of the spectrum (Lieblich-Sofer et al., 1978). The
oscillator strengths to the lowest levels are about 10™* for the region between
20000 and 25000 cm ™" and represent at least four electronic transitions (Jgrgensen
and Reisfeld, 1983a) from =, or ¢, orbitals of oxygen 2p orbitals to the empty 5f
shell. There are no parity-allowed transitions below 30000cm ™', hence the
relatively weak intensity of the electron transfer band of uranyl as compared with
transition metal complexes.

In phosphate glasses five emission maxima, peaking at 20530, 19710, 18840,
17950, and 17070 cm ', are obtained. The decay curve can be approximated by
two exponential curves with lifetimes of 115 and 367 pus (Lieblich-Sofer et al.,
1978). The luminescence undergoes concentration quenching and the maximum
efficiencies are obtained at about 0.1 molar concentrations. The best efficiencies
at room temperature are observed in borosilicate glasses, where the efficiencies
are about 50% at 0.1 mole % (Flint et al., 1983).

Efficient energy transfer from the uranyl group was observed for Eu(III)
(Reisfeld et al., 1976a), for Sm(IIT) (Reisfeld and Lieblich-Sofer, 1979), Nd(III)
and Ho(III) (Reisfeld and Kalisky, 1980b), and for Er(IIT) (Joshi et al., 1977). A
comparative study in phosphate glasses on the energy transfer for the uranyl
group to a number of rare-carth ions showed that the energy transfer is phonon-
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TaBLE 6
Efficiency 7 of the energy transfer [eq. (35)] in glasses from the jon at left to the ion at right.

oxide concentration oxide concentration
(wt. %) (wt. %) i (mol. %) (mol. %) 7
Borate glass:  Ce(III) Tb(III) LLP glass*: Cr(III) Nd(IIT)

0.025 2.0 0.19 0.05 1 0.35
0.025 3.0 0.32 0.05 2 0.60
Ce(lll)  Tm(II) 0.5 3 0.75
0.15 0.5 0.47

0.13 0.05 0.09
0.15 1 0.54

0.13 0.15 0.17
0.15 2 0.58

0.13 0.25 0.25
0.15 3 0.79

0.13 0.50 0.41
0.13 1.00 0.52 0.31 0.5 0.59
' : ’ 0.31 1 0.76
TI(T) Gd(II1) 0.31 2 0.91
0.01 1.0 0.85 0.31 3 0.92

0.01 3.0 0.89 Cr(1ny Yb(III)

0.01 5.0 0.91
0.01 70 0.93 0.31 0.5 0.51
) ’ : 0.31 1 0.64
Bi(III) Sm(III) 0.31 2 0.78
1.0 1.0 0.19 0.31 3 0.88

NaPO, glass: uranyl Nd(IIT)
2

1 0.56
uranyl Sm(IIT)
1 1 0.22
uranyl ~ Eu(III)
1 1 0.17
uranyl Ho(III)
1 2 0.29
Germanate glass:  Pb(II) Eu(III)
1.0 2.0 0.25
1.0 3.0 0.41
1.0 7.0 0.68
Bi(Ill)  Sm(IIl)
1.0 0.5 0.28
1.0 1.0 0.43
Bi(III) Eu(III)
1.0 0.5 0.20

* Composition: 10Li,0:25P,0,:4(La,_,_ Ln.Cr ),0,.
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assisted with its probability decreasing along the series Nd(IIT), Sm(III), Eu(III),
Pr(III), Tm(III), Dy(IIT) (Reisfeld, 1980; Reisfeld and Jgrgensen, 1982). Ef-
ficiencies of transfer are summarized in table 6, from Reisfeld (1984c).

A practical consequence of the energy transfer between UO,” and Nd(III) can
be applied to LSCs, since the existence of the two ions in a glass increases the
absorption range of the spectrum (Reisfeld and Kalisky, 1980b).

5.5. Energy transfer from thallium(I) and lead(Il) to lanthanides

The first excited states of mercury-like ions having two electrons in the ns shell
have been known for many years (Boulon, 1984). Due to strong spin—orbit
coupling, the oscillator strengths of the 'S,—> *P, transitions of TI(I), Pb(II), and
Bi(III) are of the order of magnitude of 0.1; the *P, level is split in glasses into
three components as the degeneracy is removed in the low-symmetry site. At low
temperature, transitions are also observed from the *P, state. Even the absorption
spectrum of Sb(IIT) in phosphate glass (Reisfeld et al., 1977a) at room tempera-
ture consists of three components peaking at different wavelengths and arising
from the transitions *P,(x), *P,(y), °P,(z)—'S,. The conclusion was that Sb(III),
similarly to heavy metal ions, is situated at C, or C, symmetry in the glass. Energy
transfer between Sb(IIT) and Dy(III) (Reisfeld et al., 1977a), TI(I) and Gd(III)
(Reisfeld and Morag, 1972), and Pb(IT) and Eu(III) (Reisfeld and Lieblich-Sofer,
1974) exhibits nonradiative energy transfer in glasses.

Contrary to energy transfer between a couple of rare-earth ions, where the
transfer probabilities can be obtained from optical transition probabilities using
the Judd-Ofelt approach, in the present case the transfer probabilities cannot be
predicted theoretically, as the optical transitions in the donor ions depend
strongly on the ligand field and our present theoretical techniques do not allow a
priori calculation of these transitions in the condensed phase.

Practical aspects of the energy transfer described here may be found in
increasing the pumping efficiency of glass lasers or in recently studied luminescent
solar concentrators (Reisfeld and Jgrgensen, 1982; Reisfeld et al., 1981, 1983b;
Kisilev et al., 1982; Reisfeld and Kisilev, 1985).

Our discussion here will include energy transfer between UO; > and Nd(III),
Ho(ITI) and Eu(III) in oxide glasses, Bi(II1) and Nd(TII) and Eu(IIl) in oxide
glasses, Cr(IIT) and Nd(IIT) and Yb(II) in lithium lanthanum phosphate glasses
(LLP), and Mn(II) and Er(III) in fluoride and oxide glasses.

The formulae for the determination of energy transfer probabilities and ef-
ficiencies are obtained from experimentally measured lifetimes of the donor ion
with and without addition of the acceptor ion, the decrease of the donor-
luminescence quantum yield in the presence of the acceptor ion, and the increase
of the acceptor emission when excited via the donor ion as compared to the
acceptor emission when exciting the acceptor ion directly. This can be summar-
ized in the following equations:
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The efficiency 7,, of the energy transfer for measured lifetimes is given by

_
me)=1- -, (35)

T4

where 7§ is the lifetime of the donor ion in singly doped glasses and 7, is the
lifetime of the donor ion in presence of the acceptor ion.

When the lifetimes are not single exponentials, the average lifetimes are used.
The average lifetime 7,, is defined as

. Io t(r) dt (36)
* o I()de
where I() is the emission intensity at a given time f.

The transfer efficiencies 7,, for the decrease of the donor-luminescent efficiency
in presence of the acceptor ion are obtained using

i =1~ f— : (37)
d
where I, is the luminescence quantum efficiency of the donor ion in presence of
the acceptor ion and I is the efficiency of the donor ion in the singly doped glass.
The transfer efficiency can also be calculated from the increase of the acceptor
fluorescence using

EJA
3) _ a‘‘a
T = Fig, (38)
where E: is the emission of the acceptor ion excited at the donor absorption
band, E{ is the emission of the acceptor ion excited via the acceptor, A, and A,
are the optical densities of the acceptor and donor at their absorption maxima.
This last equation provides the net transfer, which is the forward minus the
backward transfer.

5.5.1. Optical properties of bismuth(1II)

The optical characteristics of Bi(III)-doped oxide glasses are summarized by
Reisfeld et al. (1977a). The absorption and excitation spectra of Bi(III), peaking
at 330 nm, arise from the transition 'S,—*P, and the fluorescence of Bi(III)
arises from the *P,— 'S, transition, peaking at about 450nm. Although this
transition is spin-forbidden, it has a high oscillator strength of about 0.1 because
of strong spin—-orbit coupling. The quantum efficiency of the fluorescence of
Bi(IIl) in germanate glass is about 2%.

At room temperature, energy transfer takes place from the P, level and the
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transfer probability from 0.1wt.% Bi(IIT) to 1.0 wt.% Nd(III) is 10°s™". The
same value was obtained for room temperature transfer between Bi(IIl) and
Eu(IIT) (Reisfeld et al., 1976a).

The concentration dependence of the energy transfer between Bi(III) and
Nd(IIT) reveals that at a concentration of 1.0 wt.% Bi(IIT) and 0.2 wt. % Nd(III)
the pumping efficiency is increased by 175% (Kalisky et al., 1981). The transfer
efficiency is given in table 6.

The low-temperature dependence of -the above-mentioned bismuth-europium
germanate glass and the time-resolved spectroscopy of these glasses has been
studied by the Lyon group (Bourcet et al., 1979; Moine et al., 1981).

At liquid helium temperature, Bi(IIT) could be excited into an inhomogeneous-
ly broadened 'S,— *P, band in germanate glass and emission was observed from
the *P,— 'S, transition. A careful analysis of the decay curves of Bi(IIT) reveals a
dipole—dipole energy transfer to europium and absence of energy diffusion within
the Bi(III) system.

5.6. Energy transfer from d-group ions to lanthanides

5.6.1. Chromium(III)

Absorption and emission of Cr(III) arises from the parity-forbidden electronic
transitions in the 3d electronic shell. Crystal field split states of Cr(III) in
octahedral symmetry are illustrated in the Tanabe—Sugano diagrams. The relative
positions of the excited ‘T, and °E states depend on the crystal field strength (the
subshell energy difference 4 =10 Dg). In cases where Dg/B <2.3 (low-field
cases) ‘T, is the low state and the emission arises from the *T, to A, spin-allowed
transition. In the case of Dg/B > 2.3 (high field cases), the lowest state is °E and
the luminescence arises from the spin-forbidden transition from ’E to ‘A,
characteristic for the R-line emission of ruby. The spin-allowed transitions are
characterized by broad emission spectra and short lifetimes, contrary to the
spin-forbidden emission from the *E state (which sometimes is mixed with *T,
levels) with narrow band and long lifetimes.

All the known emissions of Cr(III) in glasses arise from *T,. Reasons for this
may be: (a) ‘T, lies below the “E level; (b) the position of these two levels may be
of equal energy; however, the weak “E emission may be obscured by the broad
emission from *T,.

The quantum efficiency of the emission arising from °E is usually about 100%
because of the equal equilibria positions and shape of ‘A, and °E levels in the
configuration diagrams. The fluorescence efficiency from the *T levels varies
drastically in various media. Thus, contradictory to the high efficiency of Cr(III)
in crystalline fluoride materials (elpasolite), and probably in crystalline aluminum
metaphosphate, the efficiency of Cr(IIT) in glasses is low; but it may be increased
by tailoring the glass composition (Kisilev and Reisfeld, 1984). The best efficien-
cies for ‘T,— A, (23%) are obtained for LLP glasses. The reason for the
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nonradiative transitions for Cr(III) in glasses is different from the multiphonon
relaxation in the lanthanides, as the coupling to the host is much stronger.

5.6.2. Energy transfer between chromium and neodymium

The combination of the Cr(III) donor and NdA(III) acceptor is the most
common combination for doubly activated laser materials. Cr(III) has strong
absorbing bands in a wide spectral range, where powerful flashlamps are avail-
able. Nd(IIT) presents an ideal four-level laser material when doped into a
suitable host; however, it has narrow and relatively weak absorption bands.

Lithium lanthanum phosphate glasses doped by Nd(III) were reported to have
a reasonable cross section for laser emission (Batygov et al., 1976). Later it was
suggested that a Nd laser can be pumped via Cr(III) in Nd(Al, Cr),(BO,),
crystals (Hattendorf et al., 1978) and several silicate glasses (Edwards and
Gomulka, 1979). Advantage of such systems is broad absorption of Cr(IIl) vide
infra. It was shown that efficient energy transfer takes place between Cr(IIT) and
Nd(IIT) in LLP glass (Avanesov et al., 1979a). However, the lifetime of Cr(III)
from which the transfer rates can be determined was not measured because of the
low intensity of Cr(IIT) luminescence. In LLP glass with high Nd concentration
the interaction between Cr(III) and Nd(III) is more effective than the nonradia-
tive losses in Cr(II1). Harig et al. (1981) have observed CW lasing in LLP glasses
doped by Cr(IIT) and Nd(III) and concluded that the presence of Cr(IIT) does not
lower significantly the slope efficiency of Nd(III) as compared to Nd(III)-only-
doped glasses. These authors concluded that presence of Cr(IIT) can extend the
pumping range of the lasers.

In order to evaluate the advantages and disadvantages of codoping Nd(IIT) with
Cr(IIT) for glass lasers and luminescent solar concentrators (LSC) (Reisfeld 1975,
1976a; Kisilev and Reisfeld, 1984) it is necessary to scan a wide concentration
range of both Cr(III) and Nd(III) in order to find the optimal conditions of
operation. Energy transfer from Cr(III) to Nd(III), back transfer and luminescent
efficiency will strongly depend on the absolute concentration of the two ions and
their relative ratio in the glass. Unfortunately, energy transfer and luminescence
efficiency proceed in opposite directions and only by detailed determination of
each is it possible to predict the optimal composition. Reisfeld and Kisilev (1985)
have measured energy transfer as a function of donor and acceptor concentration
both by static and dynamic methods. The dependence of the quantum efficiency
of Nd(IIT) on excitation wavelength was determined. The quantum efficiency of
Nd(IIT) when excited to *F,,, (880 nm) is unity up to a concentration of 2 mole %.
At a higher concentration a cross-relaxation (Reisfeld and Jgrgensen, 1977)
(*F,,,— "15,,) = (*1,,,— *1,5,,) takes place and the quantum efficiency is low-
ered to 0.45 at 3mole % of Nd(III). Similar results were also obtained by
Avanesov et al. (1979b). The excitation at higher wavelength results in lower
quantum efficiencies, probably due to additional relaxation (‘G,,,— *I,;,,)=
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2("I,,,— 1,5,,). For instance, at 1 mole % Nd(IIT) the quantum efficiency is only

0.5 when excited at 570 nm, as contrasted to 1 when excited at 880 nm.

The most relevant spectroscopic data for Nd(III) in LLP glasses are outlined in
table 7. The evaluation of the energy transfer between Cr(III) and Nd(III), both
by static and dynamic methods, is presented by Reisfeld and Kisilev (1985). The
energy transfer from *T, of Cr(Ill) (excitation at 647 nm) occurs to the lower
energy levels of Nd(ITT) *F.,, (820 nm) and ‘F,,, (880 nm).

Table 8 gives the plate efficiencies of luminescent solar concentrators (Reisfeld
and Jgrgensen, 1982) consisting of LLP glass doped either by Cr(IIl) or Nd(III)
alone, or simultaneously containing Cr(IIT) and Nd(III). These data are discussed
by Reisfeld (1985c).

TABLE 7
Some spectroscopic data for neodymium(IIl) in lithium lanthanum
phosphate (LLP) glass, with 0.5 mol.% Nd,O,, corresponding to 1.4 X

10*° ions/cm’ or 0.23 molar (moles Nd/litre).

A & P
(nm) (M 'em™) (x107°%)
Absorption: ‘I, —'G;,, 580 5.54 13.4
Iy,,— 'Fs,, 801 4.40 4.7
“Iy,,— ‘Fy, 874 0.91 1.2
Emission: Fyp— 1, 885 - -
‘Fi,—~ Lup 1057 - -
TABLE 8

Plate efficiencies 7, of luminescent solar concentrators based on lithium lanthanum phosphate (LLP)
glass, doped either by Cr(III), Nd(III), or both.

Cr(IIT) Nd(I1I) Thum Tetoes Thvs A* ,

(mol. %) (mol. %) ) (%)
0.05 0 0.22 0.65 0.16 16.8 1.7
0.10 0 0.16 0.65 0.27 21.4 2.1
0 1.0 0.64 ** 0.70 0.22 33.8 7.4
0 2.0 0.49 ** " 0.70 0.29 31.2 7.5
0.05 1.0 - - - 35.0 7.7
0.05 2.0 - - 0.36 36.2 8.2
0.15 2.0 - - 0.46 35.8 8.1

*! Luminescence efficiency is averaged for four absorption peaks (583, 740, 800 and 880 nm) according
to their contribution to the total absorption of solar spectrum (AM1).
*? Stokes shift is averaged for principal absorption bands according to their contribution to total

absorption.

** A is the area under the excitation spectrum of 880 nm luminescence of Nd(III).
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When comparing the efficiency of energy transfer obtained by the dynamic and
by the static method (Reisfeld and Kisilev, 1985), it can be seen that the energy
transfer efficiency increases with increasing concentration of Nd(III), unlike the
quantum yield of Nd(TII) luminescence. The dependence of the transfer efficiency
on the Cr(IIT) concentration is different. The efficiency measured by the dynamic
method is increasing, while in the static method it is decreasing in the presence of
more Cr(IIl). Similar differences between the two methods were observed by
Edwards and Gomulka (1979).

It can also be seen that the efficiency of energy transfer from Cr(III) to Nd(III)
is faster than the nonradiative relaxation of Cr(III) for a given concentration of
Cr(III). A similar phenomenon was observed in silicate glasses (Edwards and
Gomulka, 1979) and LLP glass (Avanesov et al., 1979b; Harig et al., 1981). This
strong interaction between NdA(III) and Cr(IIT) can perhaps be explained by
antiferromagnetic coupling between the two ions, each of them having three
unpaired electrons in the inner shells.

From a practical point of view, the static method provides general information
on the increase of total NdA(III) luminescence in the presence of Cr(III).
However, a more significant increase is obtained only at low Cr(III) concentra-
tions. Since the total efficiency is composed of two factors~energy transfer
efficiency and quantum efficiency of NdA(III) — the best results are obtained at
these low concentrations of Cr(IIT) and 1 to 2 mole % of Nd(III), where the
concentration quenching of Nd(IIT) and back transfer of energy from NdA(III) to
Cr(111) is still low.

In summary, it is possible to increase the luminescence obtained from Nd(III)
in the presence of Cr(III); but even in the optimum conditions of 0.05 mole % of
Cr(III) and 2 mole % of Nd(III) the increase is no more than 10%.

A better increase in the efficiency of plates doped by Cr(III) or Nd(III) can be
obtained by radiative energy transfer of light from highly luminescent, stable,
organic dyes covering the plates (Reisfeld, 1985a).

5.7. Energy transfer from cerium(IIl) to other lanthanides

Contrary to the f—f transitions in the lanthanides of very weak oscillator
strengths, the f— d transitions of Ce(III) and Tb(III) have very high intensities
and resemble the parity-allowed transitions in mercury-like ions, known as TI(I),
Pb(II), and Bi(III) in glasses.

The 4f—5d transitions in the case of cerium(III) and 4f°—4f’5d of ter-
bium(III) fall within the limit (above 190 nm) of standard spectrophotometers.
The excited D term of Ce(III) may be split by deviations from spherical
symmetry into at most five levels, the 10 states of “D necessarily remaining
degenerate two and two, according to the theorem of Kramers valid for an odd
number of electrons.

Heidt and Berestecki (1955), Jorgensen (1956), and Jgrgensen and Brinen
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(1963) found five strong 4f— 5d bands in aqueous solution. Loh (1966) reported
four bands of Ce(Ill) in CaF,, StrF,, and BaF, and suggested that they corres-
pond to the four 5d subshells of tetragonally distorted Ce(III)F,. A slightly
different interpretation (J@rgensen, 1969) is that the low-energy transition close to
300nm goes to e, (which is roughly nonbonding, and not split by spin—orbit
coupling in cubic symmetry) and the three transitions close to 200 nm represent
the three Kramers doublets t,, strongly influenced by the Jahn—Teller effect (since
they are anti- bondlng) and by spin—orbit coupling. In gaseous Ce™ the two
J-levels of 5d' are situated at 49737 and 52226 cm™ . Hence, one can expect
effects of spin—orbit coupling up to some 2000 cm ". The shift toward lower
energy in cerium(III) compounds, relative to Ce”, and the energy differences
between the five Kramers doublets are further discussed in section 7.

In spite of the short radiative lifetimes of the order of 10™°s, both lumines-
- cence (frequently Stokes-shifted to the violet or the blue) and energy transfer to
other species present in a glass can show remarkably high yields.

Energy transfer from Ce(III) to thulium(IIl) was reported to take place by
dipole—dipole interaction in borate and phosphate glasses (Reisfeld and Eckstein,
1975b). The blue emission of thulium due to 'D,— °F, (previously named *H,)
could be increased many times by this transfer. Also the emission of terbium can
be greatly enhanced in glasses by energy transfer from Ce(Ill) (Reisfeld and
Hormadaly, 1975). The efficiency of energy transfer between cerium and thulium
is independent of temperature, while the transfer between Ce(III) and Tb(III) is
increased as the temperature rises from 3K to 300K (Boehm et al., 1977).
Energy transfer between Ce(III) and Tb(IIT) in pentaphosphates is also strongly
assisted by temperature (Blanzat et al., 1977). This increase is due to the increase
of the spectral overlap and phonon assistance. A comparison of the transfer in
glass and crystals of similar composition shows that nonradiative processes, such
as energy transfer and multiphonon relaxations, are stronger in glasses, due to
removal of symmetry restrictions. Because of this reason also the radiative
processes are enhanced in glasses.

Energy transfer from Ce(III) to Tb(IIT) and Tm(III) was also found to take
place in fluorophosphate glasses (Kermaoui et al., 1984) and attributed to a
diffusion-limited process.

5.8. Energy transfer from manganese(ll) to lanthanides, and the opposite
transfer

Manganese(Il) has one electron in each of the d-like orbitals, and thus there is
no reason for octahedral symmetry like in chromium(III) by ligand field stabiliza-
tion. Thus, one can find a variety of compounds in which the coordination
number of Mn(II) can acquire values from 4 to 7 (Reisfeld et al., 1984b ,C).

Mn(1I), as well as Fe(III), has no excited states with conﬁgurat1on 3d’ and the
same high total spin quantum number § = 5/2 as the sextet groundstate °S, and
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among the 252 — 6 = 246 excited states, 96 states have S = 3/2 (quartets). The first
two absorption bands are generally rather broad (Reisfeld et al., 1984c), whereas
a sharp absorption band situated somewhere in the interval between 25300 and
21000cm " corresponds to some of the components of ‘G lacking ligand field
influence. Comparison of this energy difference with 26850 cm ™' in gaseous Mn **
and 20520 cm ™' in Cr' allows a direct evaluation of the nephelauxetic effect,
indicating weak covalent bonding with the neighbor atoms of the compound or
the glass-forming medium. It is difficult to draw conclusions about the local
symmetry of Mn(II) (with the exception of tetrahedral) from the position of the
absorption bands below this level. Such conclusions may be drawn to some extent
from the emission spectra, showing a considerable Stokes shift below the first
quartet. For example, salts of the tetrahedral MnBr, > show luminescence of the
first quartet (Jgrgensen, 1957a) in the green with a quantum efficiency of about 1.
On the other hand, the red luminescence of Mn(II) in lanthanum aluminate is
ascribed to Mn(II) octahedrally surrounded by oxygen ions (Stevels, 1979).
Several sites of Mn(II) were observed in calcium fluorophosphate, emitting in the
red. In oxide glasses, a variety of sites is observed from the different emission
spectra (Reisfeld and Jgrgensen, 1982).

The absorption and fluorescence spectra of Mn(II) in phosphate, silicate, and
borate glasses were treated by “ligand field” arguments by Bingham and Parke
(1965). These authors concluded that their silicate glasses have tetrahedral N =4
and phosphate N =6, whereas borate glasses contain a mixture. However, an
alternative possibility, quite likely to occur also in fluoride glasses, is a heteroge-
neous mixture of several low-symmetry N=7 or 5, and perhaps nonoctahedral
N=6. :

The high quantum yield of Mn(II) luminescence in a variety of glasses (Reisfeld
and Jgrgensen 1982; Reisfeld et al., 1984b) makes them potential materials for
luminescent solar concentrators, provided that the low absorption bands arising
from the spin-forbidden transitions will be overcome by a high concentration of
Mn(II). Fortunately, in a number of manganese-doped glasses the concentration
quenching is very low (Reisfeld et al., 1984b).

Energy transfer from Mn(II) to Nd(III) in calcium phosphate glass and from
Mn(IT) to Er(TII) and Ho(III) in silicate glass was found to occur by a dipole-
dipole interaction (Parke and Cole, 1971). The same mechanism takes place also
for the energy transfer between Mn(Il) and Nd(III) in barium borate glass
(Kumar, 1977).

The fluorescence spectra and lifetimes of fluoride glasses of molar composition
36 PbF,, 24 MnF, (or ZnF,), 35 GaF,, 5 (or 7) AI(PO;),, doped by ErF;, were
investigated by Reisfeld et al. (1984c). The emission of Mn(II) in the absence of
Er(III) consists of a broad band centered around 630nm and an integrated
lifetime of 1.4ms. In the presence of Er(IIl), the intensity and lifetimes are
decreased as a result of energy transfer to the ‘F,,, level of Er(IIT). The
fluorescence of Er(II) arising from *S,,, at 543 nm has an integrated lifetime of
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0.06 ms in the absence of Mn(II), which decreases to 0.01 ms in the presence of
Mn(II) as a result of energy transfer to Mn(II). The 666-nm lumirescence of
Er(III) due to ‘F,,, emission under excitation at 370 nm (*G,,,,) is about 20
times weaker than the 543-nm emission when Mn(II) is absent. However, in the
presence of Mn(II) this emission becomes 5 times stronger than the 543-nm
emission. This intensified emission has a nonexponential time dependence. The
longer component corresponds to the transfer of stored energy in Mn(II) to
Er(Ill) while the short-lived component is probably due to cascading down
Er(1II)— Mn(II)— Er(III) through states above the Stokes threshold of Mn(II).
This interpretation is backed up by weaker 543 nm emission and stronger 630 nm
broad-band emission when the mixed system is excited in one of the upper excited
states of Mn(II) at 395 nm, or of Er(III), as depicted in fig. 6.

Similar mutual energy transfer has also been studied (Reisfeld et al., 1986a)
with neodymium(IIT) and manganese(II) in ZBLA glass. Nd(III) alone not only
shows the well known luminescence from ‘F;,, (11400cm ™' above the ground
state) to lower *I levels with lifetime 0.34 ms (e.g., when excited in the yellow to

G,,,), but also short- 11ved (0.02 ms) emission from °P,,, (26100 cm™' above the
ground state and 2400 cm ™' above the closest lower J-level ’D,,,) and 1.5 ps from
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Fig. 6. Scheme for mutual energy transfer between erbium(III) and manganese(II) in a fluoride glass.

To the left, the two major luminescent transitions in Er(IIl) are given as vertical arrows, and rapid

nonradiative relaxations as wavy arrows. Simultaneous presence of Er(III) and Mn(II) has been

shown (Reisfeld et al., 1984c) to provide the processes of energy transfer (e.t.) indicated. The

absorption spectrum of Mn(IT) alone shows a sharp band (essentially due to ‘S— *G) and several

other quartet states with differing bonding character, producing broad absorption and emission bands,
in agreement with the principle of Franck and Condon.
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‘D,,, at 28100cm™' (2000cm™" above °P,,,). However, in the presence of
1 mole % each of MnF, and NdF;, broad-band emission from the lowest quartet
level of Mn(II) is centered at 545 nm. It is interesting that Nd(III) emission
monitored at 876 nm, when excited at the sharp Mn(II) band at 404 nm, shows a
rise time of about 0.1 ms followed by an approximately exponential decay with a
lifetime of 1.5 ms. The latter phenomenon corresponds to an effective storage of
energy in the lowest quartet level of manganese(Il), releasing energy approxi-
mately 8 times more rapidly to Nd(IIT) than its lifetime 12 ms emitting in the
absence of NA(III) (see also fig. 7).

Comparable work is in progress (in collaboration with Jacoboni) on mutual
energy transfer between Mn(II) and Nd(ITI) in gallium lead fluoride glasses
(Reisfeld et al., 1986c). Greatly different Mn(II) sites can be detected as a
function of the Mn(II) concentration, much like the case of Mn(II) luminescence
in differing phosphate glasses (Reisfeld et al., 1984b). '

6. Recent nonoxide materials
Most of the glasses encountered in the laboratory or in daily life are composed

of mixed oxides of several elements. The oxides are usually described as the
polyanion of a nonmetallic element of high electronegativity (borate, silicate,
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phosphate, germanate, tellurite). Also other materials may remain vitreous, but
only those that are electronegative can incorporate rare earths. Thus, mixed
fluorides are attractive materials for formation of glasses.

6.1. Fluoride glasses

One of the incentives to study transparent fluorides may have been the coating
of camera lenses by evaporating a thin layer of MgF, on them. The goal is to
avoid luminous spots by specular reflection of light sources, and the ideal coating
material has a refractive index n equal to the square-root of n for the lens glass.
The n-values are closely related to electric dipolar polarizabilities (Salzmann and
Jorgensen, 1968; Jgrgensen 1975). Though n = 1.39 for LiF is nearly the value for
MgF,, the former material is less suitable because it is more soluble in rain water.
Schroder (1964) found that many anhydrous fluorides form glasses by addition of
gaseous HF. Contrary to what one .might expect, most of these glasses are stable
in humid air, and some even resist boiling water. Most have n below 1.27 and
very weak dispersion (variation of n through the visible), corresponding to very
high wave numbers of the first ultraviolet transitions with large oscillator strength
P. As examples of (molar) composition may be mentioned 5 LaF,:HF; 2 LaF : HF
and 53 ZrF,:47 HF. There are probably strong, symmetric hydrogen bonds, as in
FHF ", known in many salts and in solution. If needed for attenuating nonradia-
tive relaxation, the glasses might be prepared with DF. We have not heard of
absorption spectra nor of emission spectra of lanthanides in such glasses.

The areas of composition of mixed fluorides allowing glass formation are much
narrower than for conventional mixed oxides, and may need considerable seren-
dipity for being detected. An important category of zirconium fluoride glasses was
invented in 1975 at the University of Rennes. An early case (Lucas et al., 1978)
has the molar composition 60 ZrF,:34 BaF,:6NdF;, but a certain variability
(Lucas, 1985) is feasible; for instance, the zirconium may be replaced by colorless
hafnium and thorium, or green uranium(IV). Many spectroscopic studies of
europium(III) (Reisfeld et al., 1983c), holmium(IIl) (Tanimura et al., 1984;
Reisfeld et al., 1985a; Jgrgensen et al., 1986), and erbium(III) (Reisfeld et al.,
1983a; Shinn et al., 1983) have concentrated on ZBLA (zirconium barium
lanthanum aluminum) glass with composition 57 ZrF,:34 BaF,:4 AIF,:5RF,, R
usually being some lanthanide added to more La.

Another type of fluoride glass was inventéd at Université du Maine (Le Mans)
in 1979 (Miranday et al., 1981; Reisfeld et al., 1982), with the typical composition
46 PbF, :30 GaF,:22 MF, :2 RF,, where M is manganese(II) or zinc(II). When
chromium(IIl) or nickel(IT) is incorporated in such a glass, octahedral
chromophores Cr(III)F, and Ni(II)F, are clearly indicated from the absorption
spectra. Seen from the point of view of the rare earth R, a major difference (table
1) is that {2, is frequently much smaller than for the same R in ZBLA glass. It is
likely that both types of glasses represent high and rather variable coordination
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numbers N for R. In practice, it is much easier to prepare fluoride glasses with a

small admixture of phosphate, such as 36 PbF,:35 GaF,:24 (MnF, or ZnF,):
2 RF,:5 Al(PO;); (Reisfeld et al., 1984c) or 37.3 AlF,:32 CaF,:10 MgF,:
10 StF, :7 BaF,:1 RF,:2.67 AIPO, (Kermaoui et al., 1984). There is no doubt
that the presence of 45 oxide/231 fluoride in the former zinc glass is somewhat
deleterious for the fluorescence, since 0.1 mole % ErF, dissolved in it gives
7 =0.10 ms for *S;,, and 0.084 ms for “F,,, to be compared with 0.29 and 0.35 ms
for the phosphate-free fluoride glass. A comparable glass with (O/F)=30/230
was studied by Brecher et al. (1978), containing Nd(IIT) dispersed in
40 AlF, :30 CaF,:10 MgF, : 10 StF, : 5 BaF,:5Ba(PO,),. Such fluorophosphate
glasses are rather distinct from monomeric fluorophosphates. Other homonymous
concepts are borosilicate and phosphotungstate (Mack et al., 1985) glasses not
referring to distinct heteropolyanions.

Fluorescence line-narrowing of ‘F;,, neodymium emission was performed. (As
can be seen in table 1, a curious property is that {2, is smaller than the
experimental uncertainty.) These studies triggered a theoretical model (Brawer,
1981; Brawer and Weber, 1981a,b) where a large number of fluoride anions and
various cations are confined in a big, cubic unit cell and allowed to equilibrate (at
a high temperature 7') with Coulombic interactions and a reasonable short-range
repulsive potential. This model reminds us about the fact that a glass has frozen in
the nuclear positions it had at a much higher 7, which may be the major reason
why absorption bands tend to be more intense in glasses than in regular crystals.
The model of Brawer confirms the expectation that the average value of N for
europium(IIT) increases as a function of increasing stoichiometric ratio (F/Eu).
Thus, Be,,,Na,EuF . (close to vitreous BeF, similar to silica) has N = 7 for most
of the Eu, and 6 and 8 for minorities. The predictions for Be,(Na,,EuF,,,,
Be,Rb,,EuF,,,, and Be,,Ca,,EuF,,, are a distribution on 7, 8, 9, and 10, with
N =8 the most frequent value, whereas the hypothetical glass Ca;; EuF,; has
N =10 more abundant than 9 and 11. Many chemists find it surprising that the
average N for beryllium(IT) is predicted to fall between 4.3 and 4.5 while the
acidic aqueous solution contains exclusively Be(OH,),” and the alkaline solution
Be(OH), >. The potentials assumed in Brawer’s model have no explicit angular
dependence, and it may be argued that Be(II) actually is known to be more
uniformly tetrahedral than carbon in aliphatic molecules. However, it must also
be recognized that N is mainly (though not exclusively) determined by relative
atomic sizes in inorganic compounds (Jgrgensen, 1983, 1984) and that fluoride
anions are exceptionally small as neighbor atoms, like hydride having N = 6 in the
NaCl-type LiH to CsH and the perovskites BaLiH, and EuLiH, (Messer and
Levy, 1965), without any pretention of forming six ‘“‘chemical bonds”. In cubic
perovskites, the large cation [here Ba(II) and Eu(II)] has N =12.

From the point of view of luminescent behavior, the cascading down between
eight excited J-levels of holmium(IIT) in ZBLA glass is one of the most
spectacular effects in fluoride glasses (fig. 8). The multiphonon relaxation being
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attenuated, it allows perceptible luminescence of J-levels with the next lower
J-level at a distance AE of about 1900 cm ™" A similarity exists between this case
and the classical study (Weber, 1967a) of crystalline Er La;_ F,. Another
interesting feature is the mutual energy transfer from higher J-levels of er-
bium(III) to the lowest quartet level of manganese(Il) (the maximum of the
broad emission band occurs at 16000 cm ™", going down to the sextet ground state;
but it is difficult to know where the Stokes origin is situated) and from the latter
quartet to ‘F,,,, giving narrow Er(Ill) emission at 15000 cm ™' (Reisfeld et al.,
1984c) in a PbZnGa fluoride glass containing small amounts of aluminum
meta-phosphate. Such energy transfer is also known from erbium-doped crystal-
line materials such as MnF, (Flaherty and DiBartolo, 1973; Wilson et al., 1979),
RbMnF, (Iverson and Sibley, 1980), RbMg, Mn_F; (Shinn et al., 1982) and
several ternary halides (Kambli and Giidel, 1984).

When the manganese(IT) concentration is varied in phosphate glasses (Reisfeld
et al., 1984b) the emission spectrum shows a complicated structure changing in a
way siiggesting not only nonequivalent Mn(II) sites, but also strong antiferromag-
netic coupling between adjacent pairs or clusters, as known from crystalline MnF,
(Flaherty and DiBartolo, 1973), RbMnCl,, CsMnCl,, CsMnBr;, and Rb,MnCl,
(Kambli and Giidel, 1984). These effects invite further study.

A major technological interest in glasses is related to optical fibers transmitting
infrared or visible signals over tens of kilometers without prohibitive absorption
or scattering loss. The conditions for successful operation of such fibers are closely
similar to attenuating multiphonon relaxation, where the fundamental stretching
of OH and its overtones are one of the major problems. A large part of the recent
work on fluoride glasses is directed toward optical fibers, and the relation with our
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review is that the light source may be a laser connected directly with the optical
fiber consisting of the same glass, except for the admixture of rare earth in the
laser. Another problem is the weak-continuum absorption known to exist in the
blue in liquid water, and in the near ultraviolet in many gaseous molecules
(Jorgensen, 1985) which may impair optical fibers beyond 20000 cm ™" (or a lower
energy).

The main part of nonoxide glasses studied at present are fluoride glasses. Three
international symposia on nonoxide glasses have been held: in Cambridge, 1982,
in Troy, NY, 1983, and in Rennes, 1985 (cf. Reisfeld et al., 1985b).

One may ask the question whether chloride, bromide, or iodide glasses may
contain rare earths. Certain glasses formed from such heavier halides are indeed
known, e.g., with zinc chloride as major constituent, and are comparable to
crystalline RX; in lanthanide absorption and luminescence spectra. LaCl, (with
trigonal sites having N =9, each chloride having three adjacent La) achieved a
great importance early, as can be seen in the book by Dieke (1968); LaBr, has
the lowest known propensity toward multiphonon deexcitation (Riseberg and
Moos, 1968), where emission was observed from levels of only 750 cm™" above
the next lower level. These materials cannot be used in lasers because of their
extreme hygroscopicity.

6.2. Sulfide glasses

The elements O, S, Se, Te, and Po, having the atomic number Z two units
below that of the noble gases, are called chalkogens. When speaking about
chalkogenide glasses, oxide is normally disregarded (perhaps influenced by
“chalkophilic”’, the geochemical concept of Goldschmidt). Besides elemental
selenium, several glasses are known containing germanium, arsenic, selenium,
and tellurium (Reisfeld et al., 1977b) but they are of limited interest for
lanthanide luminescence, because they are only transparent in the far infrared.
On the other hand, the black glass Ge,;As,,Se,, transmits 950 cm ' radiation
readily from a CO, laser. In spite of the great stability of crystalline PbS, it is
possible to make vitreous 0.9 As,0,:0.1PbS, 0.7 As,0,:0.3PbS, and
Ge, 5sCag ;oHO, 0,5, 45 (Reisfeld et al., 1976b).

Flahaut (1979) reviewed crystal structures of binary and ternary rare earth
sulfides. This interest in vitreous mixed sulfides started a collaboration with us on
their spectra, as reviewed by Reisfeld (1982). The two main categories are
R, La,  Al,S.,and R La,_ Ga,S,, being transparent in the yellow and having an
absorption edge rapidly rising in the green and blue. At this point, it may be
noted that reflection spectra of ternary crystalline sulfides such as BaNd,S, and
CdEr,Ga,_,S, had been measured (Jgrgensen et al., 1965b), quite exceptionally
showing a more pronounced nephelauxetic effect than even R,0, whereas binary
sulfides tend to be dark colored with the narrow (but weak) absorption bands
obscured by a strong background. This distinction of solid sulfides relative to
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monomeric complexes of sulfur-containing ligands is also striking in the d-groups
(Jorgensen, 1962d, 1968). The dark colors might be ascribed to transitions of
d-like electrons to the lowest empty conduction band (like in dark violet TiCl, or
the strong absorption in the near ultraviolet of sky-blue anhydrous, octahedrally
coordinated CoCl,) but they are also observed in the (even dilute) solutions of
NiS in strong Na"HS™ with or without As,S, added. These solutions can be
filtrated and do not seem colloidal, though the dissolved brownish black species
are probably oligomeric. These collective phenomena should not be confused with
the eclectron transfer spectra of tetrahedral V(V), Cr(VI), Mn(VII), Mo(VI),
Tc(VIT), W(VI), and Re(VII) complexes of O~% S77 and Se > (Miiller et al.,
1973). Anyhow, J-levels can be detected up to 22000cm ™' in crystalline and
powdered Dy,S, (Henderson et al., 1967).

Both Yb,S, and BaYb,S, are bright yellow, due to straightforward electron
transfer bands in the near ultraviolet (Jgrgensen 1962c) as in lemon-yellow
Yb(III) dithiocarbamates. Yb,Y,  O,S (Nakazawa, 1979) emits two bands,
having maxima at 15000 and 25000 cm ™' (going to °Fs,, and °F,,,) when excited
in the broad electron transfer bands, starting with a shoulder at 32000 cm .
Corresponding emission in Yb, La,_,O,S is shifted to12000 and 22000 cm ", Such
electron transfer spectra were recently studied (Garcia et al., 1984) with maxima
between 32500 and 34000 cm ' in Na, o,Er, o,M, 4,Ga,S, thiogallate (M = Ca,
Sr, or Ba) allowing efficient luminescence of erbium(IIl) from *G,,,, at
%6100 em ™" and four J-levels in the visible, the smallest AE being 1600 cm ™" for

Fs)s.

It is not an absolute truth that the R-S bonding is weak; at higher tempera-
tures, anhydrous RCl, reacts with H,S to give R,S, and gaseous HCl. However,
as is well known from aluminum(III), it is hopeless to precipitate sulfides in
aqueous solution. Any use of sulfide glasses containing rare earths will be subject
to the kinetic rate of hydrolysis in humid air. Their properties are somewhat
enigmatic at the moment; (2, is not nearly as large as one would expect for such
relatively covalent bonding (compare with the borate glasses in table 1) and the
parameters of the exponential-gap law of multiphonon relaxation are not those
expected. However, for J-levels well below the background absorption starting (at
the best) at 20000 cm ™" the yields of luminescence are excellent. In view of what
was said above on the thioamphoteric behavior of mnickel(II), it may be that
minor, strongly colored impurities may be avoided in sulfide glasses, subsequent
to further careful studies. For some reason, this problem is much less severe in
crystalline thiogallates.

7. Chemical properties of excited states

Photochemical reactions are essentially large nuclear displacements on the
(3N —5)-dimensional potential hypersurfaces of N nuclei. These are induced at
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(or below) ambient temperature by absorption of visible or ultraviolet photons. If
these changes conduct the nuclei to a situation of considerably lower free energy
(compared to kT of 200cm ™" at ambient T'), we have photochemical catalysis,
whereas confining the nuclear positions at a relative minimum of the potential
hypersurface at a much higher free energy is photochemical storage of energy.
These definitions assume the Born—Oppenheimer factorization to be much more
significant than a metaphor, and disregard vibrational photochemistry (e.g.,
high-power lasers dissociating MF; molecules to MF; and fluorine atoms) without
electronic excitation of the kind possible for a single photon.

Contrary to the extensive photochemistry of many d-group complexes (Adam-
son, 1981, 1983) one might expect the lanthanides to be much less active, and
perhaps limited to instances of modified oxidation states, of which Ce(III),
Ce(IV) and Eu(Il), and Eu(IIT), are the most familiar cases. Such photochemis-
try by electron transfer is indeed observed in glasses, and is known from solution
chemistry. Most cerium(IV) complexes have strong absorption bands in the near
ultraviolet with P from 0.1 to 0.4 (Ryan and Jgrgensen, 1966), one to two orders
of magnitude stronger than R(III) electron transfer bands (Jgrgensen, 1962c); and
the photochemical formation of cerium(IIl) and oxidized ligands is rather similar
to the reduction of iron(IIT) to iron(IT) complexes. Since the excited state of the
electron transfer band already would have 7, below 10™°s (and since no
luminescence is detected), the capture of an electron from the ligand must be
exceedingly rapid. Even in homogeneous aqueous solution, some photochemical
reactions are surprisingly rapid. Thus, cerium(ITI) aqua ions at moderately low
pH catalyze the reaction between four iodide anions and one O, molecule to form
two I, [attempts to iodometric titration of cerium(IV) in Ce, R,_, O, ., s, after
dissolution in acid may show the unpleasant result of irreproducible values of x
well above 1]. Douglas and Yost (1949) showed that 0.25 molar EuCl, in 0.3
molar hydrochloric acid can be kept for weeks in the dark, but that sunlight or
366 nm near-ultraviolet spectral lines of mercury lamps produce H, bubbles and
Eu(IIT) aqua ions. Interestingly enough, the quantum yield is close to 0.15. The
input of energy results in the excited configuration 4f°5d of Eu(II), losing the 5d
electron to the solvent. This rapid non-Franck—Condon evolution of an excited
state may be compared to the first excited state of an iodide ion in solution or in
crystalline alkali-metal iodides (Jorgensen, 1969, 1975) at the immediate forma-
tion upon absorption of an ultraviolet photon having a configuration 5p’6s like a
xenon atom.

Photochromic materials change their color upon illumination. In some cases, a
quasi-stationary concentration of an excited state has strong absorption bands,
such as triplet—triplet transitions in many aromatic hydrocarbons, or the doublet—
doublet transitions of chromium(III) in ruby operating as a three-level laser. In
other cases, the color is due to excited states of the reversible or irreversible
product of a photochemical reaction. Many organic molecules can undergo such
reactions, like rearrangement between cis- and tranms-isomers around double
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bonds, or spiropyran rearrangements (Heiligman-Rim et al., 1962). The strongly
colored dithizonate complexes used for analytical detection of traces of heavy
metals are frequently strikingly photochromic (Meriwether et al., 1965), such as
mercury(Il) dithizonate changing from orange to dark blue by strong illumina-
tion. Most applications of photochromic materials need a relatively short time of
reversal (such as sun-glasses and glass roofs of buses; the bleaching has to be
almost instantancous in the case of windshields before a driver, because of the
danger inherent in entering, e.g., a dark tunnel) and a large number of feasible
cycles.

A famous photochromic silicate glass, containing cerium and europium, was
developed at Corning Glass, NY (Stroud, 1965). In the dark, cerium(III) has a
broad, intense 4f-— 5d absorption band at 310 nm. After photochemical detach-
ment of an electron, cerium(IV) has a broad band at 250 nm. In view of the
notorious variability of cerium(IV) electron transfer bands with the neighbor
atoms, it is not certain that this species is enormously different from Ce(IV), in
the dark having a band at 240 nm. Anyhow, europium(IIl) present in the dark
state can trap electrons, and provide strong absorption in quasi-equilibrium under
illumination, as well as various color centers, one with bands at 440 and 620 nm,
and another, thermally more stable, with one maximum at 500 nm. This interplay
between Ce(III), Eu(1II) and metastable Ce(IV), Eu(II) can also be found in less
intensely photochromic glasses (Weyl, 1959), involving bivalent and trivalent iron
and manganese. At present it seems that the most common photochromic glass
contains finely dispersed (600 nm large) silver halide crystallites (Armistead and
Stookey, 1964; Megla, 1966; Araujo, 1985) where the liberated electrons are
captured reversibly in the homogeneous glass by Cu(Il), which is reduced to
copper(l). Yokota (1967) showed that Eu(III) may also trap electrons in a
Li,,Al(PO,),, glass containing small amounts of Ag(I) and Eu(III).

On the whole, trivalent lanthanides have a much less developed photochemistry
than the uranyl ion UO;?, having as first excited state a parity-forbidden
ultraweak electron transfer transition with P close to 10~ and 7, slightly above
1 ms (Jgrgensen and Reisfeld, 1982a, 1983a). Photochemical reactions contribute
significantly to shorten this lifetime in many uranyl complexes, the highly
oxidizing excited state abstracting hydrogen atoms in many unprecedented ways
from organic solvents and ligands, and removing electrons from inorganic species
such as Mn(OH,);* and other, moderately reducing complexes. The early
observation of bromide, iodide, and thiocyanate quenching uranyl fluorescence
even at low concentration, can be rationalized in two alternative (and not
mutually exclusive) ways; (a) by a collision between the reducing anion and the
excited uranyl ion, or (b) by the formation of complexes of the excited state
showing the chemical behavior of a Pearson-soft noble-metal cation such as
Au(IIl) or Pt(IV). The quenching of uranyl fluorescence by silver(I) and
thallium(I) in aqueous solution has been shown to involve stoichiometric adducts
(Marcantonatos and Deschaux, 1981). These explanations are not as readily
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adaptable to glasses and highly viscous solutions. An interesting case is the study
(Manor et al., 1985) of the energy transfer between excited uranyl and
europium(III) in poly(methylmethacrylate), where the rather violent influence on
the organic polymer has important bearings on induced photodegradation of
organic colorants and transparent materials by fluorescent species, which is a
serious problem for flat-plate luminescent solar concentrators (Reisfeld and
Jorgensen, 1982). Anyhow, there are a few unexpected correlations between the
behavior of excited states of lanthanides and the uranyl ion, and we start by
considering recent progress related to the old problem of the constitution of the
cerium(III) aqua ion.

Freed (1931) compared (by photographic techniques) the absorption spectra of
dilute Ce(III) solutions and crystalline {La(OH, ),](C,H;0S0,), containing small
concentrations of syncrystallized Ce(III). In both cases, four strong 4f— 5d
transitions were detected [39600 (e =710), 41700, 45100, and 47400 cm™'], as
later investigated by Heidt and Berestecki (1955) using an electronic spec-
trophotometer. An intriguing problem (already occupying Freed) is a much
weaker band at 33800 cm ™" (296 nm) having ¢ increasing from 18 at 16°C to 25 at
54°C in dilute solution, and being somewhat weaker in the presence of a few
molar ClO, . Okada et al. (1981, 1985) demonstrated that the weak band does
not occur in absorption in the crystalline ethylsulfate, and hence does not
originate in trigonal Ce(OH,),”. However, this solid luminesces at 300K in a
band at 31000 cm ™" with a large Stokes shift relative to the first absorption band
at 39000 cm ™", The emission band splits into two narrower components at 30000
and 32000 cm™"' by cooling to 80 K. Such a separation was first interpreted by
Kréger and Bakker (1941) as transitions to the two J-levels of the ground term °F
separated by 2253 cm ' in gaseous Ce ™. The aqueous Ce(III) solution produces a
broader emission band at 28000 cm " with an observed 7 of 45 ns of an exponen-
tial decay to be compared with 27 ns for the crystal at 300K, a value that is not
modified by complete deuteriation (Okada et al., 1985). Since P =0.01 for the
first absorption band in the crystal, eq. (1) gives 7,,, =30ns if ¢, =2 and e, =6.
The interpretation by Okada et al. (1981, 1985) is that during the short lifetime of
the excited state in the crystal, one water molecule becomes detached by a
photochemical reaction, and that the observed emission is due to Ce(OH,),".
This dissociation must be much more rapid than a few ns, unless the Stokes shift
of the undetected (but unavoidable) emission from the intact Ce(OH,);” is
negligible, hiding the initial luminescence by self-absorption. It is conceivable that
the emission of the aqua ion in solution occurs at lower energy, because
Ce(OH,),” is much more constrained by the neighbor anions in the crystal,
creating other equilibrium Ce—O distances, and the the octa-aqua ion in solution
does not have time to attract a ninth ligand, as discussed below. However, it is
also conceivable that the modified aqua ion emitting in the crystal in a way still
has N =9, but for instance having longer Ce—O distances in the trigonal prism
than in the equatorial triangle (or vice versa). Anyhow, the absorption spectrum
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of genuine Ce(OH,);" entails the corollary that the sixth band at 50000 cm
(Jorgensen and Brinen, 1963) is still due to excitation to 5d and not to 6s.

It is interesting to apply the angular overlap model (Jgrgensen et al., 1963;
Jgrgensen, 1971) to the omne-electron energy differences between the five 5d
orbitals. Since the approximate symmetry of Ce(OH, ), in ethylsulfate crystals is
Dy, the holohedrized symmetry is close to Dg,. Whereas the two 4f  orbitals
separate in this symmetry, d-like orbitals have the same symmetry types as in the
linear symmetry (but not necessarily the order 8 < 7 < o expected in MX and
linear XMX).

However, the spin—orbit coupling is not negligible in Ce(III); the Landé
parameter 5, is expected to be somewhat lower than 1100 cm™" since gaseous
Ce™ shows ’D,,, at 49737 and °Dj,, at 52226cm™" above the ground state.
Okada et al. (1985) used a parametrized model with the following results for the
ethylsulfate crystal:

o(w=1/2) 8(w =3/2) 8(w=5/2) m(w=1/2) m(w =3/2)

calculated 38880 42250 44630 48230 49300 (39)
observed 39060 41950 44740 47400 50130

The calculated spin—orbit separations are indeed 2.16¢;, for & and 0.97¢;, for o,
close to the first-order coefficients 2 and 1. However, for some accidental reason,
the five absorption maxima are roughly equidistant, and the apparent enhance-
ment of spin—orbit coupling may be due to a small distortion allowing mixing of A
values from linear symmetry. The simplest use of the angular overlap model with
the angle o =45° (Jgrgensen et al., 1963) gives anti-bonding effects (only
considering Ce—-O o-bonding) with the ratio 2:3:4 for do:dd:dm, in good
agreement with eq. (39).

A surprising side effect is that a nonbonding 5d orbital would be situated close
to 29300 cm . This may invite the unorthodox comment that the excited Ce(III)
state in the ethylsulfate distorts its geometry within a nanosecond in such a way
that the luminescence originates from an almost nonbonding 5d electron (much
like the 3d electron in the ground state of the blue vanadyl ion). Such extensive
rearrangement is rendered more likely by the remarkably strong effects of
anti-bonding among the 5d orbitals of Ce(IIT) aqua ions. The overall anti-bonding
of the five d-orbitals in eq (39), assuming a zero-point at 29300cm ', is
76800 cm™". A hypothetical octahedral aqua ion with the same Ce-O distance
would have the subshell energy difference A = 25600 cm ™" within the frame of the
angular overlap model, i.e., 6/(2 X 9) times 76800 cm ™", which is not much below
the observed A = 31000 cm ™' for the strongly bound Ir(OH,), >, and very similar
to A for IrCl; . For comparison, the only 4f— 5d band of CeCl; > and CeBr_” in
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acetonitrile solution (Ryan and Jgrgensen, 1966) occurs at 30300 and 29150 cm
respectively. Extrapolation from chromium(III) complexes (Glerup et al., 1976),
and circumstantial evidence from 4d° rhodium(II1) and 5d° iridium(III), suggests
that the 7-anti-bonding in MX’ is about a quarter of the o-anti-bonding, putting
the zero point of nonbonding in CeX,~ approximately at 25000 cm ™" It may be
noted (J@rgensen, 1956) that a strong 4f — 5d transition develops at 32300 cm ' in
concentrated hydrochloric acid, though it only achieves £ =430 in 12 molar
H,0"Cl™ whereas 0.0004 molar CeCl, in ethanol containing 0.3 molar H,O
(0.5v0l.%) already has & =700 for a similar band at 32400 cm'; this shows the
far more extensive formation of chloride complexes in nearly anhydrous alcohols
(the so-called Katzin effect), cf. Jorgensen (1979).

Blasse and Bril (1967b) studied the luminescence and cathodoluminescence of
cerium(IIT) syncrystallized in YPO,, YAL,B,O,,, LaBO,, YBO,, and Y,ALO,,
and found in all cases a Stokes shift close to 4000 cm including the latter,
orange garnet with an absorption band at 22000 cm ™" and emission at 18200 cm ",
where one might have expected that the low-symmetry site occupied by Ce(I1I)
would have allowed a roughly nonbonding 5d orbital. Only monazite-type LaPO,
shows a larger Stokes shift from 36200 to 29800 cm ™", though not as large as in the
ethylsulfate. Ce, o, Y, 90,5 and Ce, ,Lu, 4,0,S absorb at 21600 cm™" and emit
at 14300 and 15300 cm ™', respectively (Yokono et al., 1981). A borate glass
(Reisfeld et al., 1972) containing cerium(III) shows five distinct absorption bands
between 32000 and 47200 cm ' and a phosphate glass five broader bands between
33000 and 51000 cm™". Since such a spectrum is a superposition of the various
sites (weighted by their absorption coefficient), it suggests a relatively limited
dispersion of the major site, at least in the borate glass.

Though it is not perfectly certain that the luminescence of Ce(III) in the
ennea-aqua ethylsulfate is emitted by the same Ce(OH,);’ that produces the
weak absorption band at 33800 cm ™" in the aqueous solution, it is possible to give
a reliable estimate of the concentration of the latter species. The P value of its
first transition can at most be some 60% of the ennea-aqua ion [otherwise, 7, 4
would be shorter than 7 reported by Okada et al. (1985)] and hence ¢ close to
400. Comparison with several cerium(III) complexes of organic ligands (Jgrgen-
sen, 1956) suggests that ¢ cannot be much below 300. It would seem that
(4 £1)% of the cerium(III) aqua ions are of this species (formed endothermally)
at room temperature, whereas the rest is the same trigonal ennea-aqua ion as
known from the crystalline ethylsulfate.

It is known from Eigen’s technique of temperature jumps that a water molecule
remains coordinated to rare earth aqua ions for roughly 10 ®s for R=La to Sm
and for roughly 107" s for yttrium and R = Dy to Lu. There is a marked break
from europium to terbium. Unfortunately, these results do not tell us everything
we want to know. The problem is that the measured rate may refer to one (or a
few) particularly mobile ligands. Thus, copper(1I) aqua ions exchange water more
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rapidly than 10™%s at a rate ten times higher than zinc(II) aqua ions, and 10*
times more rapid than Ni(OH,);” with less pronounced covalent bonding. It
seems likely (Jorgensen, 1975) that the axis perpendicular to the plane containing
Cu(OH,),* accommodates one or two loosely bound water molecules at signifi-
cantly longer distances. The spectrum in the visible and near infrared is con-
ditioned by the Franck—Condon principle and shows a distribution (on a time
scale of 10™ " s) of Cu—O distances quite different from a regular octahedron, and
somewhat similar to the well-established tetragonal-pyramidal Cu(NH,);? in
strong aqueous ammonia. The exchange of water within 10~° s takes place on the
perpendicular axis in a given moment, and the concerted motion of the 5 (or 6)
ligands, interchanging the roles of the three Cartesian axes, is much faster, say
10™"%s. By the same token, water exchange rates cannot alone confirm the
plausible picture of the concentration of trigonal R(OH,),” smoothly decreasing
from (96 = 1)% for cerium to some low value for lutetium, and the complemen-
tary amount of R(OH,);> having one definite geometry, or several differing
symmetries, increasing from some 4% to a high value. The absorption spectra of
aqua ions in solution cannot even exclude the presence of some N =7 and 6,
though it is excluded that a major part has a center of inversion (which anyhow is
only compatible with even N).

From a purely thermodynamical point of view, an excited state Av above the
ground state is simultaneously more oxidizing [the standard oxidation potential
E’(+e”) of the species containing an additional electron being (hv/1eV) more
positive than in the ground state, having added an electron]| and more reducing
[E° of the excited state being (hv/1eV) less positive for acting as one-electron
reductant], making the first excited state of the uranyl ion nearly as oxidizing as
free fluorine (Jgrgensen and Reisfeld, 1983a). Seen in this perspective, it is rather
frustrating that kinetic sluggishness prevents the photolysis of water to two H, and
one O, by visible light in the presence of relatively long-lived excited states of
colored species in solution. Since the classical studies of Forster, it is known that
the pK values (expressing Brgnsted acidity) of excited states of protonated
organic molecules can be widely different from the protonated ground state.
Hence, it is not surprising that excited states of an aqua ion can be far more acidic
than the ground state by being highly oxidizing, chemically polarizable (Pearson-
soft) and perhaps having a lower coordination number N, when it is realized
(Jorgensen, 1984) that aqua ions of Fe(III), Cu(Il), Pd(1I), Au(IlI), Hg(II), and
TI(IIT) deprotonate much more readily than aqua ions of the same oxidation state
and with comparable ionic radii.

Adamson (1981, 1983) introduced the word “thexi state” for an electronic
excited state living for sufficiently long time (107 s seems more than appropriate)
for coming into thermal equilibrium with the surrounding condensed matter (with
given kT) as far as vibrational states go. If the vibrational quanta are large
compared to the ambient k7, the major vibronic state is the lowest belonging to
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the excited potential surface. In this way, it is expected that a given “thexi state”
has its own personalized chemical behavior quite distinct from the electronic
ground state. This remark is certainly confirmed for the excited uranyl ion.

We are so accustomed to the chemistry of two different trivalent rare earths to
be so similar [at least if we except propensity for reduction to R(II) or oxidation
to R(IV)], that it was not realized earlier that luminescent, excited J-levels of
R(III) may behave as thexi states. Most work on this subject has been performed
quite recently by the group of Marcantonatos at the University of Geneva. We
begin the review by the first excited state, 6P7 /2, of gadolinium(III) aqua ions.
Besides the intense line at 32100 cm ™', going directly to the ground state, seven
weak lines or shoulders are detected (Vuilleumier et al., 1982) between
31400 cm ™ and 27400 cm ™", 100 to 2000 times weaker then the main line. Among
these seven satellites, the third-strongest at 30440 cm ™' corresponds to coexcita-
tion of a bending frequency 1660cm™", and the strongest at 28900 cm ™’ to an
O-H stretching frequency of a water molecule coordinated to the emitting °P,,
state. Another species emitting at 31400 cm ™' can be shown to have lost a proton
with pK = 2.4 (and hence much more acidic than the ground-state aqua ion with
the first pK =7.3) and showing perceptible coexcited bending and stretching
(3430 cm ') frequencies higher than those of the main emitting aqua ion. A third
species has a weak shoulder at 31050 cm™' as major emission, again showing a
very weak stretching frequency (as high as 3660 cm ') coexcited. A comparison
of these measurements of perchlorates with GdBr, in bromide solution (Marcan-
tonatos et al., 1982) and extended work suggests that the species emitting at the
lowest energy is a dimer with at least one hydroxo bridge. Further thermodynamic
arguments (see also Vuilleumier, 1984) show that the excited Gd(III) aqua ion
has N two units lower than the ground state, and it seems indeed that N = 6 and
8, respectively. It is difficult to be certain that less abundant species may not have
N =9 in the ground state and N =7 in the excited state, because the lifetime 7 is
so long (6 ms in H,O and 10ms in D,O, almost the radiative lifetime) that any
fluctuation of N is expected to be more rapid. Since the nephelauxetic effect is so
weakly pronounced in gadolinium(III) compounds (the average energy of °P,,
changes only from 32197 cm ' in Gd,La,_,F, to 32106 cm™' in GdCl, - 6H,0),
the shift of 700cm™' toward lower wave numbers in the excited hydroxo
monomer, and of 1050 cm " in the dimer, is rather formidable, and may be taken
as evidence for shorter Gd-O distances and stronger covalent bonding in the
excited hydroxo complexes. Both the two sites with N =6 in C-type Gd,O, show
a smaller nephelauxetic effect (Antic-Fidancev et al., 1982). The eight states of
°P, ,, forming four Kramers doublets, are situated between 31728 and 31913 cm ™"
for the C, site (average 31832cm™'); and the luminescent state of the S site
(having a center of inversion) is situated at 31696cm”™ . It may finally be
mentioned that weak emission due to °P;,, is detected at 32700 cm™" in Gd(III)
perchlorate and bromide solutions, and an extremely weak peak at 33300 cm ™'
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due to °P, ,»- These two J-levels are expected to go nonradiatively to °P,,, with a
huge rate, and their observation in emission is due to the latter long-lived state,
allowing them to become thermally populated, the two next J-levels being
situated at an energy 3 kT and 6 kT higher at 300 K.

The fact that bromide does not quench Gd(III) luminescence may be rational-
ized if E° for Gd(II) is 3.5 V more negative than for Eu(Il) aqua ions, in which
case 4.0eV of excitation energy is not sufficient to oxidize Br . The same
argument for E° of Gd(III) being well above +7 V ( as derived from the refined
spin-pairing energy treatment) would also make the excited state virtually non-
reducing, a rare combination. However, it is a fact that nitrate even at concentra-
tions well below 10> molar quench Gd(III) luminescence (Vuilleumier, 1984). It
is beyond discussion that this phenomenon is related to the numerous collisions
during a millisecond and is not due to fixation of nitrate to the excited state. NO;
has a weak, broad absorption band, having £ =7 at 312 nm, and the quenching
may be due to very efficient energy transfer to this excited state. However,
thiocyanate SCN™ is also quite effective for quenching, and this seems to involve
a non-Franck—Condon mechanism.

The excited states of europium(III) D, and *D, are 2.14 and 2.36 ¢V above
the ground state 'F, and all three J-levels show quite different reactivity with
nitrate in solution (Marcantonatos et al., 1981). The formation constant
[RNO3(OH2);'2]/[R(OH2);r ’I[INO; ] for inner-sphere complex formation for
R(III) ground-state ions depends for a great deal on the presence of ions in
solution, but has the order of magnitude 0.5M™" (i.e., litre/mole). The formation
“constant” for outer-sphere association without direct RO,NO or RONO, con-
tacts varies even more with salt concentration, but tends to be 2 to 4 M™". The
visible absorption spectra are sensitive essentially to inner-sphere contact, but
measurements of activities give the sum of both. D, aqua ions have a lifetime
7=0.112ms, and mono-nitrate complexes have 7=0.138 ms. The equilibrium
between the latter outer-sphere associates and inner-sphere complexes is estab-
lished in less than 0.01 ms.

°D, has so short (3 us) that the water molecules are not exchanged percept-
ibly with nitrate ligands. Marcantonatos et al. (1984) have studied this state in
mixed perchlorate and bromide solutions. The major part of *D, occurs as
*Eu(OH,);’, *Eu(OH,),Br?; and *Eu(OH,);> occurs as intermediate species
in smaller concentration. At 300 K, the nonexcited Eu(III) is a mixture of 70%
’F, and 30% "F, and there is about ten times more Eu(OH, ), than Eu(OH,);"”
present. An explanation is proposed why strong bromide and other salt solutions
(necessarily having lower water vapor pressure than dilute solutions) nevertheless
contain a higher percentage of Eu(OH,);>, reaching above 25. On the other
hand, the three heavy halides I , Br™, and Cl , as well as ClO, , do not penetrate
the inner coordination sphere of 'F, and 'F, aqua ions. This reluctance can be
overcome by sufficiently high chloride concentration, e.g., in solutions of
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cerium(IIT) and neodymium(III), or in alcohols containing very little water and
chloride (Jgrgensen, 1956), as can be seen from the fact that RCl, - 6H,O for
R=Nd and Sm to Tm crystallize with monomeric R(OH,),Cl, groups. The
group La(OH,),Cl; in LaCl, - 7H,O forms a striking contrast to [Al(OH,),]Cl,
precipitated in cold, concentrated hydrochloric acid. The propensity for N =9 in
lanthanum(III) overrides the weak affinity for chloride.

After the results obtained by the group of Marcantonatos since 1981, one may
ask whether the ionic radii of excited J-levels of trivalent lanthanides are smaller
than those of the ground state. There cannot be a great difference in either
direction, since coexcited vibrations are absent or exceedingly weak. The formal
result that excited states have less total kinetic energy of the electrons, according
to the virial theorem (Jgrgensen, 1971), and hence expand, has an absolutely
minute numerical size. We have to recognize (Jgrgensen, 1983) that internuclear
distances are optimized in such a way as to give the lowest possible energy of the
compound; they are not quantum-mechanical properties of the individual atom.
The characteristic feature of highly excited J-levels is probably their stronger
covalent bonding (involving the empty 5d and 6s orbitals in the LCAO model),
making a lower N acceptable. Analogous cases exist in a few places in the
Periodic Table; mercury(II) is certainly much larger than beryllium(II), but N is
normally 2 or 4 for Hg(II), but almost exclusively 4 for Be(II); and thallium(III)
is somewhat larger than scandium(III) but tends toward the lower N values 4 and
6. It may be added that in both cases, Hg(II) and TI(III) aqua ions are
exceptionally acidic.

It is obvious that glasses are not subject to diffusion of reactive species, and to
rapid collisions, as are water and other solvents of low viscosity. Nevertheless, it
must not be neglected that glasses have been in such a situation at the high
temperature they were prepared at (excepting here gel glasses prepared at low 7,
which may build in other nonequilibrium characteristics). Work on aqua jons and
mixed aqua-anion complexes is quite instructive for our study of glasses, and also
boosts the optimistic hope of analogous precursors in the understanding of aqua
ions, which was slowly constructed, mainly by spectroscopic techniques, around
the starting point of Cr(OH,),” and now is reaching enigmatic species like
cerium(IIl) and copper(Il) aqua ions.

8. Conclusions

Whereas a low vapor pressure in general restricts gas-phase chemistry of rare
earths to a quite low number of compounds, it has been realized in the last forty
years that solid state chemistry is a very important and in many aspects a much
more innovating counterpart of the earlier solution chemistry of rare earths. As
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far as high reactive solids are concerned, and their unexpected variation from one
element to the next, the ion-exchange separation developed by Spedding and the
availability of metallic elements have provided an enormous impetus to important
research. The purpose of the present chapter is to point out the spectroscopic and
other physical properties of isotropic glasses as an interesting alternative to
crystalline compounds (including substitutionally doped crystals having colorless
lanthanum or yttrium compounds as the major constituent). Some chemists are
slightly taken back by the nonstoichiometric nature of nearly all glasses (though
most minerals are not much better at this point) and may even consider them as a
border-line case between genuine chemistry and agglomerates such as rock, lava,
or concrete. However, we have anyhow to recognize that very few stoichiometric,
crystalline rare-earth compounds contain discrete molecules (with the exception
of organometallic compounds with R—C bonds, and certain neutral complexes of
chelating ligands forming R—O and R-N bonds). Nearly all binary R, X, involve
bridging X.

Our main purpose is to compare absorption and luminescence spectra of R(III)
in glasses with the behavior in crystalline compounds and in aqueous solution. In
one way, it is surprising how close many of the similarities are, and also how
technologically attractive glasses can be as laser materials compared to crystals. It
may be noted that the largest-scale terawatt lasers, such as the SHIVA and NOVA
systems in Livermore, CA, are neodymium(III) glasses. We summarize most of
the major results described in this chapter in seven conclusions:

(a) The quantum yield of luminescence of line emission from a higher to a
lower J-level of a given lanthanide can be as high as in comparable crystalline
materials. The two most important parameters (characterizing the competing
process of nonradiative deexcitation) are a large energy difference AE between
the emitting J-level and the closest lower J-level, and a small phonon energy
(indicating the highest fundamental frequency of the neighbor groups in the
glass). The classical cases of fluorescence (even in aqueous solution) correspond to
the highest known AFE in gadolinium(III) and the two following AFE values in
europium(IIT) and terbium(IIl). Conventional oxide glasses (borate, silicate,
phosphate) only fluoresce strongly in these cases, and sometimes in the case of the
slightly smaller AF of neodymium(III) (in the near infrared), samarium(III), and
dysprosium(III). Oxide glasses with low force constants and heavier nuclei (such
as germanate and tellurite) show luminescence for lower AE. This is even more
true for fluoride glasses, showing perceptible fluorescence of many J-levels of
neodymium(1IIT), holmium(III), and erbium(III) with AF down to slightly below
2000 cm ™", This propensity for luminescence is as high as in crystalline R _La, _F,
and R)Y,_F,.

(b) The luminescence of fluoride glasses at room temperature is nearly as
strong (at least within a factor 2) as at liquid helium, alleviating the need for
cooling of the laser.
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(c¢) Technological progress is starting along several new lines, such as direct
contact between laser sources and optical fibers (of the same composition,
excepting R) for communication, use of hole burning for short-term (typically
millisecond) memory, and simultaneously present lanthanides and d-group ions,
e.g., neodymium(IIT) and chromium(IIl), for glasses intended for flat-plate
luminescent concentrators of solar energy.

(d) Energy transfer is normally more effective in glasses than in crystals,
allowing pumping of lanthanides (with narrow, weak absorption bands) via broad,
intense absorption bands of other species present. Other useful aspects of energy
transfer occur from the lowest quartet state of manganese(II), storing energy for
several milliseconds and transferring it efficiently to luminescent lanthanide
J-levels.

(e) Chromium(III) occurs in several highly successful laser crystals such as ruby
and alexandrite. It is notoriously difficult to obtain a high fluorescence yield of
Cr(IIT) in glasses, though energy transfer to lanthanides can be quite effective.
Glass ceramics containing crystallites much smaller than the wavelength of light
are known to give very high quantum vyields of Cr(IlI) and might become
important for lanthanide luminescence, also because of the favorable thermal
conductivity and increased mechanical strength.

(f) The dispersion of individual sites of lanthanides in glass can be studied by
the technique of fluorescence line-narrowing. On the whole, the properties of
glasses are only weakly influenced by the “ligand field” structure of each J-level.
Several coordination numbers (say, 7,8,9,...) seem to occur in most glasses.

(g) Large-scale experimentation with potential new laser materials can to a
great extent be replaced by measurement of spectroscopic characteristics on a
laboratory scale. Quite unexpectedly, the Judd—Ofelt treatment with only three
material parameters is excellent (for the weighted average of glass sites), describ-
ing absorption and radiative emission probabilities. The Judd-Ofelt parameters
are closely connected with other aspects of chemical bonding to the neighbor
atoms.
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1. Rare earth phosphates and related phosphor compounds

1.1. Introduction

The rare earth phosphates are important in the geochemistry of the rare earths,
since two of the main rare earth minerals are binary orthophosphates. The most
abundant of these, monazite, has the approximate composition (Ce, La)PO,,
while xenotime is primarily an yttrium phosphate. Several other rare earth
minerals containing phosphate have been found in the earth (Gmelin, 1984). In
addition, the important phosphorus sources apatite and phosphorite contain up to
1% of rare earths.

Besides these anhydrous orthophosphates many other binary rare earth phos-
phates are known and prepared synthetically. Study of the phase equilibria of the
system La,0,-P,O,, for example, has shown six intermediate compounds having
molar ratios of 3:1, 7:3, 1:1, 1:2, 1:3, and 1:5 (fig. 1) (Park and Kreidler,
1984). The great number of compounds is due to the versatile chemistry of
elemental phosphorus. In pentavalent state, for example, it not only forms
orthophosphate and hydrogenphosphate ions but also polyphosphates, of which
the most common for the rare earths are P,02”, P,0; , P,O;,, and P,O},
(Giesbrecht and Perrier, 1960; Jaulmes, 1969; Beucher, 1970). Several represen-
tatives of rare earth hydrogenphosphates, phosphites, and hypophosphites have
been prepared (Ionov et al., 1973a,b; Chudinova and Balagina, 1979).

Ternary rare earth phosphates are formed with alkali and alkaline earth
elements and in these compounds, too, the composition of the phosphate anion
can vary (Hong, 1975a; Hong and Chinn, 1976; Koizumi, 1976). From the
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Fig. 1. A phase diagram for the system La,0,~P,0, (Park and Kreidler, 1984).

quaternary systems the compounds Mg R(PO,)(O, F),, having the apatite struc-
ture, are most common (Ito, 1968; Mathew et al., 1979).

A review on the crystal chemistry of rare earth phosphates was recently
published by Palkina (1982).

The rare earth phosphates activated with trivalent lanthanides can be used as
luminescent materials and neodymium-containing polyphosphates reportedly
make efficient laser materials (Palilla and Tomkus, 1969; Albrand et al., 1974;
Koizumi, 1976b).

1.2. Rare earth orthophosphates

Rare earth orthophosphates, in addition to being found in nature as the
minerals monazite, (La, Ce) PO,, and xenotime, (Y, Er) PO,, have been synthe-
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sized in the laboratory by many methods. The phosphate anion precipitates the
rare earth ions from solution. The phosphate source for the precipitation is
usually phosphoric acid, but alkali phosphates and hydrogen phosphates can also
be used (Schwarz, 1963f; Petushkova et al., 1969a,b; Ropp, 1970; Awazu and
Matsunaya, 1974; Tsuhako et al., 1979). The precipitate contains half a molecule
of water in the case of the lighter rare earths, and two water molecules in the case
of the heavier rare earths (Mooney, 1948; Hikichi, 1978). Rare earth orthophos-
phate hydrates having 1, 5/3, 2.5, and 3 water molecules have also been reported
(Hezell and Ross, 1967; Ropp, 1968a; Petushkova et al., 1969a; Tsagareishvili et
al., 1972).

Anhydrous rare earth orthophosphates have been prepared by a fusion method
(Duboin, 1888) and by chemical reactions (Mooney, 1950; Schwarz, 1963f).
Single crystals have been obtained by hydrothermal crystallization from a mixture
of the rare earth hydroxide and phosphoric acid (Anthony, 1957; Carron et al.,
1958) and by flux growth from lead phosphate (Feigelson, 1964; Smith and
Wanklyn, 1974). The rare earth phosphate phosphors are usually made by a
fusion reaction between the rare earth oxide, carbonate, nitrate hydroxide, etc.,
and (NH,),HPO, at a temperature of 900-1100°C (Smith, 1967; Palilla and
Tomkus, 1969).

The orthophosphates of the cerium subgroup have been found to possess the
monoclinic monazite structure (Mooney, 1948; Mooney-Slater, 1962; Schwarz,
1963f), in which the irregularly nine-coordinated rare earth atoms are linked
together by isolated, distorted phosphate tetrahedra (fig. 2) (Krstanovic, 1965;
Beall et al., 1981). Crystal-structure determinations of numerous samples of
monazite having slightly different compositions have been carried out (Parrish,
1939; Finney and Rao, 1967; Ghouse, 1968; Haapala et al., 1969). The space
group of monazite has been reported to be P2,/n but determinations have also
been done with a P2,/a setting (Ueda, 1967; Jaulmes, 1972).

Crystallization of orthophosphates of the cerium subgroup from solution at low
temperatures produces hexagonal RPO,-0.5H,O crystals (Mooney, 1948;
Hikichi, 1978). The structure is stable at low temperatures but changes to
monazite structure upon heating (Kuznetsov et al., 1969). Characteristic of this
structure are the large tunnels running along the c-axis (fig. 3). Originally, the
hexagonal phase was known only for the hemihydrate and it was suggested that
water was needed to stabilize the structure (Mooney, 1950; Mooney-Slater,
1962). However, Vlasse et al. (1982) found no evidence that the presence of
water was necessary.

The rare earth phosphates in the middle of the series, containing several water
molecules, have also been reported to be hexagonal (Hezel and Ross, 1967;
Kuznetsov et al., 1969). In contrast, dysprosium orthophosphate containing 1.5
molecules of water has a unique, orthorhombic structure (Hikichi, 1978).

The phosphates of the yttrium subgroup have the tetragonal zircon structure,
which is isomorphic with the corresponding orthovanadates, arsenates, and
chromates (Schwarz, 1963f). The crystal structure of xenotime has been deter-
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o CeOP

Fig. 2. A projection of the CePO, structure on the basal plane. The numbers give the z-coordinate in
Angstréms (Mooney, 1950).

Fig. 3. The environment of Ce®" in the hexagonal CePO, - 4H,O structure projected on the ab-plane
(Palkina, 1982).
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Fig. 4. A stereoview of the polyhedra in the tetragonal RPO, structure (Milligan et al., 1983).

mined by several groups (fig. 4) (Vegard, 1927; Durif and Forrat, 1957; Lohmul-
ler et al., 1973; Milligan et al., 1983).

When crystallized from solution, the phosphates of the heavier rare earths
contain two water molecules. The dihydrate is found in nature, as the minerals
weinschenkite and churchite (Strunz, 1942; Claringsbull and Hey, 1953), which
have monoclinic structure. According to Hezel and Ross (1967), the heavier rare
earths also have a tetragonal trihydrate with a structure similar to that of zircon
where the water molecules are uncoordinated.

Scandium orthophosphate contains two water molecules and is isomorphic with
the corresponding iron and aluminum compounds having an orthorhombic crystal
lattice (Komissarova et al., 1965a; Eshchenko et al., 1979).

When the rare earth phosphates are precipitated with sodium phosphate, not
only binary and ternary phosphates but also hydroxide phosphates can be
obtained (Tananaev and Vasileva, 1963). The formula of these compounds may
be as complicated as Pr,,(OH),(PO,), - 26H,O (Petushkova et al., 1969b).

Except for scandium, very few hydrogenphosphates are known for the rare
earth elements. The complex formation of Ce** and Ce** with the H,PO; has
been verified by Lebedev and Kulyako (1978). In solid state, dihydrogenphos-
phates, R(H,PO,),, with tetragonal structure have been prepared for Sm, Eu,
and Gd (Butuzova et al., 1982). Trihydrogen orthophosphates, with formula
H,R(PO,), H,0, having orthorhombic structure, have been prepared and
studied by Melnikov et al. (1982). Hexagonal Sc(H,PO,), can be prepared from
Sc,0, and large excess of H,PO, or by thermal decomposition of Sc(PO,),
(Melnikov and Komissarova, 1969). This hexagonal structure has recently been
solved by Smolin et al. (1982) (fig. 5). In solution, other ligands can bond along
with hydrogenphosphate to the rare earth ion and a mixed ligand complex is
formed (Nazarenko and Polyektov, 1979). Such an interesting compound is
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Fig. 5. A perspective view of the Sc(H,PO,); structure on the xy-plane (Smolin et al., 1982).

known for Ce** in the solid state as well as in solution. The structure of
(CePO,),(HPO,),_,(SO,), - 5H,O contains tunnels oriented along the b-axis
(fig. 6) (Bartl, 1976), and other features which allow it to act as an ion exchanger
(Konig and Psotta, 1978a,b).

1.3. Condensed rare earth phosphates

The condensed phosphates contain more than one phosphorus atom in a
molecule but with the structure always built up by PO, tetrahedra. Whereas in
orthophosphates the phosphate tetrahedra are isolated, in condensed phosphates
they share corners (but never edges or faces). The larger the O/P ratio in the
formula is, the more broken the tetrahedra chains are; and the smaller the O/P
ratio is, the more cross-linked the chains are (Hong, 1974b). The condensed
phosphates can be divided into three groups: branched or ultraphosphates
[P,O,, ,]% 7, cyclic or metaphosphates [P,O;,]"", and chain or polyphosphates
[P,O,, H]("”)*. In addition, there is a group of oligophosphates which contain
separate anions: pyrophosphate, tripolyphosphate, etc., but compounds of the
rare earths with these anions have been little studied (Palkina, 1978). The
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Fig. 6. A perspective view of the structure of (CePO,),(HPO,/SO,)-5H,O on the ac-plane. The
projection shows the structural framework with 8- and 4-coordination and the porosity with the O-O
distances of 6.1 A (Bartl, 1976).

temperature dependence of the formation of the different phosphates is shown for
cerium in fig. 7.

1.3.1. RP,0O,,

The rare earth ultraphosphates — compounds containing branched phosphate
anions and also called pentaphosphates (RP;O,,) —can be synthesized both as
powder and as single crystals from a solution of rare earth oxide in phosphoric
acid allowed to cool from 600-700°C to room temperature. The phosphate anion
must be in great excess with respect to the cation in the solution (P/R = 20-40)
(Jaulmes, 1969; Hong, 1974a; Chudinova et al., 1977a). RP;O,, can also be
prepared via a solid state reaction of R,0, with (NH,),HPO,; different structure
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Fig. 7. The formation of cerium phosphates at different temperatures and atomic ratios. A: CePO,;
O: CeP,0,; O: Ce(PO;),; A: Ce(PO,),; ®: CeP,0,,. (Tsuhako et al., 1979.)

types are obtained at different temperatures (Sungur et al., 1983). Since NdP,O,,
crystals are promising laser materials, there have been attempts to grow them as
fibers. Success has been achieved in a controlled gas atmosphere at 450°C (Tofield
et al., 1975). The pulling of RP,O,, crystals from a melt is not possible because
the compound decomposes before melting.

All ultraphosphates contain PO, tetrahedra linked by three vertices to neigh-
boring tetrahedra (fig. 8). The further coordination of the phosphate groups
varies, giving rise to three different crystal structures: monoclinic I (La---Tb),
monoclinic II (Dy---Lu,Y), and orthorhombic (Dy---Er,Y) (Beucher, 1970;

YbP0,,,

Fig. 8. The structure of the (P;0,,)°” anion in NdP,O,,, orthorhombic HoP,0,,, and YbP,O,,
(Palkina, 1978).
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Fig. 9. A perspective. view
along the a-axis showing four
phosphate ribbons linked by
L F neodymium in the structure of
0 ¢ NdP,O,, (Albrand et al., 1974).

Hong and Pierce, 1974). All the structures contain eight-membered conjugate
rings (fig. 9). The monoclinic I structure and the orthorhombic structure differ
only in the orientation of the middle tetrahedra, which form common sheets of
conjugate rings (Durif, 1971; Tranqui et al., 1972; Hong, 1974c). In the mono-
clinic II structure each PO, ring is not linked with two rings as in the other
structures but with four rings, and thus eight- and twenty-membered rings are
formed (fig. 10) (Bagieu et al., 1973; Hong and Pierce, 1974; Palkina, 1978). In
all rare earth ultraphosphates the cations are eight-coordinated. The isolated
polyhedra can best be described as bicapped trigonal prisms. Albrand et al.
(1974), however, propose a square antiprismatic coordination for neodymium in
NdP.O,,.

Recently, a new type of ultraphosphate has been found for CeP,O,, (Rzaigui et
al., 1984; Rzaigui and Ariguip, 1985). Its structure is triclinic and the atomic
arrangement can be described as P,,0,, sheets spreading in the (110) planes. The
internal structure of these sheets is mainly a linkage of P,,0,, rings in which 40%
of the phosphorus atoms are branching. Cerium atoms have an eight-fold
coordination and the CeO; polyhedra have no common oxygen atoms.

According to Schulz et al. (1974), NdP,O,, has an orthorhombic high-tempera-
ture form which can be derived from the monoclinic structure. Otherwise, the
ultraphosphates decompose to metaphosphates at high temperatures (900-
1000°C) (Chudinova et al., 1975; Chudinova and Balagina, 1979).
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Fig. 10. An ab-projection of
one phosphate layer in YbP,O,,
(Hong and Pierce, 1974).

1.3.2. RP,0, and R(PO;),

The chemical formula of the rare earth metaphosphates has been presented as
RP,0, and R(PO,);. The correct name for the first formula would be cyclo-
triphosphate and for the second catena-polyphosphate. Most of the metaphos-
phates described in the literature are catena-polyphosphates, but this is not
obvious from either the formulas or the names generally used.

Rare earth catena-polyphosphates (metaphosphates) can be prepared by the
following methods: (a) heating of rare earth oxides with phosphoric acid within a
specific temperature range (Chudinova et al., 1975, 1977a; Chudinova and
Balagina, 1979); (b) roasting of a mixture of R,0, and NH,H,PO, (Chudinova et
al., 1978a,b); (c) thermal dehydration of RP,O, - nH,O precipitated from aque-
ous solution (Birke and Kempe, 1973a,b); (d) decomposition of ultraphosphate
RP.O,, above 900°C with release of P,O, (Bagieu-Beucher and Tranqui, 1970);
(e) thermal condensation of dihydrogentriphosphates, RH,P;0,, (Melnikov et
al., 1981b); and (f) crystallizing from a solution of R,0;, H,PO,, NaF, and P,O
at high temperature (Hong, 1974b). In the preparation of catena-polyphosphate
from a mixture of R,0, and H,PO, the P/R ratio should be 2-3. The product is
not always pure but may contain ortho- and ultraphosphates (Tsuhako et al.,
1979).

v
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In the series of rare earth metaphosphates (polyphosphates), the larger cations
form an orthorhombic structure containing helical chains of corner-sharing PO,
tetrahedra. The PO, dodecahedra share edges in a zigzag fashion (fig. 11) (Hong,
1974a). The polyphosphates of the smaller rare earths are monoclinic and the
phosphate tetrahedra form chains characteristic of metaphosphates. The rare
earth atoms lie at the centers of the isolated oxygen octahedra (fig. 12) (Hong,
1974b). '

The smaller rare earth cations form compounds with a composition R(PO,),
corresponding to metaphosphate, but according to their crystal structure the
correct formula is R,(P,0,,), (Bagieu-Beucher, 1976; Smolin et al., 1978). Thus
the anions are cyclic polyphosphates. Their structure is cubic, containing eight-
membered phosphate rings linked together by RO, octahedra (fig. 13) (Mezent-
seva et al., 1977; Bagieu-Beucher and Guitel, 1978; Chudinova, 1979).

The dehydration of scandium hydrogenphosphate, Sc(H,PO,),, leads to the
formation of Sc(PO,),. This material decomposes above 1200°C to normal
orthophosphate (Melnikov and Komissarova, 1969; Komissarova et al., 1971a;
Khrameeva et al., 1971). The monoclinic structure of Sc(PO,), consists of infinite
chains of PO, tetrahedra, linked together by octahedrally coordinated scandium
atoms (fig. 14) (Domanskii et al., 1982).

-
0

f
P,(30) __-Nd
- H
1t
IRl
it

Fig. 11. An ab-projection of the NdP,O, structure showing how the PO, tetrahedra are connected by
Nd atoms (Hong, 1974a).
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Fig. 13. A projection of the cubic Sc,(P,0,,), structure on the ab-plane showing the anion rings and
regular ScOj octahedra (Bagieu-Beucher and Guitel, 1978).

Besides anhydrous compounds R(PO,),, hydrates of cyclotri-, cyclotetra-,
cyclohexa- and cyclooctaphosphates of rare earth elements have been obtained
from aqueous solutions by an exchange reaction with the corresponding sodium
phosphate. The precipitation of cyclotriphosphate, having 3 to 5 water molecules,
with Na,P,O, has been reported by Birke and Kempe (1973a,b) and Serra and
Giesbrecht (1968). The cerium cyclotriphosphate trihydrate, CeP,O,-3H,0,
which is isomorphic with the corresponding La and Pr compounds, has been
studied by X-ray diffraction analysis. The hexagonal structure contains flat P,O;~
rings and Ce has a tricapped trigonal prismatic coordination to six oxygens of the
phosphate rings and to the three oxygens of the water molecules (Bagieu-Beucher
et al., 1971).

Compounds having the general formula of metaphosphates but containing
hexa- or octaphosphate as anion have been studied by Chudinova et al. (1978c)
and Lazarevski et al. (1982). These compounds, precipitated with Na;P;O,, or
Na,P,0,,, may also contain crystal water. The structure is unknown; only the
X-ray diffraction powder pattern and IR spectra have been recorded. Europium
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and lanthanum form hydrated polyphosphates having the same O/P ratio as
metaphosphates, and for these Ezhova et al. (1978a,b) have investigated the
formation, thermal behavior, and IR spectra.

1.3.3. Other condensed phosphates

Except for the catena-polyphosphates, the binary condensed phosphates or
polyphosphates have been investigated much less thoroughly than the ternary
polyphosphates containing alkali as an additional cation. The crystal structures of
the rare earth binary polyphosphates are largely unknown. Trivalent rare earth
ions react with sodium triphosphate in solution to form insoluble compounds
where the molar ratio between R’ and P,O3; is 1:1 and 5:3 (Giesbrecht and
Audrieht, 1958; Giesbrecht, 1960; Giesbrecht and Melardi, 1963). In the solid
state, these compounds contain more than twenty water molecules (Petushkova et
al., 1971). The rare earth polyphosphates also form a complex in solution where
the ratio R’**/P,03; is 1:2 (Rodicheva, 1981). The separated solid state 1:1 and
5:3 compounds dissolve in excess of sodium triphosphate.

Tetravalent cerium behaves exceptionally upon heating with H,PO,. With low
P/Ce ratio (1-3) it forms diphosphate, CeP,0., and with a higher proportion of
phosphorus it forms catena-polyphosphate, Ce(PO,),. Cerium may also reduce to
trivalent in this system, with the formation of Ce(PO,), at lower temperatures
and the ultraphosphate CeP;O,, at higher temperatures (Tsuhako et al., 1979).

Whereas cerium diphosphate can be prepared from phosphoric acid, the other
rare earth diphosphates require the diphosphate anion as starting material
(Tananaev et al., 1967; Ukrainskaya et al., 1971). The formula of the diphos-
phate of the trivalent rare earths is R,(P,0O,), (Chudinova et al., 1967; Kuznetsov
and Vasileva, 1967). In excess, the alkali diphosphates used in the preparation of
the diphosphate lead to the formation of double diphosphate. An alternative
preparation method for scandium diphosphate (Muck and Petra, 1971) is the
decomposition of scandium hydrogen phosphite, Sc,(HPO,),, at 380-500°C. The
crystal structures of the rare earth diphosphates are unknown. Petri and Muck
(1971) have indexed the powder of scandium diphosphate as tetragonal with the
axes a = 6.60 and ¢ = 14.02 A.

In solid-state studies of R,0,-2P,0, mixtures, a phase with the composition
R,P,0,, has been found. The X-ray diffraction powder pattern and IR spectrum
of this compound have been reported but the detailed structure is unknown (Park
and Kreidel, 1984; Agrawal and White, 1985).

In the system R,0,-H,PO,, hydrogen diphos?hate and dihydrogen triphos-
phate appear as anions forming complexes with R°”, the first anion only with the
heavier lanthanides however (Chudinova et al., 1977a,c, 1978d). For the dihy-
drogen triphosphates a single crystal structure determination has been carried out
for YbH,P,O,,. The monoclinic structure consists of short PO}  chains, the
P,O3, ions are symmetric, and the isolated ytterbium atoms have octahedral
coordination (fig. 15) (Palkina et al., 1979).
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Fig. 15. The structure of triphos-
phate anion, P,0%;, and YbO,
polyhedron in YbH,P,O,, pro-
jected on the bc-plane (Palkina,
1982).

Mironova and Tananaev (1982) have reported the preparation of erbium
hypophosphate in a study of the interaction in the Er(NO,),-H,P,O,-H,O
system; orthorhombic ETHP,O, - 4H,O crystals were separated and their thermal
properties characterized. In the structure the hypophosphate anions are connect-
ed by hydrogen bridging into infinite —O-P-P-O-H-O-P-P-O- chains (fig.
16), and the ErO, polyhedra are distorted tetragonal antiprisms isolated from one
another (Palkina et al., 1983a). Later it was shown that the hypophosphate -
hydrates of Nd, Eu, Er, and Yb are isostructural (Palkina et al., 1983b, 1984a).

1.4. Rare earth phosphites and hypophosphites

Of the rare earth phosphites only the scandium compounds have been prepared
and studied. Sc(H,PO,), was prepared by dissolving Sc(OH), in H,PO; and
distilling off the excess water (Komissarova et al., 1967; Petrdl and Muck, 1967).
The structure was reported to be rhombohedral. Sc,(HPO,), - xH,O was ob-
tained by dissolving metallic scandium in H,PO; at 60-80°C and leaving the
solution to evaporate for several weeks. :

The rare earth hypophosphites can be obtained from an aqueous solution of
R’* ions and alkali hypophosphite. Except for scandium, the compounds are very
soluble in water and therefore they have mainly been studied in solution
(Komissarova and Melnikov, 1966; Sheka and Sinyavskaya, 1969; Polyektov et
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Fig. 16. A projection of the structure of YbHP,O,-4H,O on the xy-plane (Palkina et al., 1984a).

al., 1970). More recently, Aslanov et al. (1975) have developed a method of
synthesizing the hypophosphites in nonaqueous medium.

The lanthanides form two structurally different groups of R(H,PO,); com-
pounds. The lighter lanthanides (La---Eu) form compounds containing one
water molecule and the heavier lanthanides (Gd---Lu) form anhydrous com-
pounds. The crystal systems are triclinic and monoclinic, respectively. The first
structure contains three different hypophosphite groups, of which one is triden-
tate and two are bidentate bridging (Ionov et al., 1973a,b). According to Ionov et
al. (1973a), the La and Eu compounds are similar but not isomorphous: some
positional parameters of the oxygen atoms differ significantly. The coordination
number of R’ in both structures is eight. In Er(H,PO,), the erbium atoms are
octahedrally coordinated and are cross-linked by bidentate bridging H,PO,
groups (fig. 17) (Aslanov et al., 1975):

1.5. Rare earth oxophosphates

Compounds having a complex anion and excess ionic oxygen are often called
oxosalts. Thus the R,0,/P,O, ratio in oxophosphates is more than one. For
different rare earths and under different conditions the following oxophosphates
have been determined: R,P,0,, (=7R,0,-3P,0;) with R=La---Tb; R,PO,
(=3R,0,-P,0;) with R=La---Tm; RyP,0,, (=4R,0;-P,0;) with R=
Sm---Lu; and R,P,0,, (=6R,0,-P,0,) with R=Tb---Lu (Serra et al.,
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AN Fig. 17. The crystal structure of erbium hypo-
i -y siny l phosphite, Er(H,PO,),, projected on the yz-
L plane (Aslanov et al., 1975).
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1976a). Phase diagrams of the systems RPO,-R,O, have been published by
Rouanet et al. (1981) (fig. 18).

The rare earth oxophosphates are formed in the thermal decomposition of
orthophosphates, RPO,. The R,PO, phase has also been prepared by solid-state
reactions between R,0, and RPO, or NH,H,PO, at 800-1200°C (Serra et al.,
1976b), and between RPO, and Na,CO, at 700-900°C (Kizilyalli and Welch,
1980). The structures of the oxophosphates are unknown: only X-ray diffraction
powder data and limited IR, Raman and-fluorescence spectroscopic results have
been published (Orlovskii et al., 1979; Park and Kreidler, 1984; Agrawal and
White, 1985). According to the diffraction data, La,PO, and La,P,0,, may be
monoclinic (Serra et al., 1978).

1.6. Ternary rare earth phosphates

In recent years considerable interest has been focused on ternary phosphates of
the rare earths and alkali metals, both as prospective laser materials and as
phosphors. Two compounds in particular have been studied: polyphosphate
MR(PO,), and orthophosphate M,;R(PO,), (Hong and Chinn, 1976; Palkina et
al., 1981b). Owing to a confusing usage of formulas and names of the phosphates
the first compound is also presented in the form MRP,0O,, and called tetra-
metaphosphate (Hong, 1975b; Koizumi and Nakano, 1978). In reality, there are
two structure types corresponding to the stoichiometry MR(PO,),, of which the
first is a polyphosphate and the second a cyclophosphate containing the P,O7},
anion (Palkina et al., 1981b).

The preparation of rare earth double polyphosphates has been widely studied
by Chudinova et al. (1972, 1975, 1977a,b, 1978d). As starting material they used
phosphoric acid, alkali carbonate, and rare earth oxides. The best mixing
proportion was P,0,:M,0:R,0,=15:5:1 and the samples were heated several
weeks at different temperatures (100-700°C). With lithium all lanthanides form
polyphosphate, LiR(PO,),, and a RHP,O, phase is obtained for the heavier
lanthanides (Chudinova and Vinogradova, 1979). When potassium is present in
the system, all lanthanides except La, Tm- -+ Lu form compounds of the type
KRHP,;0,, at temperatures below 200°C, and KR(PO,), at higher temperatures
(fig. 19). Lanthanum crystallizes at higher temperatures as binary ultraphosphate
and Tm---Lu as binary tripolyphosphate (Chudinova et al., 1977¢c, 1978d). In
the case of rubidium and cesium the phases formed are MRHP,O,, for Pr---Lu
and MR(PO,), for La---Pr (Vinogradova and Chudinova, 1981).

Ternary alkali rare earth polyphosphates are also obtained in the reaction
between MPO, (M=Li, Na, K, Rb, Cs, Ag, Tl) and RP,O,. The reaction
temperature depends on the alkali metal (Ferid et al., 1981; Rzaigui and Ariguip,
1981). Phase diagrams have been published for the systems MPO,-SmP,O,
(M =Li, Na, Ag) (Ferid et al., 1984a), MPO,-LaP,0, (M = Rb, Cs) (Hassen et
al., 1984), TIPO,-LaP,0, (Ferid et al., 1984b), and TIPO,—Ce(PO,), (Rzaigui et
al., 1983a); an example is presented in fig. 20.
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Litvin et al. (1981a, 1982) have studied the systems M,0-Nd,0,-P,0,-H,0O
(M =K, Cs), not using an open crucible but carrying out the experiments under
partial vapor pressure of water. With low cesium concentrations the products are
Nd(PO,), and NdP;O,,, depending on the temperature, and with higher cesium
concentrations double polyphosphates are formed. The cubic cyclophosphate,
CsNdP,O,,, is formed at 350-520°C, the monoclinic polyphosphate (P2,/n)
CsNd(PO;), at 520-675°C, and another monoclinic polyphosphate (P2,) above
675°C.

An analogous type of polyphosphate chain with four tetrahedra in the repeat
period has been observed in hydrogen polyphosphates with formula RH(PO,),
(Chudinova and Balagina, 1979). Under certain experimental conditions these
compounds are obtained in the system R,0,-H;PO,.

Cerium ammonium phosphates can be obtained by heating Ce(Ill) compounds
and CeQ, with ammonium phosphates at 400°C (Vaivada and Konstant, 1979).
The formulas of the compounds prepared by this method are CeNH,P,O,, and
Ce(NH,),(PO,);. A summary of the preparation and properties of ammonium
cerium condensed phosphates has been published by Rzaigui and Ariguip (1983).

Single crystals of the condensed rare earth double phosphates have been
prepared by the flux method. R,0,, M,CO;, and NH ,H,PO,, with large excess
of the latter two, are mixed, preheated at about 200°C and heated to 900-1000°C,
and allowed to cool slowly (Hong, 1975a,b; Koizumi, 1976a,b; Nakano et al.,
1979). The flux where the growing occurs is thus a mixture of alkali and
phosphorus oxides.
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Rb,La(PO,),. (Hassen et al., 1984.)
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The rare earth double orthophosphates, M;R(PO,),, have been prepared by
three different methods. The first method involves the heating of K,CO,, Nd, O,
and NH,H,PO, at a higher temperature (1400°C) than in the preparation of
polyphosphate. The high temperature is needed for the conversion to orthophos-
phate. In the second method, potassium chloride and fluoride are used instead of
potassium carbonate and the temperature is lower (Hong and Chinn, 1976). The
single crystal preparation requires a slow cooling of the melt. The heating of
stoichiometric amounts of RPO,, M,CO,, and MH,PO, at 600-1050°C provides
a third route to double orthophosphates (Salmon et al., 1975; Melnikov et al.,
1981a).

Na,R(PO,), has been obtained as single phase in the solid-state reaction
between RPO, and Na,PO, at 1150°C (Kizilyalli and Welch, 1977). At lower
temperatures several phases .exist, among them the ternary orthophosphate
(Kizilyalli and Welch, 1980). According tc Bamberger et al. (1979), the use of
MH,PO,, M,HPO,, M,P,0O,, or (MPO,),, where M = Na, K, gives M,R(PO,),
in the solid-state reaction with R,0,.

Alkaline rare earth double phosphate hydrates have been precipitated from
solution with sodium phosphate. With large PO, :R’" ratio the compositions
Na,Gd,(PO,)s - 12H,0 and Na,Pr,(PO,), - 7H,O are obtained (Petushkova and
Tananaev, 1963; Petushkova et al., 1969b). When Na,HPO, is the precipitating
agent, the products contain hydrogen: Na,H,Pr,(PO,), 11H,0 and
Na,HYb,(PO,),-6H,0 (Tananaev and Vasileva, 1963; Petushkova et al.,
1969a).

Ternary triphosphates form in the system RCl,—Na.P,O,,—H,O when concen-
trations are suitable (Petushkova et al., 1971). In systems containing rubidium
and cesium the composition (Rb, Cs)RHP,O,, (R =Pr- - - Er), corresponding to
the dihydrogen compound, is formed at 200°C (Vinogradova and Chudinova,
1981).

The system (NH,);P,0,,—-Nd(NO,),-H,O provides two types of double poly-
phosphates: NH,Nd,;(P,0,,), - 12H,0 and (NH,),Nd,(P,0,,), - 14H,0 (Rodich-
eva, 1981). With sodium polyphosphate as precipitant, binary polyphosphates
(Na;Eu(PO,;), - 12H,0) are formed as well (Ezhova et al., 1978b). With potas-
sium the stoichiometries KR(PO,), - 5H,0 and KR(PO ), - 10H,O are obtained
(Ezhova et al., 1983).

1.6.1. Structures of ternary condensed phosphates

The structures of alkali rare earth condensed phosphates can be divided into
fourteen different types (table 1). The formation of a particular structure depends
on the crystallization conditions as well as on the alkali and rare earth metals
concerned (fig. 21). Characteristic of all alkali rare earth ternary polyphosphates
is that the structural framework consists of a helical chain of (PO,), formed by
corner sharing of PO, tetrahedra along some axis. Besides the polyphosphates,
there are cyclic condensed phosphates containing the cyclic P,0O}, group.
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In LiNd(PO,), the Nd*>* and Li" ions lie in alternating order between the four
(PO,),, helical chains. NdO, dodecahedra and distorted LiO, tetrahedra, sharing
edges, form linear chains (fig. 22) (Hong, 1975a; Koizumi, 1976a). Likewise in
NaNd(PO,),, the cations are situated between the four phosphate chains, but
here the cation—oxygen polyhedra share faces and form zigzag chains (fig. 23)
(Koizumi, 1976b). In the other double polyphosphate structures the (PO;),,
helical chains are connected by the isolated cation polyhedra. In KNd(PO,), the
neodymium atoms are eight-coordinated and the potassium atoms occupy irregu-
lar interstitial polyhedra (fig. 24) (Hong, 1975b; Palkina et al., 1976a). According
to Krutik et al. (1980), in isomorphic KEr(PO,), the coordination number of
erbium is six.

The heavier rare earths (Tm - - - Lu) form potassium phosphates with a structure
basically similar to that of the lighter rare earths, but the isolated R’" jons are
seven-coordinated (fig. 25) (Palkina et al., 1981a). Two types of rare earth double
phosphates have been found with rubidium and cesium. Both structures are
monoclinic and contain infinite phosphate chains and isolated RO, dodecahedra
(Maksimova et al., 1978, 1981, 1982; Dago et al., 1980), but whereas in the first
structure type the Rb and Cs atoms are nine- or ten-coordinated, in the second
type the coordination polyhedron is irregular (figs. 26, 27) (Koizumi and Nakano,
1978; Palkina et al., 1978a,b; Maksimova et al., 1979). In the first structure the
(PO,)., helical ribbons are connected by cation polyhedra which repeat after four
PO, tetrahedra, and in the second structure the repeating unit is four PO, groups.
TIR(PO,), is isomorphic with the first type of rubidium and cesium rare earth
polyphosphates (Palkina et al., 1977).
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Fig. 22. A projection of the LiNd(PO,), (I2/c) structure along the b-axis (a) and a schematic view of
the NdO;-LiO, chain projected on the ab-plane (b) (Koizumi, 1976a).
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Fig. 23. A projection of the NaNd(PO,), structure along the b-axis (a) and a schematic view of the
Nd-Nd chain projected on the ac-plane (b) (Koizumi, 1976b).
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Fig. 25. A projection of the KYb(PO,), structure along the y-axis (Palkina et al., 1981a).
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Fig. 26. A projection of the RbHo(PO,), (P2,/n) structure along the y-axis. 1: Rb; 2: Ho; 3: P.
(Maksimova et al., 1982.)

Byrappa and Dorokhova (1981) have observed the formation of a new mono-
clinic structure for CsLu(PQO,),. The same structure was verified for Tm and Yb
at 350-520°C. A detailed crystal analysis is in progress.

Polyphosphates containing hydrogen with the composition RH(PO,), crystal-
lize in two forms: triclinic (Sm, Eu) and monoclinic (Gd - - - Er) (Palkina, 1982).
In both structures the distorted RO, polyhedra are isolated from one another.
The difference in the structures lies in the polyphosphate chains, which in the
monoclinic form are crystallographically nonequivalent (fig. 28) (Palkina et al.,
1982).

The condensed cyclic phosphates having a cyclic P,O}, anion can be divided
into three groups on the basis of space group: monoclinic B2/c, monoclinic C2/c
and cubic 143d compounds. The first structure type is found for potassium and
rubidium compounds, the second for ammonium and rubidium compounds, and
the third for cesium compounds (Palkina et al., 1981b). Typical of all the crystals
is that they contain the P,O}, anion in the form of an eight-membered P,O, ring
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54

Fig. 27. The structure of CsNd(PO,), (P2,) projected along the b-axis (Koizumi and Nakano, 1978).

(Palkina et al., 1976b). The rare earth atoms also have eight-coordination, and
the rubidium atoms have an irregular coordination polyhedron (fig. 29) (Koizumi
and Nakano, 1977; Litvin et al., 1981b). The second and third structures differ
from the first structure only in the coordination of the alkali metal (Masse et al.,
1977, Palkina et al., 1981a,d).

The crystal structure of an ammonium cerium condensed phosphate, whose
composition  corresponds either to NH,Ce(PO,); (Ce(IV)) or to
NH,HCe(PO,),, has been determined by Palkina et al. (1981¢). Complex infinite
PO, tetrahedra chains are held together by the cations and cerium has the
coordination number eight.

Condensed ternary phosphates with the stoichiometry M,R(PO,)s (M = NH,,
Rb, TI) have been prepared especially for cerium (Rzaigui et al., 1983a,b; Hassen
et al., 1984). The triclinic structure contains two independent infinite (PO,).,,
chains, one running along the a-axis and the other along the c-axis. Both have a
sequence of five tetrahedra (fig. 30). Cerium atoms exhibit an eight-fold coordi-
nation.
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Fig. 28. A projection of the ErH(PO,), structure along the x-axis (Palkina et al., 1982).

1.6.2. Structures of ternary orthophosphates

Five different structures have been determined for the compounds
Na,R(PO,),. Two of these are low-temperature forms and the other three exist
at higher temperatures (fig. 31) (Vlasse et al., 1980a,b). At low temperatures the
sodium rare earth orthophosphates from lanthanum to europium form ortho-
rhombic crystals and their structure is similar to that of Na,;L.a(VO,),. The PO,
tetrahedra are isolated and the cations are arranged in an ordered way (Salmon et
al., 1978). There are two arrays of atoms parallel to the b-axis, the first array
formed by PO, groups and Na atoms, and the second by R and Na atoms. The
coordination number of the cations varies: with sodium between five and seven
and with the rare earth atoms between six and eight. The structure contains
six crystallographically different rare earth atoms (fig. 32). The rare earths
from gadolinium to lutetium form a ternary orthophosphate isomorphic with
Na,Nd(VO,), and the structure is monoclinic, with the acentric space group Cc
(Vlasse et al., 1980a).

The lighter lanthanides (La---Eu) have a high-temperature form (above
1000°C) with hexagonal glaserite structure, while the sodium phosphates of the
heavier lanthanides have a medium-temperature phase and a separate high-
temperature phase. The medium-temperature phase (850-1000°C) found for
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O(E101)

Fig. 30. A projection of the atomic arrangement in (NH,),Ce(PO,), along the b-axis (Rzaigui et al.,
1983b).
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Fig. 31. The thermal behavior of different Na,R(PO,), phases. (I): glaserite-type; (V): monoclinic
Na,Nd(VO,),-type; (VI): orthorhombic Na;Nd(PO,),-type; (VIII): orthorhombic Na,Tm(VO,),-
type; (IX): hexagonal Na,Yb(PO,),-type. (Vlasse et al., 1980b.) ’
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R=Gd:--Er has the same structure as the low-temperature form found for
La---Eu, and the corresponding high-temperature phase has the known glas-
erite-like structure. The medium-temperature phase of the sodium phosphate of
the heaviest lanthanides (Tm---Lu) is formed at 650-850°C. The structure is
orthorhombic, but the details of the structure are uncertain (Apinitis and Sed-
malis, 1978). The corresponding high-temperature phase is hexagonal and the
structure can be derived from NaZr,(PO,),; and the nonstoichiometric
Nay, 4R, (PO,); (Hagman and Kierkegaard, 1968; Salmon et al., 1979; Vlasse
et al., 1980a).

Na,;Sc(PO,), is monoclinic and the structure contains a three-dimensional
network of corner-sharing PO, tetrahedra and ScO octahedra. The sodium atoms
are distributed among the chains (Efremov and Kalinin, 1978).

The potassium rare earth orthophosphates have at least two structure types.
The lighter lanthanides form monoclinic crystals containing a two-dimensional
sheet of RO, and PO, polyhedra in the ab-plane with potassium atoms inserted
along the c-axis between the sheets (fig. 33) (Hong and Chinn, 1976). The
lanthanides at the end of the series form K,R(PO,), compounds with hexagonal
glaserite structure (Melnikov et al., 1976; Efremov et al., 1981). Scandium
behaves similarly to the smallest lanthanides (Melnikov et al., 1974).

The rubidium rare earth orthophosphates have three different structures, all of
which resemble glaserite. The first structure type is found for gadolinium and

Fig. 33. The crystal structure of K;Nd(PO,), projected on the ab-plane. The Nd-Nd distances are
also shown (Hong and Chinn, 1976).



128 L. NIINISTO and M. LESKELA

terbium, the second for Dy---Lu, and Rb,;Sc(PO,), has a structure of its own
(Melnikov et al., 1981c). The corresponding silver compound, Ag,Sc(PO,),, is
reported to be orthorhombic (Melnikov et al., 1984).

Besides the proportion 1:1, the Na,PO,:RPO, compounds can combine in the
proportion 1:2. Kryukova et al. (1977) have obtained the corresponding potas-
sium compounds K;R,(PO,), as well. The compounds of this type may show
nonstoichiometry among the cations, Na,,,,R, (PO,);. Their structure is
hexagonal and resembles that of NaZr,(PO,), and thus also the high-temperature
form of M,R(PO,), (fig. 34) (Salmon et al., 1979; Delmas et al., 1981). The
corresponding scandium compound Na,Sc(PO,),, which is a new superionic
conductor, has the same structure (Hong, 1979; Lazoryak et al., 1980).

The hexagonal form of RPO, contains large tunnels, as described by Mooney
(1950). Et-Tabirou and Daoudi (1980) were able to prepare phases like MCa-
Nd(PO,), (M=K, Rb, Cs), with the large alkali ions inserted in the tunnels. The
crystal structure of KCaNd(PO,), is thus similar to that of hexagonal RPO,
except that K atoms occupy the large tunnels in the lattice and the R position is
statistically occupied by both Nd and Ca atoms (Vlasse et al., 1982). The
corresponding strontium compound Na, Sr,_, R, (PO,), is isotypic with pure
strontium phosphate (Parent et al., 1981, 1982).

Triple orthophosphate with formula M,M'R (PO,), (M=K; M’ = Cs) has
been prepared for the smaller rare earths (Melnikov et al., 1983). According to
X-ray powder diffraction studies their structure is monoclinic, with the exception
of scandium, which is hexagonal.

The apatites with general formula M,,(X0O,),Y,, where X =P, As, V, Mn, Cr,
Si, Ge and Y= O, F, Cl, OH, have been widely studied for many divalent cations
M. Rare earths occur in minor amounts in all natural apatites, and in synthetic
apatites they may be added as partial replacement for M (Mazelsky et al., 1968;
Wanmaker et al., 1971). A mixture of the elements mentioned above may also be
in the formula. Mixed silicate—phosphate apatites containing rare earths have
been synthetically prepared, for example (Ito, 1968). The practical interests of
ore exploitation provide the impetus for the studies of rare earths in apatite
structures.

Besides occurring or being introduced as minor or trace constituents in apatites,
rare earths form apatites M,R,(PO,).Y, in which they have a more dominant
role in the stoichiometry. The first of these were synthesized over fifty years ago
(Tromel, 1932). The powder pattern has been indexed as hexagonal (Escobar
and Baran, 1982b). A systematic study by Mayer et al. (1974) on
R, M,,_,,Na (PO,),Y, showed that all rare earth phosphate apatites of this
composition can be indexed as hexagonal, but there are several different space
groups. The Ca and Sr fluoride apatites crystallize in the space group P6,/m,
the R,Ba,Na,(PO,),F, compounds in the space group P6, and the
R,Ba,Na,(PO,)F, compounds in the trigonal space group P3 (Mathew et al.,
1979). In the lead rare earth system, R,Pb,Na,(PO,).F, compounds have the
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Fig. 34. A projection of 1/3 of the unit cell of the high-temperature form of Na, ;Yb, ,(PO,); along
the c-axis (a) and a projection along the [120] direction (b) (Salmon et al., 1979).
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space group P6 and the corresponding potassium compounds P6,/m (Mayer et
al., 1980).

The trivalent rare earths form double phosphates with divalent cations, having
the formula M;R(PO,),. Their structure is cubic and isomorphic with eulytine
Bi,(Si0O,), (Engel, 1972; McCarthy and Pfoertsch, 1981). The divalent cation can
also be europium and it is interesting that a mixed valence compound
Eul'Eu"(PO,), is possible (Engel and Kirchberger, 1975).

1.7. Orthophosphates with mixed anions

Isostructural RXO, (X =P, V, As) compounds easily form solid solutions with
each other. This phenomenom has been studied for yttrium phosphate, and
vanadate in particular, with the aim of improving the luminescence properties of
YVO, by adding some phosphate (Aia, 1967; Ropp and Carroll, 1976).

In section 1.2 mention was made of the formation in solution and solid state of
compounds containing HPO, and some other anion (e.g. SO27). A new type of
mixed anion phosphate, viz. borate phosphate, has recently been synthesized and
structurally characterized by Palkina et al. (1984b). With the lighter lanthanides
(La---Dy) isomorphous monoclinic R,0,(BO;)(PO,), compounds are formed,
in which seven- and eight-coordinated R atoms lie, together with P and B atoms,
in layers parallel to the y-axis. The PO, tetrahedra and BOj, triangles are isolated
from each other. The RO, polyhedra are connected by apexes, edges, and faces
and link the layers into a three-dimensional framework.

1.8. Properties and applications of rare earth phosphates

The rare earth binary orthophosphates are only sparingly soluble in water and
-their solubility in phosphoric acid is less than that of AIPO, and FePO, (Vasilen-
ko and Chepelevetskii, 1957). The low solubility has been exploited in a process
developed for the separation of rare earths during phosphoric acid production
(Habash, 1985). The ternary orthophosphates, by contrast, are soluble in water,
which is contrary to the behavior of most R>* ternary oxoanion compounds
(Kizilyalli and Welch, 1977).

The decomposition reactions of rare earth phosphate minerals promoted by
sintering with alkali, alkaline earth, and other compounds have been widely
studied (Kizilyalli and Welch, 1980). When the minerals are sintered with alkali
compounds the double orthophosphates are formed. With CaO they decompose
above 700°C to form calcium phosphate. RPO, does not react with SiO,, and with
Al O, the reaction does not begin until 1800°C (Hikichi et al., 1980a).

The mechanical strength and thermal expansion of the sintered (1500°C) RPO,
compounds are as follows: compressive strength 2300-3000 kgf/cm®, bending
strength 320—500 kgf/cm? and linear thermal expansion coefficients (30-900°C)
5.75-10 x 10~° (Hikichi et al., 1980b). The standard formation enthalpies and
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entropies at 298.15 K, and the enthalpies and specific heats at higher temperatures
of RPO, have been measured by Tsagareishvili et al. (1972) and Orlovskii et al.
(1977) (table 2).

The thermoanalytical studies on both binary and ternary rare earth phosphates
have focused on the dehydration of hydrates (Petushkova et al., 1969a,b; Hikichi
et al., 1978; Zsinka et al., 1978; Horvath et al., 1981). The literature provides
very little information on the behavior of rare earth orthophosphates at high
temperatures, probably owing to the temperature limits of the equipment.
Orthophosphates begin to decompose above 1200°C (Rouanet et al., 1980), and
their melting points are about 2000°C (LaPO,: 2050°C, SmPO,: 2040°C, GdPO,:
1950°C, YPO,: 1980°C) (Tananaev et al., 1978; Hikichi et al., 1980a). The
solidification of the orthophosphate liquid leads to the formation of several
different oxophosphates (Rouanet et al., 1981).

The condensed rare earth phosphates decompose to orthophosphates, releasing
P,O;. Ultraphosphates decompose via catena-polyphosphate (Bagicu-Beucher
and Tranqui, 1970). The decomposition scheme for EuH(PO,),, for example, is:

570°C ~1200°C

2EuH(PO,), > Eu(PO,), + BuP,0 , =5 2Eu(PO, ), ———S 2EuPO, .
(1)

TABLE 2
(a) The standard enthalpies of formation (kcalmol ') and entropies (cal deg ' mol™) for
some anhydrous rare earth orthophosphates; (b) experimental enthalpies (kcal mol ') and
mean specific heats (cal deg™' mol™") for some orthophosphates at elevated temperatures. *

(@) Compound 'AH?(zgfus) Sg%.]s
LaPO, 471 29
CePO, 472 32
EuPO, 452 31
GdPO, 475 ‘ 32
ErPO, 468 32
LuPO, 465 27
YPO, 468 25
ScPO, 463 23
(b) T LaPO, NdPO, YPO,
Hp— Hzgs Ep H;— Hzgs Ep Hp - Hzgn -ép
370 1.931 25.78 1.907 26.78 1.852 26.42
670 10.96 29.32 11.91 30.48 10.87 29.66
966 21.18 31.61 21.92 32.80 21.09 31.68
1270 32.28 33.23 33.97 34.74 31.69 32.85
1595 45.25 34.87 46.50 35.91 44.34 34.13

* Tsagareishvili et al. (1972); Orlovskii et al. (1977).
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Before decomposing to EuPO,, Eu(PO,), undergoes a phase transition at 1030°C
(Chudinova and Balagina, 1979).

The ternary polyphosphates and orthophosphates have significantly lower
melting points than the binary orthophosphates. The ternary phosphates melt at
about 900-1100°C, depending on the composition (Vlasse et al., 1980a). The
melting may also be incongruent, as is the case for LiNdP,O,, (Nakano and
Yamada, 1976).

The temperatures for antiferromagnetic phase transitions for Tb, Dy, and Ho
orthophosphates are 2.17, 3.39, and 1.35K, respectively (Cooke et al., 1973;
Smith and Wanklyn, 1974). The magnetic properties and behavior have been
determined. Neutron diffraction has been applied in studies of the phase transi-
tions (Millhouse et al., 1980; Petit et al., 1981). The magnetic entropy of certain
paramagnetic single crystals, such as DyPO,, changes markedly as the crystal
rotates in a magnetic field. Exploiting this anisotropic property, Barclay (1980)
has presented a design for a magnetic refrigerator based on DyPO,.

1.8.1. Luminescence properties of rare earth phosphates

The rare earth phosphate phosphors CePO, and EuPO, were prepared and
investigated as early as the 1930’s (Lange, 1938; Kroger and Baker, 1941).
Intensive study of rare earth phosphors and of activated RPO, phosphors has
been going on since the mid-60’s (Bril and Wanmaker, 1964; Brixner and
Fluorney, 1965). Ropp (1968a) has described the spectral properties of R** in
LaPO,, GdPO,, and YPO, matrices and compared them with those of oxide
phosphors (fig. 35). The change of host does not affect the wavelength but does
have a major effect on the total energy efficiency and on the relative intensities of
the emission lines. The latter effect is due to the different structures of the
phosphate hosts. The brightest phosphors are the rare earth phosphates activated
with Eu®*, Tb**, Gd**, and Ce’". The quantum efficiencies are not very high,
however, in any of the phosphates.

Ropp (1969) has recorded the reflection spectra of the rare earth phosphates.
Only EuPO, and TbPO, produce luminescence, and the broad band observed in
their spectra is due to charge transfer. The Ce-activated YPO, is a fast-decay UV
phosphor (Ropp, 1968b). When sensitized with thorium, it becomes much more
efficient than the traditional phosphors emitting in UV region (Awazu and Muto,
1969).

The energy transfer from Ce’" to Tb’" has been actively studied in rare earth
phosphors (Bourchet et al., 1971, 1974), with the object of obtaining an efficient
and durable green phosphor for low-pressure fluorescent lamps. The results
obtained with rare earth phosphates are promising (Denis and Loriers, 1970;
Murakami et al., 1979; Nichia Denshi Kagaku, 1982).

The activated rare earth phosphate phosphors can be used in all applications
developed for phosphors: in fluorescent lamps, cathode-ray tubes, X-ray intensify-
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ing screens (D’Silva and Fassel, 1974; Fukuzawa et al., 1977) and, especially as
yttrium vanadate-phosphate, high-pressure mercury lamps (Aia, 1967; Kobayashi
et al., 1977). Some reports have also been published on the conversion of IR
radiation to visible light with rare earth phosphate phosphors (Nakazawa and
Shionoya, 1970; Bimberg and Robbins, 1975).

Detailed spectroscopic studies have been made on the rare earth phosphates.
The crystal field parameters for YPO, and LuPO, have been calculated using
Eu’" and Nd>* as spectroscopic probes (Becher et al., 1968; Tonkina et al., 1973);
detailed analyses have been made to discover how the change in structure from
monazite to xenotime affects the nearest environment of the activator (Muravev
et al., 1981).

The luminescence properties of condensed phosphates and double phosphates,
and their possible use as phosphor material have also been investigated. The
activator normally used in these studies is Tb>* sensitized with Ce®". Most of the
condensed phosphates studied are catena-polyphosphates (Takezako et al., 1977;
Tsujimoto et al.,, 1977) or ultraphosphates (Blanzat et al., 1977).
LiY(PO,),:Tb>"; Ce" is reportedly a bright green phosphor with a brightness
exceeding that of the common green phosphor Zn,SiO, :Mn”*. The luminescence
intensity of LiY(PO,), changes little over a wide activator concentration (Tsu-
jimoto et al., 1977). The double orthophosphates can act as hosts for green-
emitting Tb>* and Ce’* ions and can be applied in fluorescent lamps (Fava et al.,
1978; van den Boom and Seufer, 1979; Bochu et al., 1981). The dependence of
excitation and emission wavelengths of Ce>* and Tb>* on the structure of the
alkali earth alkaline double and triple orthophosphates has been discussed by
Parent et al. (1984). The spectral overlapping between the emission of Ce>” and
excitation of Tb>* at 340-400 nm can be altered by changing the contents of the
monovalent and divalent cations (Bochu et al., 1981; Le Flem et al., 1983) (fig.
36). The luminescence of Eu’" has been used as a structural probe in alkaline
double and triple orthophosphates (Ben Amara et al., 1983).

LiLa(PO,), activated with Ce’*, Eu’*, Tb>*, Bi**, and Sb>* shows interesting
luminescence properties (fig. 37). Only for the Ce®>" ion a pronounced concentra-
tion quenching is observed. The spectra of pairs of activators differ only slightly
from those of isolated activators. Bi’* has a very large Stokes shift in this matrix,
whereas Sb>" has a very small one. The efficiency of the luminescence of Sb>" is
very high (Blasse and Dirksen, 1982).

1.8.2. Phosphate lasers

Neodymium-activated compounds are used as laser materials, the most popular
of these at present being YAG:Nd’'. The spectroscopic properties of
RPO,:Nd’* have also been investigated with a view to their use as laser
materials. The lifetime of the Nd*>* emission decreases strongly with increasing
activator concentration. However, at 77 K concentration quenching has not been
observed (Zverev et al., 1973).
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Fig. 37. The excitation (right) and emission (left) spectra of the luminescence of Lila, ,sCe, sP,0,,.
The numbers indicate the monitored emission wavelength (excitation spectrum) and the monitored
excitation wavelength (emission spectrum) (Blasse and Dirksen, 1982).

Low-threshold CW laser action has been reported in condensed neodymium
phosphates; the high Nd concentration allows the operation of very small lasers,
since efficient absorption pump radiation occurs over short distances and the
resulting optical gains can be large (Hong, 1975b). The compounds studied thus
far are NdP,O,,, MNd(PO,), (M=Li, K, Cs), and K,Nd(PO,), (Otsuka and
Yamada, 1975; Weber and Tofield, 1975; Hong, 1975a,b; Hong and Chinn, 1976;
Litvin and Byrappa, 1981). The materials for miniature Nd lasers should have two
structural characteristics: (a) isolation of Nd—O polyhedra to avoid concentration
quenching, and (b) the absence of local inversion symmetry about the Nd*>* ions
(Hong and Dwight, 1974). Figure 38 shows the fluorescence spectra of different
cesium neodymium condensed phosphates.

Quasi-continuous laser oscillations with very low threshold have also been
reported in Sc’*-activated neodymium pentaphosphate(3-) and lanthanum-
neodymium pentaphosphate(3-) (La, ;Nd, ;P;O,,) (Damen et al., 1973; Daniel-
meyer, 1973).

Also neodymium lead chloro apatites have been synthesized and their crystals
grown with the purpose of obtaining new laser materials (Grisafe and Hummel,
1970; Michel et al., 1975, Joukoff et al., 1978). They are prospective minilaser
crystals (Guillot et al., 1980). The condensed phosphates have been evaluated,
along with the borates, as hosts for Tb*" laser applications (Colak and Zwicker,
1983).

Table 3 presents the laser properties of some neodymium phosphates. The most
intense emission line in all these compounds is about 1.05 pm (Byrappa, 1982).
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Fig. 38. The fluorescence spectra showing the strongest band in different cesium neodymium
phosphates at room temperature. —: cubic CsNdP,O,,; ————: monoclinic (P2,/b) CsNd(PO,),;
-« ++: monoclinic (P2,) CsNd(PO;),. (Byrappa, 1982.)

TABLE 3
Laser properties of some neodymium phosphates. *

Lifetimes (js)

Compound Coordination ~ Minimum Nd-Nd N - -
number of Nd distance (10** atoms/cm®) x=1.0 x=0.01
(A)
NdP,O,, 8 5.19 3.9 120 320
LiNd(PO,), 8 5.62 4.4 120
KNd(PO,), 8 6.66 4.1 100 275
CsNd(PO,), (P2,/b) 8 5.76 3.9 110 370
CsNd(PO,), (P2,) 8 6.69 35 115 360
CsNdP,0,, 8 6.70 3.5 115 360
K,Nd(PO,), 7 4.87 5.0 21 450
Na,Nd(PO,), 6-8 4.65 5.8 23 360
KNdP,0,, 8 6.59 4.0 110 280

* Chinn and Hong (1976); Litvin and Byrappa (1981); Litvin et al. (1982).

1.8.3. IR and Raman spectra

Infrared spectroscopy has proved an important tool for determining the differ-
ent structure types of rare earth phosphates. Several orthophosphate types, as
well as condensed phosphate types, can be distinguished (fig. 39) (Hezel and
Ross, 1966; Yurchenko, 1978). In condensed rare earth double phosphates, the
chain and ring modifications were detected first in spectroscopic studies, and later
in crystal structure determinations (fig. 40) (Chudinova et al., 1977c; Madii et al.,
1978). Armbruster (1976) has recorded the infrared reflection spectra of YPO,
and LuPQO, single crystals and made the dispersion analysis of the resulting
curves.
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Fig. 39. The IR spectra of the compounds obtained in the Y,0,-P,0; and Gd,0,-P,0, systems
(Agrawal and White, 1985).
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Fig. 40. The IR absorption spectra of ternary rare
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yem™!  etal, 1978.)

Raman spectroscopy has been used in studies of the rare earth orthophosphates
(table 4). The spectra are described by Richman (1966), and the normal
coordination analysis calculations of the vibrations of free PO} ion in xenotime
structure are presented by Mooney and Toma (1967). Lazarev et al. (1978) have
calculated the normal coordinates of YPO, crystals and have shown that the
resonance splitting of the frequencies of internal vibrations of the complex anion
cannot be due to dipole—dipole interaction of the localized vibrators. Begun et al.
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TaBLE 4
(2) IR and (b) Raman spectra (frequencies in cm™') of some rare earth orthophosphates with
xenotime structure (Yurchenko et al., 1978). *

(a) TmPO, 280 (305,320)w  348av  525s 645 (1000) 1065 1135w
TbPO, 285  308s 332av  530,550w 580av 640 1010 1050
YPO, 270 310s 350av 530 640 1030 1060
DyPO, 285 344 527,575 637 1025 1060
LuPO, 280 310 350 524 647 1028 1070 1140w
HoPO, 290 310w 342 526 637 1032 1056
YbPO, 280 310 350 528 647 1020 1065 1140w
(b) TmPO, 265 290 328 395 485 580 645 878 1008s 1025w 1062s
TbPO, 470 986 1040
YPO, 480 1010 1040w 1065
DyPO, 425 490w 990 1057
YbPO, 420 458 480w 578w 655w 998 1025w 1055
LuPO, 420 490 1015 1075
HoPO, 445 480 525w 993 1015w 1050

* av = average; s = strong; W = weak.

(1981) have recorded the Raman spectra of all RPO, compounds and interpreted
the observed bands.

2. Rare earth arsenates
2.1. Introduction

There are many common features to the structural chemistry of rare earth
compounds formed by the tetrahedral oxoanions RXO,, where X is a pentavalent
element (P, As, V, Cr). Nevertheless, considerably less structural and other
information is available for the rare earth arsenates than for the phosphates and
vanadates.

2.2. Binary arsenates

Rare earth arsenates can be prepared by firing stoichiometric amounts of rare
earth nitrate and ammonium arsenate for several hours at 700-1150°C (Schwarz,
1963f); or they can be precipitated in water solution by Na,HAsO, solution. The
product in the case of the lighter lanthanides is anhydrous arsenate, in contrast to
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the corresponding phosphate, which is a hydrate. RAsO, differs from RVO, in
that the structure is independent of the method of preparation (Escobar and
Baran, 1978). The heavier lanthanides, yttrium and scandium, form the hydrated
compound ScAsO,-2H,O in the reaction between ScCl, and Na,HAsO,, or
Sc,0; and H,AsO,, at 25°C (Ivanov-Emin et al., 1971; Shakhtakhtinskii et al.,
1977).

Optically clear RAsO, crystals were grown from Pb,As,O, flux by slow cooling
and recovered by a hot-pouring technique (Smith et al., 1978). Attempts to
prepare larger crystals by modifying the flux and the controlling of evaporation by
a crystallization seal have been made by Wanklyn et al. (1984). Both monoclinic
and tetragonal orthoarsenates were grown.

The structural similarity between YPO, and YAsO, was observed over fifty
years ago by Strada and Schwendimann (1934). Most of the rare earth arsenates
(Sm---Lu) have been found to have the tetragonal zircon structure (Durif,
1956), whereas the larger rare earths, like the corresponding phosphates, have the
monoclinic monazite structure (Carron et al., 1958). The behavior of the neigh-
boring arsenates NdAsO, and SmAsO, suggests and PmAsO, will be dimorphic,
but this compound has not been prepared (Escobar and Baran, 1978). At higher
pressures (2000—7000 MPa), the arsenates have scheelite structure. The phase
transition zircon — scheelite has been observed for most arsenates (Sm- - - Lu, Y).
With PrAsO, and NdAsO, the monazite— scheelite transformation is possible
(Stubican and Roy, 1962). The vibrational spectra of RAsO, recorded by Botto
and Baran (1982) are closely similar to those of other RXO, compounds (fig. 41).
In table 5 a summary of the structural data for rare earth arsenates is given.

The formation of different scandium arsenates in solution has been studied by
titration (Chernova et al., 1974). The formation of compounds with Sc*™ 1 AsO)”
ratios of 1:1, 1:1.5, and 1:3 was confirmed.

Khrameeva et al. (1971) have prepared both anhydrous scandium arsenate,
Sc(AsO,),, and hydrogenarsenate dihydrate, Sc(HAsO,), -2H,0. The former
compound is very soluble in water, and the latter hydrolyzes to ScAsO, - 2H,0.
The Sc(AsO,), compound decomposes upon heating to ScAsO, at 800-900°C.
The decomposition of Sc(H,AsO,),; 2H,O is a multistep process and the fol-
lowing intermediate products have been obtained: Sc(H,AsO,),-H,O,
Sc(H,As0,),, Sc,(H,As,0,);, Sc(AsO,);, and ScAsO, (fig. 42).

The same group (Khrameeva et al., 1973) has also used IR and NMR
spectroscopy to study Sc,(HAsO,); - nH,0 (n=0,1,2) and Sc,(As,0,),. Start-
ing material in this study was Sc,(HAsO,), 2H,0O, which yielded the other
compounds upon heating in air. Sc,(As,O,); was found to be the most stable of
the compounds; its thermal stability range extended from 330 to 650°C.

Scandium arsenate dihydrate ScAsO,-2H,O is isomorphic with the corres-
ponding phosphate, differing from it only in the somewhat higher solubility in
water and reduced thermal stability (Komissarova et al., 1971c).
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(b) Fig. 41. The vibrational spectra of LaAsO,.
T T T T T T (a) Raman spectrum, (b) IR spectrum.
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800 700 [em]  (Botto and Baran, 1982.)
TABLE 5
Summary of structural data for rare earth arsenates.
Compound R Example a b ¢ B V4 Space  Ref.
A A A (dey) group
RAsO, La---Nd Ce 7.02 7.15  6.59 1043 4 P2, a
Sm---Lu,Y,Sc Eu 7.17 6.35 4 I4/amd b
RAsO, -2H,0 Sc Sc 5.64 1047  9.36 c

(a) Botto and Baran (1982).
(b) Durif and Forrat (1957).
(c) Komissarova et al. (1971c).
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2.3. Double and triple arsenates

Like the corresponding phosphates, Na,R(AsO,), compounds have two low-
temperature forms: orthorhombic Na,Nd(PO,), type and monoclinic Na;Nd-
(VO,), type (fig. 43). The region of the first type in the rare earth series is
narrower in arsenates (La---Nd) than in phosphates (La---Eu) (Vlasse et al.,
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Fig. 43. The thermal behavior of the Na,R(AsO,), phases. Abbreviations have been presented in fig,
31 (Vlasse et al., 1980b).
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1980b). The four higher-temperature forms of sodium rare earth arsenates are
likewise similar to those of phosphates. Na,R(AsO,), (R=La---Nd) have a
glaserite-type high-temperature form. The rare earths from Sm to Tb have an
orthorhombic intermediate phase identical in structure with orthorhombic Na,-
Nd(PO,),, and a high-temperature phase of glaserite-type. The medium-tempera-
ture phase of arsenates from Dy to Lu is the same as observed for Na,Tm(PO,),.
The high-temperature phase of Na,Dy(AsQO,), and Na,Ho(AsQO,), is hexagonal
glaserite-type, and compounds of Er- - - Lu have hexagonal Na,Yb(PO,), struc-
ture (Parent et al., 1980b).

K,CO; (or Rb,CO,), H,AsO,, and RAsO, react in solid state at 500°C to give
K;R(AsO,), (Kalinin et al., 1978). Most of the trigonal structures obtained can
be considered as derived from the mineral glaserite (Melnikov and Komissarova,
1981).

Two sodium scandium arsenates, Na,Sc,(AsO,),; and Na,HSc,(AsO,),
-1.5H,0, have been synthesized by Ivanov-Emin et al. (1971). Their IR spectra
and X-ray diffraction patterns have been recorded but the structures are un-
known.

Ternary rare earth arsenates having hexagonal apatite structure have been
prepared by Escobar and Baran (1982a). As with phosphates and vanadates their
composition can vary widely.

Recently, Nabar and Sakhardande (1985a,b) have studied the triple orthoarse-
nates with general formula MRTh(AsO,), where M = Ca, Cd. The X-ray diffrac-
tion and IR spectroscopic studies have revealed that, like the binary orthoarse-
nates, they have two structure types: monoclinic monazite (La---Nd) and
tetragonal zircon (Sm---Tm, Y). Some of the compounds show dimorphism at
high temperatures (>900°C): a monazite — scheelite transition.

2.4. Properties of rare earth arsenates

2.4.1. Chemical properties

Because the rare earth arsenates are very insoluble, Na;AsO, can be used in
the quantitative determination of rare earth ions (Shakhtakhtinskaya and Isken-
derov, 1973, 1975; Shakhtakhtinskii et al., 1977).

Ce(IV) forms hydrogenarsenate dihydrate when precipitated with Na,HAsO,.
Its dehydration, intercalation reactions, ion exchange properties, and possible use
in radiochemical applications have extensively been studied by Zsinka et al.
(Zsinka et al., 1974; Zsinka and Szirtes, 1974; Szirtes and Zsinka, 1974; Korney
et al., 1977, 1978a,b; Szirtes et al., 1984).

The thermal stability of rare earth arsenate dihydrates, the formation of RAsO,
phases of various structures, and the melting of RAsO, have been studied by
Angapova and Serebrennikov (1973a,b). The melting points of RAsO, are
between 1830 and 2000°C, increasing with increasing atomic number.
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2.4.2. Physical properties

While rare earth phosphates and vanadates are extensively investigated, the
literature on the properties of analogous arsenates is rather sparse. TbAsO,,
DyAsO,, and TmAsO, are most interesting because of their structural and
magnetic transitions at low temperatures. v

Due to the Jahn-Teller effect TbAsO, transforms to a structure of low
symmetry at 27.7K and DyAsO, at 11.2K (Klein et al., 1971; Hudson and
Magnum, 1971; Will et al., 1971b; Goebel and Will, 1972a,b; Wappler, 1974).
Both structures have been studied by X-ray and neutron diffraction techniques.
After the transition the unit cell of DyAsO, is a=7.06 A, b=7.03A, c=6.30A
(Imma) and that of TbAsO, a=10.12A, b=9.95A, ¢=6.31 A (Fddd) (Long
and Stager, 1977). .
group of P2,2,2, (Will et al., 1971a; Schaefer and Will, 1971; Goebel and Will,
1972¢). In TbAsO, the corresponding magnetic transition from paramagnetic to
the antiferromagnetic state occurs at 1.50 K (Becher et al., 1972; Klein, 1973).
Below the transition temperature, TbAsO, is an Ising ferromagnet with induced
magnetic moments (Mueller et al., 1983). TmAsO, undergoes a magnetically
controllable Jahn—Teller distortion at 6 K (Magnum et al., 1971; Battison et al.,
1976). This transition and the connected electronic properties of TmAsO, have
also been studied by Maossbauer spectroscopy (Hodges et al., 1982), NMR
spectroscopy, and high resolution optical absorption spectroscopy in the magnetic
field (Bleaney et al., 1983, 1984).

The dielectric measurements of RAsO, crystals have shown them to be
ferroelectric, with Curie temperatures in the region of 25-55°C (fig. 44) (Ismail-
zade et al., 1980).

2.4.3. Spectroscopical properties

The luminescence properties of Eu’* in RAsO, have been reported already in
1966 but the arsenates have not found use in lamps as luminescent materials
(Wanmaker et al., 1966). The IR excited visible luminescence has been obtained
with Yb>* and Er’* in arsenates but the conversion efficiency is much lower than
that obtained in some fluorides (Sommerdijk et al., 1971). The rare earth YAsO,
host lattice interactions have been reviewed and the crystal field parameters for
various R’ jons in this site symmetry have been presented (Wortman et al.,
1976). Vishwamittar (1974a,b) has studied the crystal field parameters of Er’" in
zircon-type arsenate structures. The multiphonon relaxation rates of excited states
of R’ ions in yttrium arsenate have been investigated by Reed and Moos
(1973a,b).

Vibrational spectroscopies have been employed in characterization of different
structure types of RAsO,. Raman scattering investigations have been made at low
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temperatures to indicate the phase transitions occurring in Tb, Dy, and Tm
arsenates (D’Ambrogio et al., 1971; Harley et al., 1971, 1972; Elliot et al., 1972).

EPR measurements of several R>* ions (e.g., Gd**, Dy**, Tb*", Er'*, Tm’",
Yb>") in tetragonal RAsO, (R is usually Y) have been carried out. The g-factors,
hyperfine constants, magnetic interaction, symmetry parameters, and pair interac-
tions of R*>" ions were determined in these studies (Schowalter, 1971; Kalbfleisch,
1972; Hillmer et al., 1972; Schwab, 1975; Schwab and Hillmer, 1975; Mehran et
al., 1979).

3. Rare earth sulfites
3.1. Introduction

Because of their low solubility, most lanthanide sulfite phases have been
prepared only as amorphous or polycrystalline powders. As a result, their
structural characterization is incomplete and based mainly on the interpretation of
infrared spectra. In the past, studies on lanthanide sulfites have been directed
mainly to the synthesis and identification of binary and more complex ternary
sulfites. As well, there are a few studies dealing with solubility and solution
equilibria. In more recent years, the emphasis has been on thermal properties.
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Thermal degradation of lanthanide sulfites is complicated, particularly in inert
and reducing atmospheres. In a reducing environment oxysulfides are formed,
offering a convenient route to oxysulfide phosphors. The Ce(IIl) sulfite—sulfate
compounds appear to have an interesting application in thermochemical cycles.

A recent volume of the Gmelin Handbook (Gmelin, 1981a) gives a survey of
studies on lanthanide sulfites and references to the literature up to 1980, with
emphasis on more recent years. In addition, there are two reviews of limited
scope (Niinistd, 1973; Leskeld, 1980a). A recent review by Verma (1985) on
metal sulfites also briefly discusses the lanthanides.

3.2. Binary sulfites

Lanthanide sulfite hydrates were first studied in 1843 by Berthier, who prepared
Ce,(S80,;),-3H,0. However, a systematic study was not carried out until a full
century later when Vickery (1955) prepared the complete series of binary
compounds and studied their solution equilibria. Applying spectrophotometric,
titrimetric, and ion exchange techniques, Vickery found evidence for the forma-
tion of a trisulfito complex [Ln(SO,),]’” in the pH range 5.5-6.1. This complex
can also be separated by liquid-liquid extraction with C,,—C,, alkylamines, as
Simonova et al. (1973) showed for La’>" and Tb*>" using an excess of Na,SO, in
the pH range 5-5.5. In more acidic solutions (pH = 1.6-2.0) the 1:1 complex is
formed (Mayer and Schwartz, 1950). The formation constant for CeSO; at 25°C
extrapolated to ionic strength =0 has a value Ig K, =8.04.

In the solid state, all rare earths, including scandium, form binary sulfites
corresponding to the general formula R,(SO;), - nH,O. There has been consider-
able disagreement among authors as regards the value of n; thus Cleve (1874),
one of the earliest researchers in the field, gives n the value 3 for erbium sulfite,
whereas Vickery (1955) reports this phase to contain 8 moles of water. We now
know that the discrepancies are largely due to the existence of two series of
hydrates: the long familiar trihydrates and the more recently discovered hexa-
hydrate series (Koskenlinna and Niinist, 1975). The extreme values of n (11 or
12) reported by Sarkar (1926) are probably due to his preparative method; in the
presence of alkali or ammonium ions it is not always the binary sulfite that is
formed but a ternary phase may be precipitated.

3.2.1. The trihydrate series

The normal method of preparing lanthanide sulfites is to dissolve an aqueous
suspension of the oxide by passing SO, gas through the solution. The solid binary
sulfite is precipitated by reducing the SO, pressure, either by introducing a
vacuum or by incrzasing the temperature. Oxidation by atmospheric oxygen is
prevented by working in nitrogen atmosphere and applying a paraffin layer to the
top of the solution (Niinistd and Koskenlinna, 1973). Under these preparative
conditions, at temperatures above 20°C all rare earths except scandium and
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lanthanum precipitate as trihydrates (Niinistd6 and Koskenlinna, 1973; Koskenlin-
na and Niinisto, 1975; Moskalenko et al., 1975a, 1976a, 1977a). As established
long ago by Cleve (1874), lanthanum sulfite contains four molecules of water.
Recent studies indicate that scandium forms a pentahydrate in a wide temperature
range (Leskeld et al., 1987).

The solubilities of the binary sulfites are very low but show a slightly increasing
trend with increasing atomic number. For the solubility of the lanthanum and
ytterbium compounds, Vickery (1955) gives the values 0.2 g/1 and 0.6 g/1, respec-
tively. Aleksandrovich and Serebrennikov (1962) obtained still lower values: their
solubility product for La,(SO,),-4H,0 (K, =1.5%10"%) corresponds to a
solubility of only 0.01g/l. Ermolaev and Kudrina (1970) have studied the
solubility of La,(SO,),-4H,0, too. But since their studies were made in solu-
tions containing Na™ and NO, ions, the formation of complex species cannot be
excluded. Nevertheless, fig. 45 shows that the solubility decreases with increasing
temperature, as in the case of the rare earth sulfates.

Because of the low solubility, the crystalline size is small and typically only
X-ray powder methods have been used for characterization of the precipitated
phases. The medium heavy lanthanides have indeed yielded crystals suitable for
unit cell determination by single-crystal techniques, but the size and quality of the
crystals have never been sufficient for a full structural analysis. The sulfite
trihydrates of rare earths from Sm to Dy are isostructural and form triclinic
crystals. The measured and calculated densities indicate two formula units in a
cell, which in the case of Sm has the dimensions a = 9.528(3) A, b =8.798(5) A,
c=6.647(2) A, a =105.07(3)°, B = 94.91(3)° and y = 90.50(5)° (Koskenlinna and
Niinist, 1975). According to X-ray powder diagrams the heavier rare earths form
another isostructural series (Moskalenko et al., 1975a); Sc and Y trihydrates give
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Fig. 45. Solubility of La,(SO,), - 4H,0 as function of: (1) temperature (- - -), (2) NaNO, (-—-), and
(3) Na,SO, (—) concentrations. (After Ermolaev and Kudrina, 1970.)
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no sharp diffraction pattern (Moskalenko et al., 1976a). On the other hand,
Leskela et al. (1987) have prepared Sc,(SO,), - SH,O as well-crystallized powder.

3.2.2. The hexahydrates

The existence of higher sulfite hydrates was conclusively shown for Sm, Eu, and
Gd by a slow crystallization process at 20°C (Koskenlinna and Niinisto, 1975).
The excess of SO, was removed by extraction into an ether layer and after several
days small needle-shaped crystals appeared at the water—ether interface. A
slightly different preparative approach was employed by Moskalenko et al.
(1977v), who studied the formation of hexahydrates where R was Pr—Eu; later
the Gd compound was prepared at 5-10°C (Moskalenko et al., 1977c).

The hexahydrated Sm—Gd sulfites are isostructural and form monoclinic crys-
tals. Though X-ray study is hampered by their minute size, unit cell dimensions
have been determined for Sm,(SO,), - 6H,0: a =20.736(12) A, b =7.104(5) A,
¢ =16.498(14) A, and B = 110.84(6)° (Koskenlinna and Niinist5, 1975).

3.2.3. Lower hydrates and anhydrous phases

With the exception of the La,(SO,), 4H,O phase, the other hydrates have
been reported only as intermediates during the thermal decomposition of solid tri-
or hexahydrates, discussed in section 3.3.2. The anhydrous phases have usually
been prepared by thermal dehydration and characterized by X-ray powder
diffraction. The degree of crystallinity is low for the phases obtained and the
powder patterns of anhydrous R,(SO,), contain only a few peaks (Niinistd and
Koskenlinna, 1973; Moskalenko et al., 1975b, 1977a). There is, however, a recent
report of the preparation of anhydrous Nd,(SO,), by precipitation from aqueous
solution at 95°C (Leskela et al., 1985); this might offer a route to products having
better crystallinity.

3.3. Properties of the binary sulfites

Besides the X-ray diffraction measurements discussed above, determinations
have been made of IR spectroscopic and thermal properties of the sulfites.

3.3.1. IR spectroscopy

IR spectroscopy has been used as a tool for characterization in the recent
synthetic studies carried out by Koskenlinna and coworkers, and by Moskalenko
et al. The most interesting region for structural studies is in this case just below
1000 cm ™', where the vibrations v, and », due to the S—O stretchings occur (fig.
46). Although simple criteria have been elicited to explain the main features of
sulfite structures from their IR spectra (Nyberg and Larsson, 1973), the interpre-
tation is not straightforward for the rare earth sulfites, owing to the large number
of bands. For instance, the IR spectrum of Y,(SO;); - 3H,O contains five bands
in the region 1100-800 cm ' and a further six absorptions between 670cm ™" and
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Fig. 46. Infrared absorption spectra of Gd,(SO,);-3H,O (above) and its partially deuterated
analogue (below) in the region 2000-400 cm ™' (Koskenlinna and Niinistd, 1975).
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470cm ™" (Moskalenko et al., 1976a). Although the main features of coordination
cannot be conclusively deduced, IR spectroscopy at the least provides an addi-
tional means for the characterization of the solid phases and a method for
monitoring thermal decompositions (Koskenlinna and Niinistd, 1973; Moskalenko
et al., 1975b; Peterson et al., 1983).

3.3.2. Thermal decomposition

Several competing reactions are possible during the thermal decomposition of
rare earth sulfites. The thermal stabilities of lanthanum sulfite hydrate and
samarium sulfite trihydrate studied in nitrogen up to 450°C (Castellani Bisi and
Cola, 1962) indicate that the disproportionation of sulfite to sulfate and sulfide
and the dissociation reaction to sulfur dioxide and lanthanide oxide occur
simultaneously. In a later study (Castellani Bisi and Clerici, 1963), where the
temperature range was extended to 800°C, no disproportionation was found to
occur for sulfites of scandium and yttrium; the decomposition products were
sulfates and oxides of sulfur. Disproportionation and dissociation reactions are
also important in the decomposition of neodymium sulfite.

Grizik and Abdullina (1971) observed anhydrous lanthanum sulfite as an
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intermediate product during the thermal decomposition of lanthanum thiosulfate
tetrahydrate in vacuum and in air and proposed that the decomposition of
La,(SO,), proceeds via La,0(S0,), to La,0,S0, and finally to La,0;.

More recently, systematic studies have been carried out for both tri- and
hexahydrate series of rare earths in inert, oxidative, and reducing atmospheres.
We shall first discuss the thermal degradation in inert and oxidative environments.

3.3.2.1. Inert and oxidative environments. Comparison of TG/DTA data recor-
ded in oxidative and in inert atmospheres under the same experimental conditions
(fig. 47) reveals a similar first step, dehydration, and similar final product, the
sesquioxide. The intermediate steps differ, however, and do not always corres-
pond to definitive compositions. For instance, in air the (di)oxosulfate phase
R,0,S0, clearly appears as a stable intermediate, whereas in nitrogen the weight
loss proceeds further to the apparent R,S, composition. However, X-ray study
has shown that also in this case R—O bonds are retained and the phase is actually
a mixture of R,0,50, and R,0, (Koskenlinna et al., 1985). As can be seen in
fig. 48 for Er,(SO,), - 3H,O0 in air, the experimental conditions strongly affect the
ratio of the competing disproportion, dissociation, and oxidation reactions. Since
all reaction steps involve gaseous products, EGA would be a valuable tool for
elucidation of the reaction mechanism; preliminary results (Koskenlinna et al.,
1985) have already indicated for instance, that SO, is released simultaneously
with water, demonstrating the instability of the anhydrous sulfite in thermal
degradation.

Scandium, cerium, and neodymium behave somewhat differently, though not
enough detailed thermoanalytical data are available for final conclusions. Mos-
kalenko et al. (1976a) compared the thermal behavior of Sc,(SO;); - 3H,O in air
with that of Y and La sulfites and noted the low stability of the anhydrous phase,
in contrast with the surprisingly wide temperature region where the (di)oxysulfate
existed. The latter phase was amorphous to X-rays and thus final confirmation of
its presence was not obtained.

Cerium sulfite trihydrate oxidizes in air via two intermediate sulfite—sulfate
compounds (Leskeld et al., 1985), of which the first, Ce,(SO;),S0,, was
originally reported by Peterson et al. (1983). When the second, Ce,S0,(SO,),,
phase is heated further it does not seem to form the (di)oxosulfate but to
decompose directly to CeO, (cf. fig. 49). In nitrogen the (di)oxosulfate is formed
under some experimental conditions and this provides a new synthetic route to
Ce,0,S0,. Because of several competing reactions, the experimental conditions
play an important role in the decomposition of Ce,(SO;), - 3H,O, as of the other
lanthanide sulfites.

Probably because of the difficulties in synthesizing the neodymium sulfite
trihydrate, the Nd compound has not been included in earlier investigations. Data
for the hexahydrate, however, have been reported by Moskalenko et al. (1977b)
and Leskeld et al. (1985); the latter study includes the anhydrous phase as well.
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Fig. 48. Effect of sample weight (a) and heating rate (b) on the thermal decomposition of

Er,(S0,), - 3H,0O (Koskenlinna et al., 1985).
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Fig. 49. TG curves of Ce,(80,), - 3H,0 recorded under various experimental conditions in a dynamic
air atmosphere. The levels on the right correspond to calculated compositions (Leskeld et al., 1985).

Again, experimental conditions play a central role and lead in some instances to
unexpected shapes of the TG curves (Leskeld et al., 1985).

Comparison of the TG data of Gd,(SO,),-3H,0 and Gd,(SO,),-6H,0
(Koskenlinna and Niinistd, 1975; Moskalenko et al., 1977c) shows that the
hexahydrate starts to decompose near room temperature and that the stability of

the intermediate hydrates is low; the trihydrate phase, nevertheless, appears as a
distinct intermediate (fig. 50).

3.3.2.2. Reducing atmosphere. It is of special impact for TG studies in reducing
atmosphere that the oxosulfides formed are important phosphor materials. The
preparative methods for activated rare earth oxosulfides, especially the use of
sulfites as starting material, have been reviewed by Leskeld (1980a) and in a
broader way by Gmelin (1983).

Several methods of preparation are avallable for the oxosulfides (Gmelin, 1983;
Leskeld, 1980b; Niinist6, 1984a). Koskenlinna and Niinisté (1973) have studied
the reduction of rare earth sulfites with H,S or CO; later, Koskenlinna et al.
(1976a) have published a detailed procedure for the synthesis of Eu’*: Y,0,S
phosphors while Leskela (1980b) prepared terbium activated R,0,S (R=
La, Gd, Y). Luckey (1972) has published a similar method, starting mainly from
ternary sulfites (cf. Koskenlinna et al., 1976b). More recently, Moskalenko et al.

(1980) confirmed that the rare earth sulfites are suitable starting materials for the
reduction process.
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The sulfite process involves several steps (fig. 51), none of which requires
extreme conditions. The main step, reduction, can be carried out around 500°C
(fig. 52). When europium-activated oxysulfides are prepared by this method,
there is a danger that part or all of the Eu is reduced to divalent state. This can be
avoided by selecting a proper temperature range for the isothermal reduction, as
shown by Leskeld and Niinisté (1980a) in TG experiments where Mossbauer
spectroscopy was used to analyze the Eu®" content.

3.3.2.3. Thermochemical cycle. Peterson et al. (1983) have recently described an
interesting thermochemical cycle involving Ce(III)(SO,),SO, and its tetrahy-
drate. The synthesis and characterization of the compound were reported by the
same group earlier (Peterson et al., 1980) and it was during the detailed thermal
decomposition studies that a thermochemical cycle for splitting sulfur dioxide into
sulfur and oxygen was assessed.
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Fig. 51. Preparation of activated oxosulfides by the reduction of
sulfites. The matrix lanthanide is indicated by Ln and the activator
(Ln,Ln"),0,S by Ln’ (Niinistd, 1984a).

According to the TG and EGA data, which were supplemented by chemical
analyses and IR and X-ray studies, Ce(SO,),SO, -4H,O thermally decomposes
to yield H,O, S,, SO,, and O, as gaseous products, with Ce,0(SO,),,
Ce,0,(S0,),, and CeOSO, as solid intermediates, and CeO, as the end product.

The thermoanalytical data provided the basis for the thermochemical cycle
presented in fig. 53. Stoichiometry of the cycle gives as net reaction the splitting
of one mole of SO, into 3S, and O, when 4 moles of CeQ, is used as starting
material. The fact that the measured yield of S and O, was some one third less,
was attributed to the direct decomposition of Ce,(50,),SO, into Ce, 0,50, and
250,, a mechanistically favored reaction which does not involve any change in
the oxidation state of sulfur.

3.4. Ternary sulfites

The ternary systems of rare earth sulfites have been studied far less than the
binary systems. Cuttica (1923), using alkali metals, was the first to prepare
ternary sulfites, and shortly thereafter Canneri and Fernandes (1925) prepared
uranyl and copper(l) sulfites of some cerium group metals.

Cuttica’s method of preparation was to add alkali sulfite to a lanthanide
solution prepared by passing SO, through a lanthanide carbonate suspension.
Cuttica assumed that R>* was associated with the hydrogensulfite ion as
R(HSO,);, but Vickery (1955) has presented evidence for the existence of
[R(SO,),]’” as a predominant species in this pH range. Vickery was consequently



INORGANIC COMPLEX COMPOUNDS II 157

T T T T
EXO0
1 DTA
ENDO
DTG
[&)
=Z
Z
<
p
78]
a
[
Z
t
O
o
w
a
[
xT
©
w
; 1 N 1 L
200 400 600 800

TEMPERATURE, °C

Fig. 52. Thermoanalytical curves in carbon monoxide for (Eu,Y),(50,), + 3H,O showing the forma-
tion of Eu-activated Y,0,S by reduction at 500°C (Koskenlinna et al., 1976a).
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net reaction: SO, — !,S, + 0,

Fig. 53. Thermochemical cycle for splitting sulfur dioxide (Peterson et al., 1983).
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able to precipitate the sodium compound of neodymium, Na,;Nd(SO,),. He also
prepared other ternary compounds, but their properties were described only
briefly.

More recently, the ternary compounds of ammonium and sodium with some
lanthanides have been prepared and characterized by X-ray, IR spectroscopic,
and thermoanalytical methods.

3.4.1. Ternary sulfites with ammonium ion

Systematic investigation of the solid phases formed in the system R**-NH, -
SO,-H,0O (Eriametsi et al., 1972) has shown the composition of the major solid
phase to correspond to the trisulfite complex found by Vickery in solution. When
R is Sm, Gd, or Dy, (NH,),R(SO;);-H,0 may be prepared as crystalline
precipitate. X-ray powder diffraction studies indicated that this compound has
two crystalline modifications: the low-temperature o-form, best obtained around
room temperature, and the high temperature or B-form, crystallized at tempera-
tures 50°C higher.

Besides the 1:3 lanthanide/sulfite ratio the solid phase may have 1:1 or 4:9
composition, depending on concentrations and temperature. The anhydrous
compound NH,R(SO,), and its hydrates (2H,O for Sm and Gd, 3H,O for Dy)
have been prepared and characterized by chemical analysis, optical microscopy
and X-ray powder diffraction. The more complex composition
(NH,)(R,(80,), - 6H,O was obtained only for Gd. '

Because of the low solubility of the ternary sulfites, the crystals are usually too
small for study by single-crystal X-ray methods. However, crystallization experi-
ments in the temperature range 75-95°C have yielded small needle-shaped
(0:02x0.02 X 0.15mm) crystals for the high-temperature (8) polymorph of
(NH,),Dy(S0O;), - H,O (Niinisto and Larsson, 1973). The monoclinic unit cell
dimensions were obtained from Weissenberg photographs and refined from
Guinier data to a =8.863(6) A, b =15.919(5) A, ¢ =9.467(5) A, B =117.38(5)".
With the centrosymmetric space group P2/m, Patterson and Fourier syntheses
gave the positions of Dy, § and N atoms. A least-squares refinement with
isotropic temperature factors yielded an R-value of 12.7%. Oxygen atom posi-
tions could not be found and careful examination of long-exposure films revealed
weak superstructure reflections, indicative of a four-fold b-axis.

The substructure of 8-(NH,),Dy(S0O;),-H,O is shown as a projection in fig.
54, where the calculated Dy-S distances of 3.40 and 3.41 A indicate that the
bonding of sulfite groups to dysprosium takes place through oxygen. IR spectra
provide further support for this bonding mode (Niinisté and Larsson, 1973).

3.4.2. Ternary sulfites with sodium

Moskalenko et al. (1976b,c, 1978) have studied systematically the formation
and properties of sodium sulfites of type NaR(SO,), - nH,O, where nis 0, 1 or 2.
Three different isostructural groups were found among the hydrates: (a)
NaR(SO,),-2H,0 (R=La), (b) NaR(S0,),:2H,0 (R=Pr---Eu), and (c)
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Fig. 54. Substructure of B-(NH,),Dy(SO,), - H,O projected down the b-axis (Niinistd, 1973).

NaR(SO,),-H,O0 (R=Ho---Lu). The anhydrous ternary sulfites NaR(SO,),
were prepared by thermal decomposition of the hydrates and were found, on the
basis of X-ray powder diffraction patterns, to form three different structure types:
La, Pr-Eu, and Ho-Lu.

Besides crystallographic studies by X-ray powder diffractometry and optical
microscopy, the compounds have been characterized by IR spectroscopy and
thermal analysis. In particular, the IR absorption spectra of the compounds
NaR(S0O,), - 2H,0O (R=Pr- - - Eu), have proved to be complex. The great num-
ber of bands (up to six in the S-O stretching region) was attributed to the
distortion of sulfito groups and their different bonding modes (Moskalenko et al.,
1978). The spectra of other ternary sulfites are also complicated, but resemble
those of binary sulfites (cf. figs. 46 and 55).

WW Fig. 55. Infrared spectra of NaLu(SO,),-H,O

g g (above) and its dehydration product NaLu(SO,),

3300 27001500 1100 700 50? (below). The peaks due to paraffin are marked by

vem® +. (After Moskalenko et al., 1976b,c.)
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TG and DTA curves show that when NaR(SO,), - nH,O is heated in air the
first step is dehydration, which is completed by 200°C. Further heating produces,
through an exothermic oxidation process, a mixture of R,0,50, and Na,SO, at
about 450°C; the final product is the sesquioxide formed at temperatures above
900°C. The overall thermal decomposition scheme in air for the NaR(SO,), - H,O
(R=Ho- - -Lu) series can be written, omitting the gaseous products, as follows:
2NaR(SO,), - H,0—2NaR(80,),— R,0,50, + Na,S0,— R,0, + Na,SO,
(Moskalenko et al., 1976c).

4. Rare earth sulfates
4.1. Introduction

The sulfates are probably the most frequently studied group of inorganic
complex compounds formed by the rare earths. Ever since the discovery of the
rare earths, the sulfates have also played an important role in separation
processes. Even today, the low solubilities of the sodium double sulfates are
exploited for the precipitation of the rare earths from monazite and xenotime in
the acid process (Hedrick, 1985).

Probably hundreds of individual binary, ternary, and more complex compounds
have been synthesized in solution, in the solid state (through decomposition or
sintering) and in melts; the compounds have been characterized by spectroscopic
and thermal techniques, and now are being studied increasingly by single-crystal
X-ray diffraction methods. The first crystal structures of the binary and ternary
compounds were determined in the 1960’s and 1970’s, respectively, but already
well over 50 structural determinations have now been published. Attempts have
been made to correlate the structures with spectroscopic and other properties.

As there are probably thousands of primary articles dealing with some aspect of
the chemistry and physics of the rare earth sulfates, this review will aim only at a
selective coverage of the literature, with emphasis on recent reports. The
Gmelin—Kraut handbook (1928-1932), predecessor of the present edition of the
Gmelin Handbook, provides good coverage of the earlier literature, as do the
handbooks by Mellor (1965a) and Pascal (1959). Comprehensive coverage up to
the late 1970’s, with over 300 pages of text and numerous illustrations and
references, is provided by Gmelin (1981b); this is unquestionably the best single
source of information on the rare earth sulfates.

In addition to the handbooks, a number of reviews and theses of more limited
scope have recently appeared. The overviews of Niinisto (1983, 1984b) discuss the
structural and thermochemical aspects of rare earth sulfates, while the thesis by
Lindgren (1977¢) provides a summary of the structural chemistry of Ce’" and
Ce*" sulfates. The review by Voronkov et al. (1982) is also specialized in that it
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discusses the structures of sulfates (and selenates) of the trivalent elements
including scandium but not the larger rare carths.

4.2. Binary rare earth sulfates

The preparation and properties of solid binary sulfates of the type
R,(SO,); - nH,O (n = 0-12) have been widely studied and an enormous amount
of data has been accumulated (Gmelin, 1981b). In contrast, solution studies are
relatively few in number and in part contradictory.

4.2.1. Sulfato complexes in solution

The solubilities of R,(SO,), in water are moderate for the lanthanides, ranging
from approximately 0.04 mol/1 to 0.5 mol/l at 25°C (Holleck and Noddack, 1937;
Spedding and Jaffe, 1954). Scandium has a significantly higher molar solubility
(Komissarova et al., 1971b). The characteristic feature of the solubility curves is
that they pass through a minimum in the Z = 62 to 63 region (Sm, Eu) and that at
higher temperatures the solubilities are lower. For the solubility and temperature
dependence of La,(SO,),, for instance, see de Saja et al. (1977).

Although the values for the equilibrium constants vary considerably (Sillén and
Martell, 1964, 1971), research groups have agreed on the formation of the
monosulfato complex RSO, as the predominant species in aqueous solutions
containing R*" and SO2™; but the presence of the disulfato complex cannot be
neglected, especially at higher sulfato concentrations (Hale and Spedding, 1972).
The main question that has been debated is whether the anion enters the inner
(contact) sphere of coordination or remains in the outer (solvent separated)
sphere. No X-ray diffraction studies have been reported for sulfate solutions,
owing to the difficulty in obtaining concentrated solutions. On the basis of the
basicity of the sulfato ligand, however, Choppin and Bertha (1973) have predic-
ted inner-sphere complexation. Their thermodynamic data (DeCarvalho and
Choppin, 1967) as well as well as those of Hale and Spedding (1972) also favor
predominantly inner-sphere complexation. Recent thermodynamic and spectros-
copic studies, however, provide support for the outer-sphere model (Ashurst and
Hancock, 1977). Very recent evidence in. favor of the inner-sphere complex
formation comes from the luminescence lifetime studies in the system Eu’'—
SO —H,0 (Tanaka and Yamashita, 1984) and by analogy from XRD studies in
aqueous selenate solutions (Johansson et al., 1985). In contrast to the trivalent
lanthanides, scandium (Komissarova, 1980) and tetravalent cerium have a ten-
dency for hydrolysis and formation of polynuclear species.

4.2.2. Preparation and stoichiometries of the solid compounds

The classical preparative method of dissolving rare earth oxides or carbonates
in diluted sulfuric acid (3 M or lower) and evaporating at room temperature (e.g.,
Wendlandt, 1958; Brauer, 1980) yields the octahydrated sulfate for all rare earths
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except La and Ce, which crystallize under these conditions as nonahydrates (Hunt
et al., 1954; Alonso et al., 1973). When more acidic solutions are used, the lighter
rare earths (La---Nd) tend to form pentahydrates (Biltz, 1911). Scandium also
forms this phase, though with a different structure (Komissarova et al., 1965b;
Niinist6 et al., 1975).

Besides the pentahydrate, two other phases have been well established for
Ce(III), viz. the nonahydrate (Dereigne and Pannetier, 1968) and the tetrahy-
drate (Dereigne et al., 1972). While the octahydrates are also known for La and
Ce, their crystallization requires special techniques (de Saja et al., 1978) and they
have a different structure from R,(SO,),-8H,O (Pr---Lu,Y) (Aslanov et al.,
1973b). The thorough investigations into the stabilities and solubilities of various
Ce’" sulfate hydrates by Koppel (1904) and by Schroder (1938) serve as the best
guides when choosing the crystallization conditions for the sulfate hydrates
(fig. 56).

The anhydrous phases have been prepared by dehydration at high temperatures
(350°C: Postmus and Ferraro, 1968; 600°C: Surgutskii and Serebrennikov, 1964)
and by crystallization from melts formed by thermal decomposition of LiR(SO,),
(Sirotinkin et al., 1976a). The latter procedure has been used for the growing of
crystals of Er,(SO,), and La,(SO,), by slow cooling of melts from an initial
temperature exceeding 700°C (Sirotinkin et al., 1981; Sirotinkin and Pokrovskii,
1982a). Thermoanalytical curves for R,(SO,),-nH,O, discussed in detail in
section 4.3.2, indicate a broad stability range for R,(8O,),, which facilitates the
use of thermal techniques for their preparation.

In addition to the firmly established phases with known structures (see section
4.2.3), viz. R,(80,),-9H,0 (R=La, Ce), R,(50,),:8H,0 (R=La,Ce; R=
Pr---Lu,Y), R,(8O,),-5H,0 (R=La---Nd), and Ce,(SO,), -4H,O and the
anhydrous sulfates, there are reports on the existence of a number of other
hydrates (Gmelin, 1981b). Koppel (1904) has found that Ce,(SO,), 12H,0
crystallizes near 0°C; and a recent study on the crystal structure of
La,(SeO,);-12H,0 provides indirect evidence for the existence of the
dodecahydrate (Karvinen and Niinisto, 1986). On the basis of TG dehydration
curves, it has been suggested that Yb forms the 11-hydrate under the same
conditions as the octahydrates are formed (Wendlandt, 1958); however, this
finding has not been supported by more recent experiments (Hiltunen and
Niinistd, 1976a).

Spasibenko (1974) and Spasibenko and Popova (1981) have found evidence for
the existence of 10-, 7.5-, and 5.5-hydrates of cerium(III) sulfate in addition to
the 8- and S5-hydrates, but the new phases have not yet been adequately
characterized. Recently, Govorukhina et al. (1984) have studied the system
Ce’*~SO; -H,O and separated, in addition to the well-established phases, the
mono- and dihydrates for Ce,(SO,), and the phases containing sulfuric acid
Ce,(SO,), -3H,S0,-nH,O (n=0, 2, 5). X-ray diffraction studies indicate that
both Ce,(SO,); 4H,0 and Ce,(SO,), 2H,0 crystallize in two polymorphic
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Fig. 56. A solubility diagram of the system
(NH,),S0,~Ce,(S0,),-H,0  showing the
stability range for binary cerium sulfate hydrates
and for the ternary phases (Schréder, 1938).

forms. Although these phases have been characterized by powder diffractometry
and by IR and thermoanalytical methods, crystal structure determinations would
be desirable to establish the position of the new phases in the crystal chemistry of
the rare earth sulfates.

4.2.3. Structures of the binary rare earth sulfates

The first X-ray diffraction study to establish unambiguously the coordination
around the lanthanide ion was carried out for Ce,(S0,), - 9H,O at the end of the
1960’s (Dereigne and Pannetier, 1968). The results were extraordinary, as they
indicated the presence of two crystallographically independent highly coordinated
cerium ions, 12-coordinated exclusively by sulfate oxygen atoms and the other
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Fig. 57. The coordination around La’" in the structure of
La,(SO,),-9H,0, isostructural with the cerium compound
(Gebert Sherry, 1976).

9-coordinated by six water molecules and three sulfate oxygens in a trigonal
prismatic arrangement. The remaining three water molecules were held in the
structure by hydrogen bonds. Figure 57 depicts the coordination around La>" in
the isostructural La,(SO,); - 9H,0 (Gebert Sherry, 1976).

As summarized in table 6, X-ray studies have established the structures of all
stable sulfate hydrates as well as those of the anhydrous phase. The table
indicates that, in the case of the octahydrate structure (Pr---Lu, Y), several
structural determinations have been performed over the years. Following the first,
incomplete analysis by Fitzwater and Rundle (1952), Aslanov et al. (1972)
established the octacoordination around Nd**, and later analyses of variable
accuracy performed on the isostructural compounds agree on that as well as on
many other structural details. Apparently still unsettled is the proper space group:
C2/c or Cc. Most authors have preferred the centrosymmetric one, but Gebert
Sherry (1976), while determining the structure of Pr,(SO,), - 8H,0, performed a
piezoelectric test for the Nd, Eu, Gd, Tb, Dy, and Ho compounds and observed a
strong to weak effect. The results for Pr were ambivalent, since the fresh, clear
crystals showed conductance and those kept in air did not. Gebert Sherry also
tested the C2/c possibility, but preferred the noncentrosymmetric choice even
though it gave some unsatisfactory S—O bond lengths with large standard
deviations.

In the structure of R,(SO,),-8H,0 (R=Pr---Lu,Y), as well as of
Ce,(50,), - 4H,0O (Dereigne et al., 1972), all water molecules are coordinated to
the central ion. This is not the case in the structures of La,(SO,), 8H,0O
(Aslanov et al., 1973b) and Nd,(SO,), - 5SH,O (Larsson et al., 1973), where part
of the water molecules remain outside the coordination sphere of the R** ion and
are kept in the structure by hydrogen bonds. In particular, the ‘““noncoordinated”
water molecule in Nd,(SO, ), - 5H,O seems to be tightly bound in a suitable hole
of the structure (cf. figs. 58 and 59).

When the structures are arranged according to coordination number (as in table
9, section 4.4.1; this table also includes data for the ternary or double sulfates to
be discussed in section 4.4), a trend becomes apparent. The highest coordination
numbers (CN) are found for La and Ce, which have in all cases CN=09;
moreover, the compound R,(SO,);-9H,0 (R = La, Ce) has a second coordina-
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Fig. 58. The coordination around
Nd** in the structure of
Nd,(S0,),-5H,0 (Larsson et al.,
1973).

—

e ‘ :

Fig. 59. The unit cell contents of Nd,(SO,), - 5H,O (Larsson et al., 1973).

tion site with an unusually high CN of 12. The anhydrous Er,(SO,),, on the other
hand, has a CN of 6, which is exceptionally low for a rare earth other than
scandium. Although many of the structural details are not very accurate, owing to
the insufficient number of reflections and poor crystal quality, it seems that
R,(50,); (R=Tb---Lu,Y) is isostructural with B-LiLu(SO,), (Sirotinkin et al.,
1981). The other anhydrous sulfates fall into two structural groups, lanthanum
belonging to the first group and Ce- - - Gd to the second (Sirotinkin and Pokrov-
skii, 1982a). The division between the groups is somewhat idealized because high
and low temperature polymorphs exist (Gmelin, 1981b). The structure of
Nd,(SO,); has been solved (Sirotinkin et al., 1977a) but only indexed powder
data [a=18.897(5)A, b=8.948(5) A, c=12.399(4) A, y=115.43(3)°, space
group Bb or B2/b] are available for La,(SO,), (Sirotinkin and Pokrovskii,
1982a).
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0 o R\O [¢] R\O [¢] R \0 0/R 0/ R\0
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Fig. 60. Different coordination modes of the sulfato ligand in rare earth sulfate structures (after
Ponomarenko et al., 1978).

In all structures the coordination polyhedron around the central R** ion is a
distorted or intermediate form of the idealized geometric possibilities (cf. fig. 58).
This is understandable in the light of the different ligands present (SO, and H,O)
and the different bonding modes which the sulfato group exhibits. Ponomarenko
et al. (1978) have compared the coordination modes of sulfate groups in rare
earth sulfate structures, including some urea-substituted hydrates, and classified
the coordination types into 10 classes (fig. 60). Usually, two or more bonding
types are present in a sulfate structure: for instance in R,(SO,),-8H,O
(Pr---Lu,Y) the types are 2(b) or 3(b).

Finally, it is interesting to note the similarities between the structural chemis-
tries of the lanthanides and actinides. Crystal structure determinations of
Am,(SO,), - 8H,0 (Burns and Baybarz, 1972) and U,(SO,), - 9H,O (Bullock et
al., 1980) have shown that these compounds are isostructural with
R,(580,),-8H,0 (R=Pr---Lu,Y) and R,(SO,),-9H,O (R =La, Ce), respec-
tively.

4.3. Properties of the binary rare earth sulfates

Besides their preparation and X-ray crystal structures, studies have been made
on several other aspects of the rare earth sulfates, both physical and chemical.
Here we shall focus on the vibrational spectra and thermal properties and make
only brief mention of the other properties.

4.3.1. Vibrational spectra
Vibrational spectra have been reported in the literature for both hydrated and
anhydrous rare earth sulfates. Thus, Petrov et al. (1967) have recorded and
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discussed the IR spectra for the isostructural series R,(SO,);-5H,O (R=
La---Nd) and the Raman spectrum for Ce,(SO,), 5H,0. The same group
(Petrov et al., 1970) has also studied the more highly hydrated sulfates
La,(S0,);-9H,0 and R,(SO,);-8H,0 (R=La, Nd:--Lu, Y), including deut-
erated Nd,(S50,);-8D,0. An attempt was made to correlate the spectra of
La,(SO,); - 9H,0 and La,(SO,), - 8H,O with the crystal structures; for the latter
compound, however, only space group information was available.

The most comprehensive study on hydrated and anhydrous rare earth sulfates is
that carried out by Postmus and Ferraro (1968), who also covered the far-IR
region up to 80 cm ™. Sulfates of stable rare earths were included in the study as
octahydrates (or other higher hydrates obtained by crystallization), dihydrates,
and anhydrous salts. The latter two phases were obtained respectively by partial
and total dehydration of the octahydrates. Deuterated compounds were also
prepared.

In the hydrated sulfates, the O-H stretching vibrations are present in the
3080-3500 cm ™' region and the bending vibrations around 1640 cm . The absorp-
tions in the 800-400cm ™' region can be assigned to sulfate v, vibrations and
vibrational modes of coordinated water (fig. 61) and those in the 170-300 cm ™"
region to various types of ¥ y;...) vibrations.

+—Smp({S04)3 .B8D20
)
v
2
2
5
¥
<{
/Smg ( 504)3 8 Hzo
666 333

cm-!

Wove Number

Fig. 61. A comparison of the spectra of Sm,(SO,),-8H,0 and Sm,(SO,)-8D,0 (Postmus and
Ferraro, 1968).
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The complex patterns appearing in the data for the sulfate fundamentals,
especially for the »; and », vibrations of anhydrous sulfates, indicated that they
had lost their degeneracy completely, leading to a symmetry C,, or less. The
higher and intermediate hydrates appeared to have symmetry C,,, probably C,,.
Table 7 lists as examples the sulfate fundamentals observed for La,(SO,), - nH,0
(n=9,4,0) and Ho,(SO,),-nH,0 (n=8,2,0). There seem especially to be
differences in the spectra of the anhydrous compounds (fig. 62) and it may be that
they are related to the three structure types found for these compounds (see
section 4.2.3).

The IR spectra of anhydrous sulfates, prepared by dehydration at =500°C, have
also been recorded by Lipis et al. (1971), who noted the possibility of polymor-
phic transitions, which could complicate the interpretation and comparison of the
spectra. The IR and Raman spectra of individual sulfates have been given in the
literature in several instances (Gmelin, 1981b). Abenoza et al. (1977), for
example, have recorded and interpreted in detail the Raman spectra of nonahyd-
rated and nonadeuterated lanthanum sulfate. The collection of spectra of inor-

Pra{SO4)3—
(anhy.)

Smp(S04)3 —

(anhy.)

Gdz(S04)3 .
{anhy)

Absorbance —

=3

Hop (SO4)3 ——
(onhy)

Fig. 62. A comparison of the
spectra of anhydrous R,(SO,),
666 o 333 (R=Pr,Sm, Gd,Ho) in the re-
cm gion 666-333cm™' (Postmus and

Wave Number Ferraro, 1968).
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TaBLE 7
Observed sulfate fundamentals in the IR spectra of R,(SO,), - nH,0 (R=La, Ho) (Postmus and
Ferraro, 1968). *

* %

vy v, v, v,
La,(SO,), - 9H,0 1175 vs, 1050 vs 984 vs, sp 658 w, 645 vs
599 vs
La,(S0O,),-4H,0 - 1150 vs, 1115 vs 990 s 650 s, 602 s
1085 sh, 1040 s
La,(S0,), 1150 s, b, 1100 sh 1110 m 667 s, 651 s 469 m, 444 vw
1050 m 621 s, 420 m
603 vs, 587 s
Ho,(S0,), - 8H,0 1200 sh, 1140 vs 997 vs 680 sh, 651 s
1085 vs 607 vs
Ho,(S0,), -2H,0 1250 sh, 1200 sh 1005 sh, 980 sh 659 s, 627 sh
1149 w, 1098 vs 608 vs, 601 sh
Ho,(S80,), 1300 sh, 1240 sh not observed 657 s, 622 sh 432 s
1120 s, b 612 vs, 558 vw

*b =broad; m =medium; s = strong; sh = shoulder; sp = sharp; vs = very strong; vw = very weak;
w = weak.

** mixed with R—OH, wagging mode in higher hydrates; listed here only for the anhydrous
compounds. ‘

ganjc compounds by Nyquist and Kagel (1971) contains also a number of spectra
of R** sulfates recorded up to the far-IR region.

4.3.2. Thermal decomposition

The octahydrate series divided structurally into two parts (La---Ce and
Pr---Lu, Y) provides an opportunity for comparative thermoanalytical studies in
which the effects of crystal structure and central ion size are studied. The
octahydrates have been widely investigated by thermoanalytical techniques. The
early comprehensive studies by Wendlandt and coworkers using TG and DTA
techniques (Wendlandt, 1958; Wendlandt and George, 1961; Nathans and Wend-
landt, 1962) have been more recently complemented by the simultancous TG/
DTA study of Bukovec et al. (1975). These latter authors have also used DSC to
determine the dehydration enthalpies. Individual rare earth sulfate hydrates have
also frequently been investigated. For example, a recent study employed high-
resolution luminescence spectroscopy to monitor the decomposition products of
Eu,(S0,), - 8H,0 during TG experiments (Brittain, 1983).

Thermal decomposition of sulfate octahydrates in air starts with dehydration
and proceeds via oxysulfate to sesquioxide as the end product.

R,(50,); - 8H,0(s)— R,(50,),(s) + 8H,0(g) , (2)
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R,(80,);(s)—=R,0,580,(s) + 280,(g) , (3)
R,0,80,(s)=>R,04(s) + SO,(g) . 4)

The other sulfate hydrates, viz. the nona- and pentahydrate series, behave in a
similar way, with a slight difference in the dehydration mechanism.
Ce,(80,);-8H,0 and other cerium sulfate hydrates differ by decomposing from
the anhydrous sulfate directly to oxide CeO, without step (3). Likewise,
Sc,(80,); - 5H,0 decomposes without the oxosulfate intermediate (Komissarova
et al., 1965b).

The decomposition schemes and the trends observed in decomposition tem-
peratures have been discussed to some extent by Wendlandt and coworkers and
by Bukovec et al. (1975). Pokrovskii and Kovba (1976) have given decomposition
temperatures for anhydrous sulfates, and more recently, Niinistd et al. (1982,
1984) have given experimental data for the complete series R,(SO,),-8H,0
(R=La---Lu,Y) taking into account the experimental conditions, which may
influence the observed temperatures for reactions (2)—(4) markedly, in some
cases by several hundred degrees (fig. 63).

As seen in figs. 64 and 65, which summarize the results for reactions (3) and
(4), the temperatures for the decomposition of anhydrous R,(SO,), show a
U-shaped trend, whereas for reaction (4) the temperatures are descending. Figure
65 also shows that the stability range of the oxosulfate R,0,50, phase becomes

ATo(K) ATo(K) 0 N 0.0
541! v oA [0.25
10 L 0.50
15
dm/dt 0 dm/dt 0
(mg/min) ] (mg/min) 5 ]
44" 4
Am (%) 04 Am (%) oﬂ
104 1 10
Pry{(50,)3 201 Ery(30,); 201~
301 30
Pr,0,50, 407 Er,0,50, 40
Pr,05 501 Er,04 50 1
300 500 1000 1500 K 300 500 1000 1500 K

Fig. 63. TG, DTA, and DTG curves for the thermal decomposition of R,(SO,), - 8H,0 (R = Pr, Er)
measured in air under two different experimental conditions (Niinisté et al., 1982). (I): 200 mg,
10°C/min; (I1): 20 mg, 2°C/min.
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M| 4 T,) temperatures for the reac-
k . e (T;) temp
b o A tion R,(S0,),(s)— R,0,50,(s)
1000 ol L 1 +280,(g) measured under two
1 L L1

different experimental conditions
La CePr Nd PmSmEuGd Tb Dy HoEr TmYb Lu I and II (Niinisto et al., 1984).

very narrow for the heavier rare earths. The same trend has been observed for the
decomposition process R,0,S—R,0,50,—~R,0, (Leskeld and Niinistd,
1980b). In general, the decomposition temperatures for the anhydrous rare earth
sulfates are high in comparison with those of sulfates of main group or transition
metal elements, as Tagawa (1984) has shown in a recent comparative study.
The kinetics of dehydration and decomposition have been studied for the Pr
sulfate. Bukovec et al. (1980a) found that the decomposition of anhydrous
Pr,(SO,), follows a linear law up to a =0.5. Niinistd et al. (1982) used the
Coats—Redfern method for determining the apparent reaction order for the
dehydration of Pr,(SO,),-5H,0. The dehydration steps are difficult to resolve
owing to the limited stability of the intermediate hydrates, but the use of kinetic
calculations or a quasi-isothermal heating mode (Paulik and Paulik, 1981) shows
the existence of the dihydrate and monohydrate. The relation between the
dehydration mechanism of Pr,(SO,), - 5SH,O and its structure has been discussed
(Niinist6 et al., 1982) and comparisons have been made with CsPr(SO,), - 4H,0,
which likewise has differently bound water (Bukovec et al., 1979b). Recently,
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19004
1800
1700
1600

1500

1400
T3OOF ‘\‘ - 0. | Fig. 65. The initial (7)) and final
RV SN - (T,) temperatures for the reac-
~e.____#] tion R,;0,80,(s)— R,0,(s) mea-
1200+ A sured under two different ex-
b b1 b3 it b perimental conditions I and 11

La Ce Pr Nd PmSmEuUGd Tb Dy HoEr Tm Yb Lu  (Niinisto et al., 1984).

Martin et al. (1984) studied the kinetics of thermal dehydration of
Ce,(SO,), n(H,D),0 (n =35, 8, 9). The study confirmed the earlier results (de
Saja et al., 1981) on the three-step dehydration mechanism for Ce,(SO,), - SH,O
with di- and monohydrates as intermediates.

4.3.3. Other properties and applications

The paramagnetic properties of many R>" ions have led to a large number of
studies on the sulfate lattice (Gmelin, 1981b). Only a few examples can be given
here. Single crystals of R,(SO,),-8H,0O doped with Gd>* at 0.1% atomic level
have been studied by ESR spectroscopy (Malhotra et al., 1978). Low-tempera-
ture studies indicate that two sites are present (Misra and Mikolajczak, 1979). For
a detailed ESR study on Tm** (0.5%) in Y,(SO,), - 8H,0, see Stohr and Gruber
(1975). Gd,(SO,); - 8H,O is also a possible magnetic refrigerant near 2 K (Pratt
et al., 1977; Steyert, 1978).

Most rare earth nuclides, and especially *'Eu, are suitable for Mdssbauer
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200

100
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Fig. 66. The variation in EMF for Na,SO,-Y,(SO,),~-SiO, (®)
and Na,SO, (O) solid electrolytes with a NiSO,-NiO solid refer-
ence electrode at 973 K. The solid line has been calculated accord-

-100

i (] i
-40 -30 -20
log (Psoy)in ing to Gauthier and Bale (1983). (Imanaka et al., 1985.)

spectroscopic studies (Greenwood and Gibb, 1971); R** sulfates and EuSO, have
been studied by this technique. According to Ehnholm et al. (1970), "*'Eu in
EuSO, shows a very large isomer shift of (14.5 = 0.1) mm/s (compared with Eu’*
in Sm,0,).

With the exception of cerium, which will be discussed in section 4.6, the
applications of rare earth sulfates are few in number. Y,(SO,),-Na,SO,(I) solid
solutions show ionic conductivity (Hofer et al., 1978) and very recently an
interesting application of this solid electrolyte system was described by Imanaka
et al. (1985) for the detection of SO, gas. The addition of Y,(SO,); to a
Na,S0,-SiO, system improves the EMF characteristics considerably (fig. 66).

The anhydrous sulfates are not very satisfactory luminescent materials but
oxosulfates R,0,S0, prepared from them have been studied as possible phos-
phor host materials (Haynes and Brown, 1968; Porcher et al., 1983). See also
section 4.6.

4.4. Ternary rare earth sulfates

A large number of compounds can be prepared in the system M,SO,-
R,(80,),—H,0 by varying the concentrations, excess of acid, and temperature.
As examples of ternary phase diagrams, the investigations by Schroder (1938)
may be mentioned (fig. 56). Examples of more recent aqueous equilibrium
studies include phase diagrams of Gd,(SO,);-M,SO,-H,O systems at 25-100°C,
where M is an alkali or ammonium ion (Shevchuk et al., 1981; Storozhenko et
al., 1981; Storozhenko and Shevchuk, 1981). Equilibria at higher temperatures
(150-200°C) have also been investigated (e.g., Belokoskov et al., 1975b; Bondar
et al., 1982a). Likewise, anhydrous compounds can be prepared from melts or
sintering in the system M,SO,-R,(S0,),, where M is usually a monovalent alkali
ion.
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The structures of the ternary rare earth sulfates were unknown until the
beginning of the 1970’s, when the first X-ray determinations were made for
NH,Sm(SO,), -4H,0 (Niinisté, 1973; Eriksson et al., 1974) and for .
K¢P1r,(SO,), - 8H,0 (Ahmed Farag et al., 1973b). Data on solubilities, crystal
habits, and thermal stabilities have been available much longer, since the
compounds have been used for the separation and purification of rare earths both
in the laboratory (Pearce et al., 1946a) and in industry (Callow, 1967).

4.4.1. Lithium compounds

With the exception of LiSc(SO,),2H,0 (Komissarova et al., 1970c) the
known lithium compounds are anhydrous. Sirotinkin et al. (1976a,b) have carried
out a detailed study on the system Li,SO,-R,(S0,); (R=Pr---Lu), and found
by powder diffraction studies three structural types for LiR(SO,),: (a) Pr, (b)
Nd---Er, and (¢) Tm - - - Lu. There is a polymorphism of forms and, for example,
the high-temperature modification of LiNd(SO,), (a-form) is isostructural with
LiPr(SO,),.

The crystals of LiPr(SO,), are monoclinic, with space group P2,/b (Sirotinkin
et al., 1978a). Tetragonal lattice parameters have been assigned for the second
structure type, but complete structural determination of LiEu(SO,), by single-
crystal methods revealed it to be orthorhombic, with space group Pnn2 (Sirotin-
kin et al., 1977b). LiLu(SO,),, which also crystallizes in the orthorhombic
system, has been determined as an example of the third type (see table 8). In the
series LiPr(SO,),-LiEu(SO,),-LiLu(SO,),, representing the three structure
types, the coordination number changes from 9 through 8 to 6 (table 9).

As well as the crystal structures, Sirotinkin et al. (1976a) have studied the
thermal decomposition of L1R(SO ),, which proceeds as follows with the evolu-
tion of SO, and oxygen:

LiR(SO,), = melt— R,(SO,); — melt— R,0,5S0,— melt + R,0, . (5

The temperatures of incongruent melting of LiR(SO,), vary from 720°C (Pr)
through a maximum at 788°C (Gd) to 655°C (Lu). The thermal behavior of
LiR(SO,), under a high pressure (60-90 kbar) has recently been studied by the
same group (Sirotinkin and Pokrovskii, 1982b).

4.4.2. Sodium compounds

.Although the observed stoichiometries are limited to NaR(SO,), - nH,O (n =
0,1) and Na,;Sc(SO,), ' 5H,0, several different structure types are represented
among the sodium sulfatometallates(III).

According to Chizhov et al. (1980) the anhydrous series NaR(SQO,), can be
divided on the basis of the structures into five subgroups: (a) La, Ce; (b)

r---Gd; (¢) B-Tb; (d) «-Tb: - Er, Y; and () Tm - - - Lu. The crystal structures
have been solved for the representatives of all subgroups but (c) and (e) (see table
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TABLE 9
The crystal structures of rare earth sulfates arranged according to the coordination number (CN) of
the R*" ion. The isostructural relationships are given in brackets and in footnotes. For references, see
tables 6 and 8.

CN=6: CN=9:
Er,(SO,), (Tb-Lu,Y) Nd,(S0,), (Ce-Gd)
Sc,(S0,), - 5H,0 : Ce,(S0,), - 4H,0 .
LiLu(SO,), (Tm-Lu) Nd,(80,),5H,0 (La-Nd)
Cs,Yb(SO,), (Tm-Lu) La,(S0,), - 8H,0 (La, Ce)®
Ce,(580,),-9H,0 " (La, Ce)*
CN="T: LiPr(S0,), (La-Pr) f
K,Yb(S0O,), [Nd(B-form)-Lu, Y] NaNd(80,), (Pr-Gd)
NaCe(S0,), -H,O
CN=8: KPr,(SO,),-8H,0 £
NH,La(SO,), » (La~Pr)
Nd,(S0O,),-8H,0  (Pr-Lu, Y) NH,Sm(S0,), - 4H,0 (La-Tb)
LiEu(SO,), (Nd-Er) (NH,)(Tb,(S0,),-2H,0 "
NaTm(SO,), (Tm-Lu) CsLa(S0,),
NaFEr(S0,), [Tb(B-form)~Er, Tm(a-form)] (H,0)Ce(S0O,),-H,O
KPr(SO,), (La-Tb) TIPr(SO,), - 2H,0 (La-Pr)
KNd(SO,), (Nd-Tb)
KEr(S0,), (Dy-Er) CN=10:
KTb(S0,),-H,0  (Gd-Lu,Y)" NaLa(SO,), (La, Ce)
KLu(SO,), -2H,0  (Ho-Lu) (NH,),La(S0,)s
RbEu(S0,), (La-Tb) (NH,);Pr(S0,); (La—Pr)
RbLu(SO,), (Dy-Lu)
CsPr(SO,), ¢ CN=12:
CsLu(S0O,), - 4H,0 La,(80,),-9H,0 (La—Ce) ©

* The structure of the isostructural selenate has been determined (Valkonen et al., 1975).
® Isostructural with RbHo(SO,), - H,0 (Gd-Lu, Y).

¢ Isostructural with RbDy(SO,), (Pr-Er).

¢ Two coordination sites with CN =9 each.

® Two coordination sites having CN =9 and 12.

f Isostructural with the corresponding Rb and Cs compounds.

£ Two coordination sites with CN = 8 each.

" Two coordination sites having CN =8 and 9.

8). Similarly to the lithium structures, the coordination number of the central ion
gradually decreases from ten in NaLa(SO,), to eight in the isostructural com-
pounds NaEr(SO,) and a-NaTm(SO,),.

Judging from the published powder patterns of NaR(SO,), - H,O compounds
(e.g., Zaitseva et al., 1964; Belousova et al., 1968; Storozhenko et al., 1983), the
compounds La - - - Er, Y are probably isostructural; however, only the structure of
NaCe(SO,), - H,O is known (Lindgren, 1977d). It forms trigonal crystals in the
acentric space group P3,21 (cf. table 8) and the cerium atom is nona-coordinated
by eight sulfate oxygens and one water molecule (see fig. 67, and table 13,
§4.5.1).
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Fig. 67. The coordination around
Ce’*  in  the structure of
NaCe(S0O,),-H,0  (Lindgren,
1977d).

A preliminary report describing the crystal structure of Na,Sc¢(SO,),-5H,0
has appeared (Sizova et al., 1974). The crystals are hexagonal, with a =
9.555(6) A, ¢ =9.915(5) A, and Z =2; the space group is P6, (Komissarova et
al., 1971b). Scandium has an octahedral coordination as expected. The ScO
octahedra are joined by bridging sulfato tetrahedra resulting in an infinite column
[Sc(SO,);1"”. In this respect, the structure closely resembles that of
(NH,),Sc(SeO,), (Valkonen and Niinistd, 1978), see section 5.

The vibrational spectra and thermal behavior of NaR(SO,), - nH,O (n=0,1)
compounds have been studied, although not systematically. For instance, Lipis et
al. (1970, 1971) have recorded and discussed the IR spectra for both the anhydr-
ous and monohydrated compounds of the medium heavy lanthanides. Storozhen-
ko (1983a) recently published the TG and DTA curves for NaGdSO, - H,0,
showing incongruent fusion to take place at 857°C. The Ce(IIl) compound seems
to behave differently upon heating (Belokoskov et al., 1975a).

Lately, there has been interest in using NaR(SO,), or NaR(SO,), -H,O as a
matrix in luminescence studies. Thus, Pilipchuk et al. (1980) made a survey of the
luminescence spectra of Eu’" in the MEu(SO,), series where M =Li- - - Cs, with
the intention of obtaining structural information on the environment of Eu.
Brewer and Nicol (1981) studi¢d the energy transfer from Ce’*" to Nd**, Ho’",
and Er'" in NaR(SO,), - H,0, while Zhiran and Blasse (1984) found for the
same matrix that Ce’”, Gd>", and Tb>" are efficient emitters and that transfer
between Gd*" ions occurs with high probability.

4.4.3. Potassium compounds

The number of known potassium-containing phases is large, especially in the
case of the anhydrous sulfates that can have nonstoichiometric composition
(Gmelin, 1981b). Six types of anhydrous compounds have been prepared:
KR(50,),, K5R(SO,)s, K., 3,M;_,,(50,), (n ~0.4), KM,(50,),, K;R3(SO,)s,
and K.R(S0O,),. Only representatives of the first two types have been structurally
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characterized (see table 8), and in addition, the structure of K;R(SO,), (R=
La---Sm) is known (Trunov et al., 1977) on the basis of its being isostructural
with K,La(MoO,), (Efremov and Trunov, 1974).

The anhydrous KR(SO,),-type sulfates can be synthesized by a solid-state
method, and X-ray diffraction studies have shown them to have five structural
subgroups along the lanthanide series: (a) La---Pr, (b) Nd---Tb, (c) Dy- - - Er,
(d) Tm, and (e) Yb---Lu (Sarukhanyan et al., 1985a). Published X-ray powder
data for La- - Tb also show the structural break between Pr and Nd, although
both groups are triclinic (Degtyarev et al., 1977a,b). Structures are known for
representatives of the first three groups (table 8). Scandium forms the KR(SO,),
phase, too, and according to powder diffraction patterns has a monoclinic unit cell
isostructural with KFe(SO,), (Perret, 1970).

Vibrational frequencies and thermal data are available for the series KR(SO,),
(R=Pr---Yb) (Vazhnov et al., 1980; Degtyarev et al., 1977a). Thermal degrada-
tion of KR(SO,), produces a mixture of K,R,(SO,); and R,(S0O,); in the case of
Pr and Nd, while the heavier rare earths and Y produce the nonstoichiometric
compound K ,,R,_,(SO,), and R,(SO,), (Degtyarev et al., 1977a). The de-
composition temperatures for KR(SO,), range from 930°C (Pr) to 480°C (Lu) but
Y has the lowest temperature (420°C).

There are also a large number of different structures in the series K;R(SO,);;
for in addition to the three structural types, polymorphic transitions are possible
at relatively low temperatures (Degtyarev et al., 1978¢c, 1980a). The IR spectra
have been recorded for R=La---Yb (Vazhnov et al., 1983), but only the
structure of the monoclinic K, Yb(SO, ), compound (isostructural with Tm and Lu
compounds) is known from X-ray studies (table 8). The YbO, polyhedra form
six-membered rings joined together by sulfato tetrahedra into a three-dimensional
network in which three crystallographically different potassium atoms with eight
(K,), nine (K,), or eleven (K,) oxygens around them are incorporated into
cavities (Degtyarev et al., 1978b). For a fragment of this structure, see fig. 68.

The two other structure types (La---Nd, Sm- - - Er, Y) similarly crystallize in
the monoclinic system. Scandium forms the K;R(SO,), phase, too, but probably
with a different structure. Characterization of the K,Sc(SO,), crystals by optical
crystallography indicated monoclinic symmetry (Ivanov-Emin et al., 1966). Re-
cently, the powder pattern of the high-temperature polymorph of K,Sc¢(SO,); was
indexed with hexagonal unit cell parameters, as part of a systematic study of the
M,S0,-Sc,(SO,), system where M=K, Rb, Cs (Korotnaya et al., 1983).

Crystal data are available for the K¢, ,,M,_,(SO,), (n=~0.4) series (Deg-
tyarev et al., 1979), and also congruent melting points, which are somewhat
above 1000°C. Crystals having stoichiometric composition K,R,(80,); have also
been reported (Pospelova et al., 1970).

The complex phases K(R,(SO,), and K,R;(S0O,), (Degtyarev et al., 1978c)
arc formed in several systems by thermally induced transformations, and in the
case of K.R,(SO,), by thermal dehydration of the corresponding octahydrate
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Fig. 68. A fragment of the crystal structure of K,Yb(SO,), (Degtyarev et al.,
1978).

(Pospelova et al., 1970). The compounds K.R,(SO,), (R=Sm~---Lu, Y) are
isostructural; and for K,R(SO,), isostructurality extends from La to Nd, accord-
ing to Degtyarev and Pokrovskii (1984), who recently studied the thermal
stability of the phases. The orthorhombic unit cell for K,Pr;(SO,), is very large
as Z =6 (Degtyarev et al., 1980b).

KR(S80,),-H,O crystallizes in the monoclinic system and the isostructural
sequence may extend from La to Ho, according to Iskhakova et al. (1971), who
prepared the crystals at 50°C and studied them by optical crystallography. IR
spectroscopic studies were reported in another paper (Petrov et al., 1971).
Thermal and thermodynamic data for the Eu compound have been reported by
Ilyashenko et al. (1973). Crystal structure determination on KTb(SO,),-H,O
showed that the compounds are indeed monoclinic (table 8). The coordination
number for Tb>* has been given as 8 (Lyutin et al., 1974). The unit cell
dimensions (table 8) indicate that the potassium and rubidium compounds are
isostructural, as suggested by Sarukhanyan .et al. (1982). The structure of
KLu(SO,), 2H,0 has recently been solved (Sarukhanyan et al., 1985b) and
compared with the structure of KLu(SO,), - H,O derived on the basis of its being
isostructural with RbGd(SO,),-H,O (fig. 69). See also section 4.4.4.

One of the very first structural determinations on ternary rare earth sulfates was
that performed on K Pr,(SO,), - 8H,0; unfortunately, only the abstract has been
published (Ahmed Farag et al., 1973b). The structure incorporates two crystallo-
graphically different Pr atoms, each with a CN of 9 (tables 8 and 9). The main
structural features predicted on the basis of the IR spectra (Petrov et al., 1971)
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seem to be in agreement with the actual structure; the role of water molecules was
not obvious from the spectra, however.

For the series K.R(SO,), (R=La---Sm), preparative details are given (Is-
khakova et al., 1971) and also IR spectra (Petrov et al., 1971) and X-ray and
thermal data (Trunov et al., 1977). The hexagonal unit cell dimensions are based
on the isostructural relationship to K,La(MoO,), and palmierite K,Pb(SO,),.

4.4.4. Rubidium compounds .

Owing to the similar ionic radii of the cations, the Rb compounds are often
isostructural with the potassium or ammonium sulfates, and sometimes also with
Cs compounds.

Thus, in analogy with potassium sulfates, the anhydrous phases RbR(SO,),,
Rb,;R(S8O,);, Rb.,.;,M,_,(S0O,),, and Rb,R;(SO,), can be prepared in the
system Rb,SO,-R,(SO,), (Komissarova et al., 1970b; Prokofev et al., 1979).
Also known is Rb.R,(SO,), (Prokofev et al., 1979). A complete structural
analysis has been carried out only for the representatives of the first series
RbR(SO,), (cf. table 8).

The RbR(SO,), compounds can be prepared either by isothermal evaporation
of an Rb,SO,-R,(SO,), aqueous solution at 70°C or by a solid-state synthesis.
The former method can be applied only for the lighter rare earths (La- - - Eu); for
with the heavier rare earths the monohydrate forms under these conditions
(Sarukhanyan et al., 1982, 1984d). The recent studies by Prokofev et al. (1979)
and Sarukhanyan et al. (1983, 1984b,d) have established the existence of three
main structure types: (a) monoclinic (La---Tb), (b) orthorhombic (Pr---Er),
and (c) monoclinic (Dy---Lu). In addition, unpublished data indicate that
lanthanum and cerium form still another polymorph (Prokofev, 1980). Owing to
its smaller ionic size, scandium probably forms a sulfate with a different structure;
and indeed a hexagonal structure has been proposed on the basis of powder
diffraction patterns (Ivanov-Emin et al., 1966; Erdmetsd and Haukka, 1968).

The crystal structure determination of one representative of each type (a)—(c)
allows us to make a comparison between the structures (table 8).

The coordination mode of the sulfate groups and the coordination number for
the lanthanide (CN = 8) remain unchanged, as does the layered type of structure.
The average R-O length shortens in accordance with the ionic radii and is 2.43,
2.40, and 2.32 A for the Eu, Dy, and Lu compounds, respectively. In the Lu
compound, however, coordination polyhedron changes from the antiprism of the
Eu and Dy compounds to a geometry best described as a dodecahedron (Saru-
khanyan et al., 1984b) (fig. 70). It may also be noted that RbDy(SO,), is
isostructural with CsPr(SO,), and the coordinates can be directly compared after
a shift of origin (Bukovec et al., 1978).

For scandium, the 1:1 compound RbSc(SO,), can be prepared both by a
solution (Komissarova et al., 1970b) and by a solid-state (Korytnaya et al., 1980)
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| Fig. 70. A comparison of the

crystal  structures of RbDy-
(80,), (above) and RbEu(SO,),
(below) (Sarukhanyan et al.,
1984d).

method. The compound forms hexagonal -crystals (space group P321) with
a=5.03A and ¢=8.25 A (Erdmetsi and Haukka, 1968).

Although the monoclinic Rb,Sc(SO,); can be prepared in aqueous solution at
25°C (Komissarova et al., 1970b), the corresponding sulfates of the other rare
earths have been synthesized only by a solid-state, high-temperature reaction
(Samartsev et al., 1978; Prokofev et al., 1979). Several structure types and
polymorphisms occur, and in some cases the unit cell dimensions and space
groups have been determined. The crystal system, hexagonal, appears to be
common in the lanthanide series but the space group is different in three
subseries: (a) Ce---Nd (R3), (b) Sm---Eu (R3c), and (c) Gd---Lu, Y (P3).
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The second type is isostructural with Cs;R(SO,); (R =Tm, Yb, Lu) (Samartsev
et al., 1978). Scandium appears to form monoclinic crystals (Komissarova et al.,
1970b).

As can be seen in fig. 71, the equilibrium diagram of the Rb,S0,-Gd,O,
system is very complicated. X-ray powder patterns are available for the anhydrous
phases, and Rb_,,Gd,_,(SO,), has been indexed with a large monoclinic (B2/b)
cell (Prokofev et al., 1979). The corresponding phase equilibrium diagram of Sc
(fig. 72) is much simpler and a thermoanalytical study did not reveal any
polymorphic transitions but instead an incongruent melting of RbSc(SO,), at
950°C (Korytnaya et al., 1980).

Evaporation of an aqueous system containing Rb,SO, and R,(SO,), at room
temperature results in the precipitation of RbR(SO,), -4H,O for all rare earths
except La and Ce, which lead to the anhydrous phase (Iskhakova and Plyushchev,
1973). The heavier rare earths (Ho---Lu) do not seem to form stable com-
pounds; for instance, RbHo(SO,), - 4H,0O has been reported to effloresce rapidly
in air at 25°C (Pavlov-Verenkin, 1970). If the crystallization is carried out at
higher temperature (70°C) the rare earths from Gd to Lu form the monohydrate
phase (Sarukhanyan et al., 1982).

L
alltL
g O+L
all+T +a #°C
_ ]
L % x 2\ X __x X x x < /000
N < IOV — T ma o]
al*l ,‘ e x xalral 7
x X x|x b x|x
) I'“ X X xamiﬂy R
al+all ﬁohx x |k x X x x ]
11
11|a I+
x bod
x TMgad alV+pY + 600
Al+all x| x| APt al¥ 7
w5 Fig. 71. A phase equilibrium
al+m -+ -+ 4400  diagram of the Rb,(SO,),~
Gd,(S0,), phase. (L): liquid
SEIpIY ALF+p¥7 ~ phase; (I): Rb,SO,; (II):
. Rb,Gd (SO,),; (III): Rb,, , -
5 Fdh e dx x x o« x {200 04 (S0 (IV): RbGi:
P1eh g (5005 (V) Gdy(30,),;
i E T (VI): Rb,Gd,(SO,)s; (VII):
szsﬂq 60 50 1/0 Zﬂ 912(5303 RbsGd3(SO4)7 (Prokofev et

Rb;504 , mole % al., 1979.)



186 L. NIINISTO and M. LESKELA

te o
1100t

1000t X X X X X X X X X

900+ X X X X X X X X X

800

X X X X X
7 w-I+ T T.TC
&

500F X X X X X X X X X X X X X X X X X X X

400}

I.II m-

300

L ! L 1

50 40 30 20 10 S,(S0,);

Rb,SO, 90 80 70 60

Fig. 72. A phase equilibrium diagram of the Rb,(SO,),-Sc,(SO,), system. (I): Rb,SO,; (II):
Rb,S¢(S0O,),; (III): RbSc¢(SO,),; (IV): Sc,(SO,),- X indicates points of rapid cooling. (Korytnaya et
al., 1980.)

RbR(SO,); -4H,0 (R =Pr---Tm) form isostructural crystals (Iskhakova and
Plyuschev, 1973) which are also isostructural with the monoclinic (P2,/c) am-
monium (Erdmetsd and Niinistd, 1971) and the cesium (Bukovec and Golic,
1975) compounds. Unit cell data are available for the series RbR(SO,), - 4H,0
(R=Pr---Dy) (Iskhakova et al., 1979). The crystal structure of RbPr(SO,),
*4H,0 has been determined and compared with that of Pr,(SO,), 8H,O
(Iskhakova et al., 1981a); for crystal-structure determinations of the isostructural
NH, and Cs compounds, see table 8.

RbR(S0,),-H,0 (R=Gd"--Lu) also form monoclinic crystals (P2,/c); the
structures of the isomorphous Gd, Ho, and Yb compounds have been determined
(Prokofev, 1981; Sarukhanyan et al., 1984a) (table 8). The two structural
determinations of the Ho compound were based on different unit cell choices but
the bond lengths and other structural details are in general agreement. R*" has
eight oxygen atoms at distances less than 2.60 A and the coordination polyhedron
has been described as a distorted tetragonal antiprism (Sarukhanyan et al.,
1984a). Prokofev (1981) considers a seven-coordinated polyhedron possible as
well, because one of the R-O distances is more than 0.15 A longer than the
others. It may be noted that the RbR(SO,), - H,O phase is isostructural with the
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potassium compounds and KRb(SO,),-H,O has been analyzed to have an
eight-coordinated structure (Lyutin et al., 1974).

Considerable amounts of IR spectroscopic and thermoanalytical data are
available for the Rb compounds, especially the RbR(SO,),-4H,O series
(Gmelin, 1981b). Lipis et al. (1970, 1971) have studied both the tetra- and
monohydrate series, using deuterated as well as normal compounds; and Is-
khakova et al. (1979) have reported the spectra of RbR(SO,), - 4H,0 for Gd and
Tb. Thermal behavior of the tetrahydrate series will be discussed in sections 4.4.5
and 4.4.6 in connection with the isostructural Cs and NH, compounds. For the
RbR(SO,), compounds, investigations have been made of their IR spectra
(Remizov et al., 1969; Lipis et al., 1971; Couchot et al., 1971) and thermoanalyti-
cal properties (Prokofev et al., 1979; Korytnaya et al., 1980). DTA results
indicate the existence of high-temperature polymorphs for several lanthanides
(Prokofev et al., 1979).

4.4.5. Cesium compounds

During the past few years considerable interest has been focused on the study
of cesium-containing sulfates. Recent studies include phase equilibrium, X-ray
diffraction, IR spectroscopic, and thermoanalytical investigations.

CsR(SO,), compounds are most simply prepared by dehydration of
CsR(S0O,), -4H,0 at 300°C (Bukovec et al., 1979a, 1980d). They can also be
prepared by a prolonged sintering of the 1:1 sulfate mixture at 550°C, in a process
that includes grinding and compressing of disks at 50 h intervals (Samartsev et al.,
1977) (fig. 73). CsSc(SO,), can be prepared in a similar way (Korytnaya et al.,
1980, 1983), or precipitated from an aqueous solution of Cs,SO, in a wide
concentration range (Komissarova et al., 1970b). With use of higher tempera-
tures, the method of precipitation from aqueous solution is also possible for the
other rare earths; thus Bondar et al. (1982a) have prepared CsCe(SO,), at 150
and 200°C. Single crystals of CsR(SO,), have been prepared from melt (Samart-
sev et al., 1979) and from aqueous solutions of CsR(SO,), 4H,O containing
sulfuric acid, at elevated temperatures (300°C) (Bukovec et al., 1978, 1980c).

CsR(SO,), decomposes at temperatures ranging from 795°C (Sm) to 1050°C
(Y) (Samartsev et al., 1977; Korytnaya et al., 1980). Upon heating, polymorphic
transitions occur in several cases around 400°C, and for Gd also at 710°C (fig. 73).
The compounds crystallize in at least four structure types. The values given by
various authors (table 10) are not in complete agreement, perhaps because
different polymorphs have been investigated. It appears, however, that the two
unit cells given for CsLa(SO,), are related, since the volumes differ by a factor of
exactly two.

Both CsPr(SO,), and CsLa(SO,), have a layer structure, where sulfate groups
join together the 8- and 9-coordinated polyhedra, respectively (Bukovec et al.,
1978, 1980a). In CsPr(SO,),, the coordination polyhedron of R** is regular, with
R-O distances ranging from 2.46 to 2.59 A, and can be described as an antiprism
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Fig. 73. A phase equilibrium diagram of the Cs,80,-Gd,(S0,), system. (I): L + «-Cs,SO,; (II):
a-Cs,SO, + Cs,Gd (S0,),; (IN): B-Cs, SO, + Cs,Gd(SO,),; (IV): Cs,Gd(SO,), + ¢-Gd,(SO,),;
(V): Cs,Gd(SO,), + a-CsGd(S0O,),; (VI): Cs;Gd(SO,); + B-CsGd(SO,),; (VII): Cs,Gd(SO,),+
v-CsGd(S80,),; (VII): a-CsGd(SO,), + a-Gd,(SO,),; (IX): a-CsGd(SO,), + B-Gd,(SO,),; (X):
B-CsGd(SO,), + B-Gd,(SO,),; (XI): ¥-CsGd(SO,), + B-Gd,(SO,),;; (XII): L+ Cs;Gd(SO,),
(Samartsev et al., 1977).

(fig. 74). In the La compound the coordination polyhedron is more irregular
(La--- O range: 2.48-2.80 A) and an analysis of it has not been attempted. In
both structures the Cs ions are situated between the layers (fig. 75) and have a
large number of short contacts to sulfate oxygens.

A comparison of the lattice parameters and the space group of CsSc(SO, ), with
the corresponding values of KAI(SO,), (Manoli et al., 1970) suggests that the
compounds are isostructural and thus Sc’* is. octahedrally coordinated, forming
sulfate bridged layers. According to Korytnaya et al. (1983) the high-temperature
form of a-CsSc(SO,), probably has a similar structure.

The tetrahydrates of CsR(SO,), (R=La---Lu, Y) are likewise frequently
studied, and unit cell and IR data are both available (Bukovec et al., 1977).
Complete structural determinations have been carried out (table 8) and confirm
the isostructurality with the corresponding NH, (Eriksson et al., 1974) and Rb
(Iskhakova et al., 1975) compounds. It is interesting that the smaller ionic size of
Lu causes the coordination of sulfate groups to change slightly relative to the Pr
compounds (Bukovec et al., 1979b). The unit cell size and space group are not
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Fig. 74. The square antiprismatic coordination around Pr** in the structure of CsPr(SO,), (Bukovec
et al., 1978).
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© G%A Fig. 75. A perspective view of the
k ® o o unit cell of CsLa(SO,), showing
, e ¢ the layer-like structure (Bukovec
et al., 1980a).

affected (table 8) but, evidently due to steric reasons, the S(2) sulfate group in
CsLu(SO,), - 4H,0 is rotated, placing the oxygen atom O(8) away from the inner
coordination sphere of Lu and resulting in a lower coordination number (8 versus
9 for Pr). A parallel case has been reported earlier for the structures of
(NO),[R(NO,);] (R=Sc, Y), see chapter 56, section 6.4.1, of Volume 8 of this
Handbook.

The thermal behavior of the CsR(SO,), - 4H, O series has been studied in detail
by Bukovec et al. (1979a, 1980b) and others (Iskhakova et al., 1973; Storozhen-
ko, 1983b). Dehydration experiments indicate that stable monohydrates are
formed for Pr---Gd around 100°C (Bukovec et al., 1979a). The dehydration
mechanism is explained in terms of the crystal structure, where one of the water
molecules is not coordinated to the lanthanide but held in the structure by
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hydrogen bonds (Bukovec at al., 1979b). The mechanism of the dehydration may
be compared with that of the corresponding Rb compounds, e.g., Sm (Erdmetsa
and Niinistd, 1971) and Dy (Zaitseva et al., 1972), where the monohydrate also
appears as a stable intermediate, although the mechanism is strongly dependent
on experimental conditions (Eriksson et al., 1974). In view of the suggested
relationship between structure and dehydration mechanism (Bukovec et al.,
1979b), it would be interesting to study, using the high-temperature X-ray
diffraction method, whether or not the -dehydration intermediate CsR(SO,),
-H,O has the same structure as the well characterized RbR(SO,), - H,O phase.
A comparison of the available X-ray powder patterns of RbHo(SO,), -H,0
(Sarukhanyan et al., 1982) and CsNd(SO,), - H,O (Bukovec et al., 1979a) does
not seem to give immediate support to isostructurality but different structure
types and polymorphism may exist in both series.

Of the other hydrates of the 1:1 compounds, CsSc(SO,), 12H,O appears
particularly interesting because it is the only known rare earth sulfate having the
alum structure (Bashkov et al., 1972). Its thermal stability is low and it has been
prepared only at 0°C. The indexed powder pattern indicates that the unit cell
parameter a=12.51 A and the volume V=1957 A°. All other scandium com-
pounds with Cs are anhydrous, viz. CsScSO, and Cs,Sc(SO,); (Komissarova et
al., 1970b).

Like the CsR(SO,), series, the Cs;R(SO,); series comprises several structure
types (table 10), in addition, the Sc compound probably has a monoclinic
structure of its own (Komissarova et al., 1970b). Only the structure of Cs,Yb-
(SO,); is known from single-crystal studies (Samartsev et al., 1980a). In this
compound, Yb has the unusually (table 9) low coordination number of six, and
the Yb—O distances are short, ranging from 2.14 to 2.23 A. The structure consists
of infinite chains of [Yb(SO,),]." parallel to the z-axis (fig. 76), with Cs atoms
located between the chains, each with nine neighbors at a range of 2.97-3.64 A.

4.4.6. Ammonium compounds

Ammonium compounds are among the most frequently studied sulfatometal-
lates of the rare earths (Pascal, 1959), even though their chemistry is limited to
lower temperatures than that of alkali compounds. The NH,R(SO,),-4H,O
series has been used in fractional crystallization processes for separation of the
lighter and heavier rare earth elements and even of individual elements within
groups. The solubility diagrams have been presented for several R,SO,-
(NH,),S0,-H, 0 systems (e.g., Ce’"; Schrdder et al., 1938).

Besides the 1:1 compound tetrahydrates, the anhydrous phase (Sarukhanyan et
al., 1984c) and the intermediate hydrates are known; the latter are of low
stability, however. Of other compositions, the (NH,),R(SO,), (R=La---Pr)
(Iskhakova et al., 1981b; Niinisté et al., 1980a) and (NH,)R,(SO,),-2H,0
(R=Tb---Er) series (Iskhakova et al., 1985) have been structurally character-
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Fig. 76. A projection of part of the structure of Cs,Yb(SO,); on the xy-plane (Samartsev et al.,
1980a).

ized. Scandium forms at least two anhydrous phases, NH,Sc(SO,), and
(NH,);S¢(S0O,); (Erametsa and Haukka, 1966; Bashkov et al., 1972), of which
NH,Sc¢(S0,), is isostructural with the Rb and Cs compounds (Couchot et al.,
1971) and (NH,);Sc(SO,), appears to have a different structure (Erdmetsd and
Haukka, 1966). The existence of an ammonium scandium alum has been claimed,
but the compound has not been isolated (Purkaystha and Dutta, 1963).

The NH,R(SO,),-4H,0 (R=La---Tb) series forms isostructural crystals
(Eriksson et al., 1974; table 8). It is not certain how far the isostructural character
extends among the heavier rare earths, since the published powder patterns for
the Dy - - - Ho region are not in agreement. Thus, Iskhakova et al. (1975) have
reported that the Ho compound is isostructural with Tb, while Belousova et al.
(1970) have published XRD patterns for Dy and Y which are similar to each
other but different from those for the La---Tb compounds. A crystal structure
analysis of NH,U(SO,),-4H,0O has revealed that it is isostructural with the
corresponding rare earth series (Bullock et al., 1980). NH,Sm(SO,), - 4H,O was
among the first “double” sulfates studied by single-crystal X-ray diffraction
techniques (Niinist6, 1973; Eriksson et al., 1974). The samarium ion is nine-
coordinated by six sulfate oxygens and three water molecules; the coordination
polyhedron is an intermediate one and can equally well be described as a
monocapped square antiprism or a tricapped trigonal prism (fig. 77). The sulfato
groups join the SmO, polyhedra into chains with the ammonium ions and
“noncoordinated” water molecules located between them (fig. 78).
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Fig. 77. The coordination around Sm®" in the structure of NH,Sm(SO,), - 4H,0. (a) monocapped
square antiprism; (b) tricapped trigonal prism. (Niinistd, 1973; Eriksson et al., 1974.)

Fig. 78. A perspective view of the structure of NH,Sm(SQ,), - 4H,0O showing the unit cell packing
(Eriksson et al., 1974).
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The characteristic features of high CN for R** and bridging SO, groups are also
encountered in the structures of NH,La(SO,), and (NH,).R(SO,), (R =La, Pr).
The (NH,);La(SO,), compound was found to crystallize in space group P1, while
for the Pr compound space group Cc was assigned (table 8). The structures are
essentially the same, with R*" having a CN of 10 and the relatively large number
of ammonium ions situated in holes of the structure (fig. 79). In this case the
coordination polyhedron is also distorted and after an analysis of the various
possibilities the bicapped dodecahedron and bicapped square antiprism were
considered equally possible (Niinistd et al., 1980a).

NH,La(S0,),, which is isostructural with the Ce- - Pr compounds, has been
prepared by evaporation of an aqueous solution containing (NH,),SO, and
La,(S0,), at 70°C (Sarukhanyan et al., 1984c). The centrosymmetric choice of
the two possible space groups (P2,/m and P2,) gave a satisfactory solution
including hydrogen atom positions. La has a CN of nine in a capped trigonal
prismatic arrangement, where two of the La- - - O distances (2.90 A) are signific-
antly longer than the others (2.42-2.56 A), leading to a distorted polyhedron.
Although temperature parameters are not reported, it appears that the am-
monium ion is firmly situated in a hole of the structure. Judging from the
distances and hydrogen atom positions, several hydrogen bounds are formed,
including some bifurcated ones (Sarukhanyan et al., 1984c) (fig. 80).

Fig. 79. A perspective view of the
structure  of (NH,),La(SO,),
(Niinist5 et al., 1980a).
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Fig. 80. A projection of the structure of NH,La(SO,), on the xz-plane (Sarukhanyan et al., 1984c).

(NH,)Tb,(SO,), - 2H,0 has two crystallographically different Tb>" ions in
the structure with CNs of 9 and 8 (tables 8, 9). The water molecules are all firmly
coordinated to Tb*™ (Tb-O(H,0)=2.35A) and the NH; ions are located in
holes of the structure (Iskhakova et al., 1985).

The thermoanalytical behavior of the ammonium compounds, especially that of
the NH,R(SO,),-4H,O series, has also been studied. Unlike the situation in
alkali sulfatometallates, the monovalent cation is expelled at relatively low
temperature and the anhydrous sulfate is formed (fig. 81). In air the thermal
degradation sequence is as follows: 2NH,R(SO,),-4H,0—2NH,R(SO,),
—R,(80,),—»R,0,50,—R,0, (Erametsd and Niinisté, 1971). Under most
experimental conditions the first step, dehydration, appears to proceed through
the monohydrate (Belousova et al., 1970; Erametsa and Niinisto, 1971; Iskhakova
et al., 1975; Storozhenko, 1983b), in which. respect the behavior of the am-
monijum compounds is similar to that of the Rb and Cs sulfates.

There are a few reports on the magnetic properties of NH,R(SO,), - 4H,0,
both undoped and doped with Gd**. Unfortunately, the study on
NH,Ce(S80,), - 4H,O (Singhal, 1973) was carried out before the structure of the
compound was known, so the structural conclusions are not valid. The ESR
results for Gd*>*-doped NH,Nd(SO,),-4H,O single crystals have been inter-
preted in terms of two magnetically nonequivalent complexes with tetragonal
symmetry (Malhotra et al., 1974).

For the IR spectrum of NH,Sm(SO,), -4H,0 and its assignment, see table 11
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Smo(SOg)5 (NH4),504 8 HaO

Smo(504)3-(NH4)2504

T— 20'mg ———-1

A

900 °C

00 300 500 700

i

Fig. 81. The thermal decomposition of NH,Sm(SO,), - 4H,O in air (Erimetsid and Niinist6, 1971).

TasLE 11
IR spectrum of NH,Sm(SO,), - 4H,0 (4000~400cm ') and its as-
signment (Eriksson et al., 1974). *

Observed frequency Assignment
3400 s, b v(H,0)
3130 vs r,(NH,)
1670 sh)
1625 m | 8(H,0)
1390 vs v,(NH,)
1190 s 1 :
1120 vs, b | %(80,)
975 m 1,(SO,)
660 s
645 s
v,(SO
605 sh (804)
585 s
475 w 1,(S0,), Sm-OH, wagging
410 vw Sm—OH, stretching

*b=broad; m=medium; s=strong; sh=shoulder; vs=very
strong; vw = very weak; w = weak.
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(Eriksson et al., 1974). Other published spectra are generally in good agreement
(Gmelin, 1981b) but structural interpretations vary (Ilyashenko et al., 1969). The
IR spectra of the isostructural Cs compound and its deuterated form are shown
for comparison in fig. 82.

4.4.7. Compounds with other cations

Some mono-, di-, and tetravalent cations combine with the rare earths to form
ternary sulfates. TI", Ag®, Cd**, and Sn*" compounds have been reported
(Pascal, 1959), and more recently Ce’* sulfates containing H,O' or Ti*"
(probably as TiO”" ion) as counterions (Belokoskov et al., 1979; Gatehouse and
Pring, 1981). For a recent study of the La,(SO,),-Ag,(SO,), system, see
Campbell et al. (1983).

It is also possible to have more complicated inorganic ions to balance the
charge of a sulfatometallate. The neodymium compounds with hydrazinium and
hydroxylammonium counterions have been synthesized and characterized by
thermoanalytical methods (Bukovec, 1985; Bukovec and Bukovec, 1985).
Sakamoto (1984) has reported the preparation and properties of a series of La
compounds with cobalt ammine complex cations, e.g., [Co(NH,)][La(SO,),]
-H,O.

Three structures have been studied by X-ray single-crystal diffraction methods:
the ‘isostructural Tl compounds TIR(SO,),-2H,0 (R=La,Pr), and
(H,0)Ce(S0,), - H,O (table 8). The crystals of TIR(SO,),-2H,0 (R =La, Pr)
can be grown at room temperature from aqueous solution, confirming the earlier
studies on the Pr compound by Zambonini and Restaino (1931). A characteristic
feature of the structure is that nearly all cations lie on planes parallel to (100) that
pass through the screw axis (fig. 83). The lanthanide ion is nonacoordinated by
seven sulfate and two water oxygens, and the coordination polyhedron has been
described as a distorted tricapped prism (Iskhakova and Trunov, 1985).

The synthesis of (H,0)Ce(SO,),-H,O requires a strongly acidic solution
(Gatehouse and Pring, 1981). Details of the crystal data and structure are
presented in tables 8 and 13 (see also section 4.5).

4.5. Sulfates of tetravalent and divalent rare earths

4.5.1. Ce(IV) sulfates

Owing to its large charge/ionic radius ratio, Ce** has a pronounced tendency
for hydrolysis and forms a number of oxo- and hydroxosulfates, some analoguous
to Ti** and Th** compounds (Lundgren, 1956) (see section 4.6). Nevertheless,
many ‘“‘normal” sulfates are known as well (Gmelin, 1981b) and some of them
have been structurally characterized. Table 12 summarizes the structural informa-
tion available and table 13 presents a comparison of the Ce---O distances in
Ce** and Ce’* sulfates; the comparison includes the oxo- and hydroxosulfates of
tetravalent cerium.
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Fig. 83. A projection of the structure of
TIPr(SO,), - 2H,0 on the xy-plane. For
clarity, some polyhedra have been omit-
ted. (Iskhakova and Trunov, 1985.)
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TABLE 12
Summary of structure determinations of Ce(IV) sulfates.

Cell parameters

Compound a b ¢ vy Z Space R-value Ref.
‘ (A) (&) (&) . (deg) group (%)
Ce(S0,), 9.325 8.891 13.39 8 Pbca 12.0 a
Ce(S0,), 4H,0 14.5994 11.0064  5.6601 4  Pnma 4.0 b
Ce0SO, -H,0 11.983 8267  4.332 4 P222, c
Ce0S0O,-H,O0 11.987 8.272 4.331 4 P222, 3.0 d
Ce,(OH),(SO,), - 4H,0 15.583 13.448 6748 9539 4 A2/a 43 e
Ce,0,(OH),(SO,), 10.661 10.288 2 I4/m f

(a) Rogachev et al. (1974).
(b) Lindgren (1977b).
(¢) Lundgren (1953).

(d) Lindgren (1976).
(e) Lindgren (1977c).
(f) Lundgren (1957).
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TasLE 13
A comparison of oxygen coordination to Ce(III) and Ce(IV) in the sulfate structures.

Compound . Coordination polyhedron Ce-O distance Ref.

CN Number of oxygens from:

SO, H,0 OH,O0 Mean Range

Ce(I1I):
Ce,(S0O,), - 4H,0 9 6 3 - 259 222-3.10 a
9 7 2 - 2.22-3.10
Ce,(S0,), - 5H,0 9 5 4 - 239-2.82 b
Ce,(80,);-9H,0 9 3 6 - 251 251-2.52 ¢
12 12 - - 2.71  2.59-2.82
(H,0%)Ce(SO,), -H,0 9 8 1 - 2.54 2.45-2.63 d
NaCe(SO,), - H,0 9 8 1 - 2,53 248-258 e
Ce(1V):
Ce(S0,), 8 8 - - 223 207-238 f
Ce(80,),-4H,0 8 4 4 - 236 2.29-2.39 g
Ce0SO, -H,0 8 4 1 3 236 2.19-259 h
Ce,(OH),(S0,), - 4H,0 8 4 2 2 233 222241 i
Ce,0,(0OH),(SO,), 8 - - 8 234 2.22-239
(a) Dereigne et al. (1972). (f) Rogachev et al. (1974).
(b) Ahmed Farag et al. (1973a). (g) Lindgren (1977b).
(c) Dereigne and Pannetier (1968). (h) Lindgren (1976).
(d) Gatehouse and Pring (1981). (i) Lindgren (1977c).
(e) Lindgren (1977d). (j) Lundgren (1957).

According to Trofimov and Belakoskov (1968) and Trofinov (1968), eight solid
phases are formed in the system CeO,-SO;—H,O between 25 and 200°C. Both
neutral sulfates Ce(SO,), and Ce(SO,), 4H,O have been studied in detail.
Possibly the anhydrous Ce(SO,), has two crystal modifications. The orthorhom-
bic (Pbec) polymorph (tables 12, 13) has been the object of a complete structural
determination (Rogachev et al., 1974), while only approximate unit cell dimen-
sions (a=13.7 A, b=158A, ¢=9.19A, and B = 140°) are known for the
monoclinic (C2/c or Cc) form (Rogachev et al., 1983).

Likewise, Ce(SO,), - 4H,O exhibits dimorphism. The orthorhombic modifica-
tion (Fddd) (a=26.59A, b=11.93A, ¢=5.73 A) (Singer and Cromer, 1959)
and another orthorhombic form (Pnma) are prepared by hydrothermal methods
(Lindgren, 1977b). The crystal structure of the latter modification has been solved
(tables 12, 13; fig. 84) and shown to have a layer-like structure with CeO,
polyhedra.

The ternary sulfate systems containing Ce*" have been studied frequently.
Although the total number of solid phases in each CeO,-M,SO,-H,SO,-H,0
system (M = alkali metal or ammonium) is large (Gmelin, 1981b), there are not

+
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Fig. 84. A stereoscopic view of the structure of CeSO, -4H,0 (Lindgren, 1977b).

so many oxo- and hydroxocompounds (to be discussed in section 4.6) as in the
binary system. For instance, Rogachev et al. (1979) isolated four Cs-containing
compounds and Nikitina and Bondar (1983) an additional four. None of these
compounds contains oxo- or hydroxogroups. In some cases, however, the stoich-
iometries are so close that the compounds may well be identical: e.g.,
Cs,Ce,y(80,)g - nH,0O where n=14 (Nikitina and Bondar, 1983), or n=15
Rogachev et al., 1979). For a thermal study of some of the compounds, see
Bondar et al. (1982b).

Ce(IV) sulfate is widely used as a catalyst for various reactions, for instance
grafting acrylamide on alkali lignin (Meister et al., 1984) and the Belousov-
Zhabotinskii oscillating reaction (Winfree, 1984). It can be also used as a strong
oxidant for several classes of organic compounds (Rao et al., 1983).

4.5.2. Sulfates of Sm(II), Eu(Il), and Yb(II)

Eu’*/Eu®* normal potential is sufficiently low to allow the preparation of
EuSO, by reduction of Eu,(SO,), with zinc (Cooley et al., 1946) but for SmSO,
and YbSO, an electrochemical reduction process has been utilized (Asprey et al.,
1964).

SmSO, and EuSO, are isostructural with SrSO, and BaSO, but YbSO, has a
different structure (table 14). YbSO, probably contains a small amount of water
of crystallization (up to 0.5 mol) (Asprey et al., 1964). There are also reports on
the existence of another polymorph for EuSO, (McCoy, 1936) but structural
details are lacking.

Apart from the synthesis and crystal structure, the chemistry and physics of the
RSO, series have been little studied (Gmelin, 1981b). The Mossbauer spectra of
151EuSO4 and 'EuSO,, however, have been investigated by several groups (e.g.,
Enholm et al., 1970).
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TaBLE 14
A comparison of unit cell data of RSO, (R =Sm, Eu, Yb).
Compound Space a b < Reference
group &) (A) (A)

SmSO, Pnma 8.45 5.38 6.91 Asprey et al., 1964
EuSO, Pnma 8.382 5.333 6.870 Asprey et al., 1964

8.333 5.326 6.861 Mayer et al., 1964

8.364 5.356 6.871 Sklyarenko et al., 1965
YbSO, * P6,22 7.025 6.428 Asprey et al., 1964

7.004 6.433

* Single-crystal data from two crystals.

4.6. Hydroxo- and oxosulfates

As discussed earlier, hydroxo- and oxocompounds may be formed in aqueous
systems when the acidity of the solution is low. Especially Sc>” and Ce** ions
tend to hydrolyze easily. Thermal decomposition under controlled conditions
offers another route to the oxocompounds, most notably to R,0,S0,.

4.6.1. Hydroxosulfates ‘

The system Sc,(SO,);—MOH-H,O has been studied for M=Li---Cs, NH,,
T1 (Shatskii et al., 1974a,b; Komissarova et al., 1974). The solid phases,
Sc(OH)SO, - 2H,0, Sc¢,0,(0H),S0O, - 4.5H,0, Sc¢,(OH),,SO, - 2H,0,
Scy(OH),,S0, - 2H,0, and MSc,(OH)(SO,), - nH,0 (n=1 for Na, K, NH,,
Rb, Tl, and n=2 for Cs), were characterized by chemical analyses, X-ray
diffraction, IR and PMR spectroscopy, and thermoanalytical techniques. The
structures of MSc,(OH).(SO,),-H,0 (M =Na, K, Rb, NH,, Tl) were found to
be isostructural with alunite (Shantskii et al., 1977).

The structures of three hydroxosulfates, PrOHSO,, Ce,(OH),(SO,), - 4H,0,
and Ce,O,(OH),(SO,), have been solved from single-crystal X-ray diffraction
data.

PrOHSO, crystals were prepared by hydrothermal methods from Pr(OH), and
Pr sulfate at 450—-500°C and at a water pressure of 12000 atm (Fahey et al., 1979).
The crystals are monoclinic (P2,/c) with a =4.488 A, b =12.495 A, ¢ =7.091 A
and B =111.08. The structure consists of Pr(OH)>" double chains arranged
parallel to [100]. The coordination polyhedron around Pr can be described as a
slightly distorted monocapped square antiprism. The Pr—O(OH) distances are
2.451,2.537, and 2.541 A while the Pr-O(SO,) distance range is broader or from
2.383 to 2.840 A.

In the structure of Ce,(OH),(SO,), - 4H,0 (Lindgren, 1977c), the Ce(IV) ions
are connected to each other by double hydroxyl bridges, the Ce—Ce and

OH -OH~ distances being 3.769 and 2.481 A, respectively. Besides the two
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bridging hydroxyl oxygens and two water oxygens, the CeO, coordination poly-
hedron contains four oxygens from bridging sulfate groups which join the
polyhedra into a three-dimensional network (tables 12, 13).

Ce,0,(OH),(SO,), is isostructural with U,O,(OH),(SO,), and contains hexa-
meric [Ce,O,(OH),]">" complex ions (Lundgren, 1957). The mean Ce~Ce and
Ce-O distances are 3.80 and 2.33 A, respectively, or very close to the values
found for CeO, (see also tables 12 and 13). The arrangement of six cerium atoms
and eight oxygen atoms around each of them is very regular. The cerium atoms
form an octahedron and the oxygen atoms are at the corners of a square
antiprism.

4.6.2. Oxosulfates

Two types of oxosulfates have been reported for the trivalent rare earths:
R,0(S0,), and R,0,50,. The first compound, however, has not been fully
characterized but found only as an unstable intermediate during thermal decom-
position processes (Gmelin, 1981b).

On the other hand, the (di)oxosulfate R,0,SO, has been known since the turn
of the century (Mellor, 1965a) and owing to its interesting physical properties it
has been studied frequently. The most convenient way of preparation is the
thermal decomposition of R,(SO,), (see section 4.3.2) but many other sulfur-
containing compounds yield the oxosulfate when heated in air or oxygen.
S¢,0,S0, cannot be prepared by this simple procedure, however, and the
thermal synthesis of Ce,0,SO, is not straightforward (Leskeld, 1985; Leskela et
al., 1985).

The R,0,SO, series (R=La---Lu,Y) forms isostructural orthorhombic
(1222) crystals (Ballestracci and Mareschal, 1967). The structure of the lanthanum
compound (2 =4.2681 A, b =4.1938 A and ¢ =13.720 A) has been refined from
X-ray powder diffraction data by Fahey (1976). The refinement confirmed the
earlier results by Ballestracci and Mareschal (1967) concerning the (RO)." -type
layer structure and showed that the lanthanum atom is coordinated by four
oxygens from the (RO)"" layer and two oxygens from different sulfate groups.
The R-O distances are 2.40 and 2.41 A in the (RO)!* layer and 2.36 A when
sulfate oxygens are involved. The point symmetry around lanthanum is C,.

Thermal, magnetic and spectral properties of R,0,S0, have been studied
frequently (Gmelin, 1981b; see also section 4.3:2). Since the compounds have the
(RO)!"-type layer structure found in many effective phosphor materials, their
fluorescence spectra are of interest and have been studied by Haynes and Brown
(1968) and Porcher et al. (1983). The latter group has recorded the spectra of
Eu-activated R,0,S0, (R=La, Gd, Y) at 4.2, 77, and 300 K and calculated the
crystal field parameters.

Hydrothermal hydrolysis of a Ce(IV) sulfate solution yields single crystals of
Ce0SO, -H,0 (Lundgren, 1953). The crystal structure has been refined by
Lindgren (1976) and shown to contain (CeO*"), strings. Ce(IV) is eight-
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coordinated, having a square antiprismatic coordination polyhedron. The Ce-Ce
distance is exceptionally short or 3.570(1) A, which is less than in the cerium
metal. For other details of the structure, see tables 12 and 13.

5. Rare earth selenates and selenites
5.1. Introduction

Due to the fact that the sulfate and selenate oxyanions have the same spatial
configuration, the corresponding rare earth compounds are isostructural with only
a few exceptions. Their physical and chemical properties are also largely similar.
On the other hand, the relationship between rare earth sulfites and selenites is not
as close as one would expect. Besides the larger size of the selenite ion, possible
factors leading to structural and other differences between the sulfites and
selenites include the different relative stabilities of the tetra- and hexavalent states
and the lower stability of the selenium—selenium bond compared to the sulfur~
sulfur bond. The first factor is responsible for the different observed thermal
decomposition mechanisms while the latter contributes, for instance, to the
formation of a diselenite ion which has an oxygen-bridged structure. This is much
different from the disulfite ion, which is nonsymmetrical and contains a sulfur—
sulfur bond.

The literature and applications of rare earth selenates and selenites are not
nearly as extensive as those of their sulfur-containing counterparts. The selenates
have been known for more than a hundred years and studied frequently. The first
rare earth selenites were also prepared by Berzelius, Cleve, Nilson and other
pioneers in studying the chemistry of the rare earths in the 19th century but
systematic studies have been carried out only recently. Thorough discussions of
the early studies are contained in the handbooks of Gmelin-Kraut (1928-1932),
Mellor (1965b), and Pascal (1959). These seem to be the only comprehensive
reviews on the topic, but a brief report (Niinistd, 1984b) and two theses
(Paralkar, 1978; Ajgaonkar, 1981) discuss the data of the binary and ternary rare
earth selenates, respectively. The thesis of Valkonen (1979) focuses on the
structural chemistry of the scandium selenates and selenites.

5.2. Binary rare earth selenates

5.2.1. Preparation and structures

H. Topsoe and P.T. Cleve were the first to study the formation and properties
of rare earth selenates in 1873. Later J. Meyer and J.A.N. Friend and coworkers
contributed to the preparative chemistry of these compounds by determining
solubilities and constitution of the solid phases. For references of these early
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investigations concerning the rare earth selenates, see Gmelin-Kraut (1928-
1932), Mellor (1965b), or Pascal (1959).

Beginning in the late 1960’s, Giolito and Giesbrecht with coworkers undertook
a systematic study of the formation and properties of binary and ternary selenates
of the rare earths. They have mainly used thermoanalytical and IR spectroscopic
methods to characterize the solid compounds. At about the same time single-
crystal X-ray diffraction data have become available from other laboratories.
Extensive thermoanalytical studies have also been carried out by Nabar and
coworkers.

Solution studies are few in number. Solubility data indicate that the solubilities
of the rare earth selenates are generally significantly higher than those of the
sulfates (Pascal, 1959). Enthalpies of formation for some members of the penta-
and octahydrate series have also been published (Smolyakova et al., 1973). The
heats of formation of Sm,(SeO,),-based solid solutions have been determined
calorimetrically (Serebrennikov et al., 1984); the same group has also studied
other R,(Se0,),-Rj(Se0,), solid solutions. The inner sphere complex formation
between the lanthanides including yttrium and selenate ions has been established
recently by X-ray diffraction studies in solution (Johansson et al., 1985; Johansson
and Wakita, 1985), as shown in fig. 85. Of the formation constants, however, only
the stability constant for the scandium selenate complex appears to be known
(Sillén and Martell, 1971).

The free sclenate ion has the same I, symmetry as the sulfate but is approxi-
mately 10% larger (Se—O=1.64A versus 1.49 A for S—-O; Johanssen, 1974;
Gibbs et al., 1976). Due to the similarity, it is not surprising to find the same
stoichiometries and structural features as discussed in section 4.

Thus, the main series of selenates, the octahydrates R,(SeO,), 8H,0 (R=
Pr-Lu,Y), is isostructural with the corresponding sulfate series (Rosso and
Perret, 1970; Hiltunen and Niinistd, 1976a,b). The preparation of the crystalline
compounds can be carried out by similar methods, viz. dissolving rare earth
oxide, hydroxide, carbonate or chloride in selenic acid and letting the solution
evaporate at room temperature.

Besides the octahydrates, the pentahydrate series has been characterized by
single-crystal X-ray diffraction methods. Unit cell data are available (Mas-
carenhas and Folgueras, 1975) and in the case of the cerium compound the
structure has been determined (Aslanov et al., 1973a). The space group is P2,/c
versus C2/c in the corresponding sulfates. It contains two crystallographically
different cerium atoms with coordination numbers 9 and 8, for which the Ce-O
bond distances range from 2.36 to 2.79 A and from 2.36 to 2.57 A, respectively.
As in the case of Nd,(SO,), 5H,0 (Larsson et al., 1973) one of the water
molecules is not coordinated but instead is held in the structure by hydrogen

bonds.
Scandium forms only the pentahydrate (Tetsu et al., 1971), which is isostructur-

al with the corresponding sulfate (Niinisto et al., 1975). The scandium atoms are
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octahedrally coordinated as in most of its compounds (Valkonen et al., 1975;
Valkonen, 1979). All of the water molecules are coordinated to the scandium
atoms, which are joined into a three-dimensional network by bridging tridentate
selenate groups (fig. 86).

Table 15 summarizes the structural information which is available from single-
crystal X-ray studies. Two interesting structures, which do not yet have counter-
parts among the sulfates, are apparent: Eu,(SeO,), - 8H,0 (second modification)
and La,(SeO,), - 12H,0. For the europium compound, only the unit cell data
and the positions of the europium atoms have been determined (Aslanov and
Ahmed Farag, 1974).

Lanthanum selenate dodecahydrate can be crystallized from aqueous solutions
near 0°C but the crystals are unstable towards dehydration (Karvinen and
Niinisto, 1986). A structural analysis shows that half of the water molecules are
not coordinated to lanthanum but are held between the layers by hydrogen bonds.
There are five selenate and three water oxygens around lanthanum at normal
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Fig. 86. A perspective view of the structure of Sc,(SeO,),-5H,O showing the unit cell packing
(Valkonen et al., 1975).

TaBLE 15
Summary of structural data on rare carth selenates.

Cell parameters

Compound a b ¢ a B y Z Space R-value Ref.
A (A)  (A) (deg) (deg) (dep) group (%)
La,(8e0O,), 12H,0 10.669 20.393 10.744 110.12 4 C2/c 11.1 a
Eu,(Se0,),-8H,0* 17.69 13.83 6.89 98.5 4 A2/a or - b
Aa

Yb,(SeO,), - 8H,0 13.704 6.831 18.507 101.90 4 C2/c 4.1 c
Ce,(Se0,), - 5H,0 9.82 14.05 10.69 . 92.0 4 P2,/a 9.2 d
Sc,(Se0,), - 5H,0 11.225 11.804 5766 91.35 100.10 89.03 2 P1 8.4 e
Sc,(Se0,), 8.899 9.212 15.179 124.83 4 P2,/c 3.8 f
ScH(SeO,), - 2H,0 8.708 5.632 9.105 101.64 2 C2/m 5.4 g
(NH,),Sc(8¢0,), 15.567 9.871 6 R3 6.3 h
* Incomplete structural analysis, see the text for details.

(a) Karvinen and Niinistd (1986). (e) Valkonen et al. (1975).

(b) Aslanov and Ahmed Farag (1974). (f) Valkonen (1978a).

() .Hiltunen and Niinistd (1976b). (g) Valkonen (1978b).

(d) Aslanov et al. (1973a). (h) Valkonen and Niinisté (1978).
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bonding distances (2.42-2.65A). In addition, one oxygen is at the significantly
larger distance of 3.06 A.

Two further phases of scandium have been characterized structurally.
Sc,(Se0,), and ScH(SeO,), - 2H,0 (Valkonen, 1978a,b). Both structures contain’
octahedrally coordinated scandium ions with Sc—O bond ranges of 2.07-2.11 A
and 2.05-2.12 A, respectively. Unfortunately, for the latter compound quality of
the diffraction data did not allow the detection of hydrogen atom positions but the
water content was established by thermogravimetric analysis.

5.2.2. Thermal decomposition

Several groups have studied the thermal decomposition of rare earth selenate
hydrates R,(SeO,), - nH,O using the TG and DTA (or DSC) techniques, either
separately or simultaneously. In some cases it seems that starting materials have
not been sufficiently characterized or systematized because unusual stoichiomet-
ries have been reported.

Giolito and Giesbrecht (1969) investigated R,(SeO,), nH,O (R=La---Lu,
Y) by thermogravimetry (TG) in air up to 1000°C and noted that the dehydration
is in most cases a multistep process which starts around 100°C and leads to the
formation of the anhydrous selenate by 400°C. Partial decomposition of the
selenate was noted even at these temperatures. Comparable dehydration tem-
peratures have been reported by Nabar and Paralkar (1976a,b), Hajek et al.
(1979), and Niinisto et al. (1982). The latter authors and Sonninen (1981)
compared the dehydration of the R,(SeO,), - 5H,O series with the corresponding
sulfates.

Simultaneous TG/DTA data are also available for the scandium selenate
pentahydrate, which is completely dehydrated by 130°C (Tetsu et al., 1971). The
dehydration temperatures obtained by various authors are not directly compar-
able because different experimental conditions have been used. Under similar
conditions, however, there appears to be a linear relationship between the DTA
peak temperatures and the atomic number of the rare earth in the series
R,(Se0,),-8H,0 (R=Rb---Lu) (Nabar and Paralkar, 1976b).

The relationship between the structure and dehydration mechanism for the
pentahydrate series has been discussed by Niinist6 et al. (1982). A further case of
an obvious structure—thermal-stability correlation is provided by the dehydration
of the highly hydrated selenate phase La,(SeO,),12H,0 (Karvinen and Niinis-
t6, 1986). Its dehydration starts around 50°C and at 80°C a distinct plateau in the
weight loss curve is reached which corresponds to the formation of the more
stable octahydrated phase.

The thermal degradation reactions following the dehydration are complex.
Nabar and Paralkar (1976a,b) and Hajek et al. (1979) have concluded that the
anhydrous selenate(VI) decomposes first to selenite(IV) and then to (di)-
oxoselenite(IV) R,0,SeO, through an unstable intermediate R,0O(SeO,),. The
final product obtained by heating in air at temperatures usually well over 1000°C
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is the sesquioxide. The decomposition scheme can be summarized as follows:

R,(Se0,);—>R,(Se0,), +130,, (6)
R,(8¢0;),— R,0(5¢0,), + SeO, , 7
R,0(S8e0,),—»R,0,8¢0; + Se0, , (8)
R,0,5¢0,— R,0, + Se0, . _ 9)

On the other hand, Giolito and Giesbrecht have suggested that an oxo-
selenate(VI) is formed in analogy with the sulfate decomposition scheme.

As can be seen in fig. 87, it is obviously not possible to deduce the decomposi-
tion scheme from the observed weight losses. The plateaus on the TG curve are
not distinct and do not correspond to any single intermediate compounds as
indicated by the calculated levels. Furthermore, the experimental conditions
including the atmosphere, heating rate, and sample size affect the shape of the
curves greatly. Therefore, additional analytical data are needed for the interpreta-
tion of the TG data. In the case of Sc,(SeO,),; 5H,0, Tetsu et al. (1971) have
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Fig. 87. The thermogravimetric curves of La,(SeQ,), - 5H,0 recorded in air with different heating
rates. a: 2, b: 5, ¢: 10, and d: 20 deg min ", (Karvinen et al., 1987.)
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utilized the results of quantitative chemical analyses [Se(IV)/Se(VI)], X-ray
diffraction, and IR studies to corroborate the suggested mechanism:

Sc,(Se0,); - SH,0— Sc,(Se0, ), — Sc,(Se0,),
— 8¢,0,8¢0,— Sc,0, . (10)

Thermoanalytical results obtained for scandium usually are not directly applic-
able to other rare earth systems. Nevertheless, it would be plausible to assume
that the thermodynamically more stable Se(IV) plays a dominant role in the
decomposition of La,(SeO,), and other anhydrous lanthanide selenates. There is
general agreement among most researchers. The recent, unpublished data by
Karvinen et al. (1987) indicate that the presence of La,0,SeO, cannot be
altogether excluded. This finding is in agreement with the earlier report by Giolito
and Giesbrecht (1969). It is interesting to note that Leskeld and Holsd (1985)
have also discussed the presence of La,0,Se0O, when studying the decomposition
of LaH(SeO,), -23H,0 (see section 5.4.2).

5.2.3. Spectroscopic and magnetic properties

Following the IR studies by Giolito and Giesbrecht (1969), several authors
have recorded the spectra of the octahydrate series and compared the number and
position of the peaks with those recorded for the isostructural sulfates. Petrov et
al. (1970) and Hajek et al. (1979) made use of the available structural informa-
tion to aid in the interpretation of the spectra. The former group also compared
the spectra with those of the deuterated compounds. From the structural point of
view especially interesting is the region around 1000cm ' where the selenate
Se-O stretching fundamentals »; and », appear (fig. 88). The IR spectra of
Sc,(Se0,), - 5SH,O have been recorded in connection with the thermal decompo-
sition and structural studies (Tetsu et al., 1971, and Niinist6 et al., 1975,
respectively).

Raman spectra of the selenate hydrates R,(SeO,),-nH,O show features
similar to those in the IR spectra (Gupta et al., 1982). Unfortunately, the authors
have used compounds with variable water content (n =3 for Dy, 6 for Sm, 7 for
Gd and Y) and thus, a direct comparison between the spectra and those of the
octahydrated compounds is not possible.

By analogy with the sulfate studies (see section 4.4.3), magnetic studies have
also been carried out. Neogy and Nandi (1982) concluded that the crystal field
around Yb*" in the structure of ytterbium selenate octahydrate is of tetragonal
symmetry at least to the first approximation. However, the authors did not
compare their model with the actual crystal structure of the ytterbium compound
described in the literature (table 15). In a later study, the magnetic behavior of
Dy>" was studied and the effects of J—J mixing were noted (Neogy and Nandi,
1983).
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5.3. Ternary rare earth selenates

Structural studies on ternary rare earth complexes of the type where M is a
monovalent cation (alkali or ammonium ion) are very scarce; but on the other
hand, the compounds are similar structurally to the ternary sulfates in many cases.
Thus, Nabar and Ajgaonkar (1982b) have studied the unit cell data for the
RbR(SeO,), series (R =La- - -Nd), finding that the compounds are isostructural
with CsLa(SO,),, whose structure has been determined earlier by Bukovec et al.
(1980c). Similarly, the CsR(SeQ,), - 4H,O series (where R =La- - - Sm) has been
found to be isostructural with the corresponding sulfates by Nabar and Ajgaonkar
(1985). Several other isostructural cases probably exist.

The only ternary rare earth selenate which has been fully characterized by a
single-crystal X-ray diffraction study appears to be the triammonium scandium
selenate (NH,),[Sc(SeO,),;], which corresponds to the complex anion
[Sc(Se0,),]>” (Valkonen and Niinistd, 1978; table 15). The crystal structure
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belongs to the rhombohedral space group R3 and is probably isostructural with
that of the corresponding sulfate. The coordination around Sc is octahedral but
the joining of the octahedra is unusual in that the selenate groups connect the
ScO, octahedra into infinite columns [Sc(SeQ,),;]."” (fig. 89). The ammonium
ions are held in position between the columns and kept there by hydrogen bonds.

Although the existence of the ternary selenates has been known since the last
century, the first systematic studies on their properties have been carried out
recently. These studies focused on their thermal stabilities are are summarized in
table 16. In all cases the decomposition mechanism has been explained by the

L. NIINISTO and M. LESKELA

TaBLE 16
Thermoanalytical studies on ternary rare earth selenates.
Compound R n Reference
LiR(SeO,), - nH,O La 4 Tonashiro and Giolito, 1980
Eu 2.5 Ionashiro and Giolito, 1982b
Ho 4 Nabar and Paralkar, 1980b
NaR(8eO,), - nH,O La 2.5 Tonashiro and Giolito, 1980
Ce, Pr 2 Giolito and Ionashiro, 1981a,b
Nd, Sm 2 Ionashiro and Giolito, 1982a
Sm, Ho 3 Nabar and Paralkar, 1980a, b
Eu 3 Ionashiro and Giolito, 1982b
Na,R(SeO,), - nH,0O Gd, Tb, Ho 1 Nabar and Khandekar, 1984
KR(SeO,), - nH,O La 4.5 Ionashiro and Giolito, 1980
Ce 4 Giolito and Ionashiro, 1981a
Pr 3.5 Giolito and Ionashiro, 1981b
Nd, Eu 3.5 Ionashiro and Giolito, 1982a, b
Sm 2.5 Ionashiro and Giolito, 1982a, b
Sm, Ho 4 Nabar and Paralkar, 1980a, b
RbR(Se0,), - nH,O La 4 Ionashiro and Giolito, 1980
Ce 4 Giolito and Ionashiro, 1981a
Ce 0 Nabar and Ajgaonkar, 1982a
Pr 1.5 Giolito and Ionashiro, 1981b
Nd 0.5 Ionashiro and Giolito, 1982a
Sm, Eu 2.5 Ionashiro and Giolito, 1982a, b
Ho, Yb 1 Nabar and Ajgaonkar, 1981b
CsR(Se0,), - nH,O * La 0.5 Ionashiro and Giolito, 1980
La,Pr---Sm 4 Nabar and Ajgaonkar, 1985
Ce 0 Nabar and Ajgaonkar, 1982a
Ce 0.5 Giolito and Ionashiro, 1981a
Ce 2 Nabar and Ajgaonkar, 1982a
Pr 0 Giolito and Ionashiro, 1981b
Eu 1 Ionashiro and Giolito, 1982b
Ho, Yb 3 Nabar and Ajgaonkar, 1981a
NH,R(Se0,), - nH,O Sm, Ho 4 Nabar and Paralkar, 1980a, b

*In addition, two complex cesium compounds [2Cs,SeQ, -3Nd,(Se0,),-7H,0 and 2Cs,SeO,

- Sm,(SeQ,), - 4H,0] have been prepared and studied by Ionashiro and Giolito (1982a).
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presence of only Se(IV) compounds in analogy with the proposed mechanism for
the thermal decomposition of binary selenates by Nabar and Paralkar (1976a,b).
As an example the TG/DTA curves of Na,Gd(SeO,), - H,O are depicted in fig.
90.

5.4. Rare earth selenites

J.J. Berzelius (1818), discoverer of both the elements selenium and cerium,
combined them into basic and normal selenites, thus becoming the first researcher
in this field. Later, other famous Swedish rare earth investigators, P.T. Cleve
(1874) and L.F. Nilson (1875), as well S. Jolin (1874) in France prepared a
number of selenites, including the hydrogenselenites. The anhydrous selenites
were prepared by Espil (1911). It is surprising to note that after this initial active
research period nearly a century passed before the studies were continued in
Brazil by Giesbrecht et al. (1962, 1968) and Giesbrecht and Giolito (1967).

5.4.1. Preparative and structural studies

In an aqueous solution of selenium dioxide, HSeO; , SeO3~, and Se, 03 exist
in a pH- and concentration-dependent equilibrium. Consequently, three main
types of solid compounds exist: hydrogenselenites, normal selenites, and disele-
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Fig. 90. The thermoanalytical

curves of Na,Gd(SeO,),-H,O.

Sample weight: 21.3 mg; heating

200 400 600 800 1000 rate: 10°min~" (Nabar and Khan-
Temperature ,°C dekar, 1984).

nites. In addition, hydroxo- and oxoselenites are known. The hydrogenselenites,
which can be easily precipitated from an acidic aqueous solution, have been
studied most extensively. They form two series: the mono- and trihydrogensele-
nites, corresponding to the compounds RH(SeO,),-rnH,0 and R(HSeO,),
- nH,0, respectively. The latter series seems to be limited to the lighter rare
earths and scandium only.

Because of the small crystal size of these compounds, X-ray diffraction studies
have been performed in only a few instances. Immonen et al. (1976) were able to
show that the monohydrogenselenites RH(SeO,), 2iH,0 (R=Pr---Lu,Y)
form isostructural crystals with the space group P2, or P2,/m. They determined
the unit cell dimensions for the whole series. For instance, the last member of the
series LuH(SeO,), 23H,0 has a cell of dimensions: a=7.089(3) A, b=

6.675(5) A, ¢ =16.663(6) A, and B = 101.10(5)°. Under the experimental condi-
tions used, no variations in the composition were found, contrary to some of the
earlier reports (table 17).

Much less structural information is available for the normal selenites
R,(Se0,), - nH,0, where according to Petrov et al. (1973) n has a value of 3 for
La- - Eu but 7 for Gd. Other water contents have also been reported (Savchenko
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TaBLE 17
The content of water, #, in solid hydrogen selenites of type RH(SeO,), - nH,0.

Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Ref.

1.5 2 a
2 . b
1.5 25 4 1.5 c
1.5 d
3., e
2 1.5 0 2 2 2 25 2 25 25 25 25 25 25 25 f
2 15 2 2 ' g
0 h
2.5 i
0.5 j
25 25 25 25 25 25 25 25 25 25 25 25 k
(a) Cleve (1874, 1885). (g) Savchenko et al. (1968).
(b) Jolin (1874). (h) Markovskii and Safina (1968).
(c) Nilson (1875). (i) Maier et al. (1969).
(d) von Scheele (1898). (j) Komissarova and Znamenskaya (1974).
(e) Benedicks (1900). (k) Immonen et al. (1976).

(f) Giesbrecht et al. (1968).

et al., 1968). IR spectra and X-ray line diagrams have been published, the latter
showing a difference between the tri- and heptahydrates.

Scandium selenites have been studied in more detail than those of the other
rare earths. The preparative conditions have been established by Znamenskaya
and coworkers for the normal selenite Sc,(SeO;); - 5H,0, hydrogen containing
compounds ScH(SeO,), - H,O and Sc(HSeO,),, diselenite Sc,(Se,05);, as well
as hydroxo- and oxoselenites Sc(OH)SeO, - nH,0, Sc,(OH),(S¢0;), - nH,0,
and Sc,0(Se0,),3H,0 (Znamenskaya et al., 1972, 1979; Znamenskaya and
Komissarova, 1973; Komissarova and Znamenskaya, 1974). IR and PMR spectra
for the different compounds listed are characteristic of each type, indicating a
different structure in each case (table 18).

The structure of scandium trihydrogenselenite has been determlned (Valkonen
and Leskeld, 1978). The compound forms monoclinic crystals in the acentric
space group Cc. The unit cell has the following dimensions: a =11. 130(2) A,
b=9.506(4) A, ¢=7.598(2) A, and B =97.59°. The structure consists of ScOj
octahedra joined by bridging selenite groups (fig. 91). The Se—O bonds 1nvolv1ng
the hydrogen atoms show a significant elongation, and range from 1.76 to 1.79 A
versus 1.64-1.70 A for the other bonds.

Two other interesting rare earth selenite compounds have been characterized
structurally. The first one, PrH,;(SeO,),(Se,0;), which contains simultaneously
the selenite, hydrogenselenite, and diselenite groups, shows that the solution
equilibria can be “frozen” into a solid compound. Without an X-ray structural
analysis it would have been extremely difficult to deduce the correct formula of
the complex.
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Fig. 91. The unit cell contents of Sc(HSeO,), (Valkonen and Leskeld, 1978).

X-ray data indicate that PrH,(SeO,),(Se,O5) has a monoclinic crystal structure
belonging to the space group P2,/c and a unit cell of dimensions: a = 12.933(3) A,
b=17.3342) A, ¢=10.811(2) A, and B =91.68(1)° (Koskenlinna and Valkonen,
1977). The praseodymium atom has a coordination number of nine, bonding to
six diselenite oxygens and three selenite oxygens. The formation of PrO, polyhed-
ra and their joining into a double-layered structure involves several interesting
features such as bridging tridentate diselenite groups and triply coordinated
oxygens (fig. 92).

The second compound belongs to a new series prepared recently and character-
ized by X-ray diffraction, IR spectroscopy, and thermal analysis (Niinisto et al.,
1980b). It was discovered that when the crystallization of rare earth selenites
occurs from a solution containing nitric acid, a mixed anion complex forms. The
complex contains both coordinated nitrate and diselenite ligands and has a
formula RNO,(Se,0.)-3H,0, where R is Pr---Lu or Y. The crystal system is
orthorhombic with the space group P2,2,2,. Unit cell data are available for the
whole series and, for instance, the yttrium compound has a cell with a=
6.216(1) A, b =7.100(2) A, and ¢ =20.689(6) A.

A single-crystal study of the yttrium compound by Valkonen and Ylinen (1979)
revealed that the water molecules are all also coordinated to the rare earth ion.
Its coordination number is eight and the polyhedron formed around yttrium is
nearly a regular square antiprism. The structure is depicted in fig. 93, and the
unusual tetradentate coordination of the diselenite ligand is illustrated in fig. 94.



Fig. 92. A perspective view of the double-layer structure of PrH,(SeO,),(Se,0;) along the b-axis
(Koskenlinna and Valkonen, 1977).
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Fig. 93. A perspective view of the unit cell contents of YNO,(Se,0,)-3H,O showing the packing of
the chains (Valkonen and Ylinen, 1979).
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Fig. 94. The coordination of the diselenite
ion in the structure of YNO,(Se,0,)-3H,0
(Niinistd and Koskenlinna, 1987).

In spite of the three quite different types of ligands, the Y-O bond length
variations are relatively small, viz. 2.32-2.35 A (Se,0}7), 2.37-2.44 A (H,0)
and 2.46 A (NO;).

Ternary rare earth selenites are also known, although the number of studies on
them is still very limited. Giesbrecht and Giolito (1967) reported the precipitation
of amorphous sodium yttrium selenite NaY(SeO,), 3H,O by mixing yttrium
chloride and sodium selenite solutions. A systematic study of the formation of the
sodium, potassium, and ammonium compounds was carried out by Erdmetsi et
al. (1973). Besides the composition of the MR(SeO,), - nH,0 (M =Na, K, or
NH,; n =2 or 23} ) phases they recorded the X-ray powder diffraction patterns for
the different structural types and studied the compounds by IR spectroscopic and
thermoanalytical techniques. A detailed study on the formation of scandium
ternary selenites of the type MSc(SeO,;), - nH,O (M=Li---Cs or NH,; n=
1-2.5) is also available (Znamenskaya et al., 1977).

5.4.2. Spectroscopic and thermoanalytical studies and applications

The IR spectra of rare earth selenites have been studied only occasionally.
Besides the spectra of the various scandium compounds (table 18; see also
Znamenskaya et al., 1978), data are available for hydrogenselenites (Giesbrecht
et al., 1968), sclenite hydrates (Petrov et al., 1973), KGd(SeO,), 2H,0
(Erametsa et al., 1973), and YNO,(Se,O;)-3H,O (Niinist6 et al., 1980b).

Thermal decomposition of rare earth selenites or hydrogenselenites in air does
not show unexpected features; it proceeds through the anhydrous selenite to
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oxoselenite R,0,S¢0, and then finally to the sesquioxide (Giesbrecht et al.,
1962; Savchenko et al., 1968; Maier et al., 1969). Scandium compounds behave
similarly to the lanthanide compounds (Znamenskaya and Komissarova, 1973),
but the thermal decomposition scheme of the cerium compounds is more complex
and difficult to interpret due to the occurrence of overlapping reactions (Markov-
skii and Safina, 1968).

The presence of an additional cation also makes the thermogram more com-
plex, as seen for the alkali rare earth selenites (Erametsé et al., 1973) and the
corresponding scandium compounds, which also contain variable amounts of
hydrogen (Znamenskaya et al., 1978). Below 1000°C the end products contain the
alkali ion. The extra cation is volatilized at relatively low temperatures or below
600°C only in the case of ammonium compounds (Erdmetsa et al., 1973).

The difference between the thermal behavior of the selenite and sulfite
compounds becomes more obvious by comparing the thermal degradation in
reducing atmospheres. Whereas the reduction of rare earth sulfites yields the
oxosulfide phase R,0,S (Koskenlinna and Niinistd, 1973), thermal decomposi-
tion of the hydrogenselenites in hydrogen or carbon monoxide leads to the
formation of an oxoselenite with a more complicated composition R,O,Se,
(Immonen et al., 1976).

{Lu0),Se05Eud*
*0'F, SDU_’ 7Fz
A
A | e —
—
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mr—
B
T
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580 600 620 nm

Fig. 95. A part of the UV-excited luminescence spectrum of La,0,8¢0,:Eu’" at 77 K (Hélsi and
Leskeld, 1985).
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The oxoselenite phases R,0,S¢0; (R=La, Gd, Lu, or Y), which appear as
intermediate compounds during the thermal decomposition of the corresponding
hydrogenselenites, have recently been investigated as host matrices for Eu’*
luminescence (Leskeld and Holsd, 1985). The spectra of Lu,0,SeO,:Eu’" (fig.
95) indicate that at least two different lanthanide sites are present (Holsd and
Leskeld, 1985) and that the structure is probably very similar to other oxocom-
pounds which contain the (RO)"" structural unit (Caro, 1968).

Another possible application has emergéd recently. Cerium(IV) selenite, pre-
pared previously by Markovskii and Safina (1968), shows promising ion exchange
properties, especially toward Hg(Il) (Rawat et al., 1984; Husain et al., 1984).

6. Oxohalogen rare earth compounds
6.1. Introduction

Of the rare earth compounds with halogen-containing oxoanions, the perbro-
mates have not yet been prepared and the chlorites and chlorates have been
studied only sporadically; the other bromates and the iodates, perchlorates, and
periodates are widely discussed in the literature. A comprehensive review on the
oxohalogen compounds of Cl, Br, and I with the rare earths has appeared in the
late 1970’s (Gmelin, 1977, 1978). The oxofluorides have been discussed in an
earlier volume (Gmelin, 1976); only the ROF and related types of compounds are
known and they fall outside the scope of this review. The TG and DTA data on
rare earth perchlorates and iodates are discussed in Solomosi’s comprehensive
book (1977) on the structure and stability of solid halogen oxoacid compounds;
however, many important papers have been published since its appearance.

A number of different factors have directed attention to the oxohalogen rare
earth compounds and classes of compounds. For instance, the perchlorates have
mainly in solution been studied for their coordination types, while the iodates
have been studied for their solid state properties. Because of the great number of
papers published in this area, the present review will focus almost exclusively on
the investigations of solid compounds. A brief account of perchlorate solutions,
which are of central importance in rare earth complexation studies, is given in
section 6.3. :

6.2. Rare earth chlorites and chlorates

Solid rare earth chlorites can be synthesized only at lowered temperatures
because at room temperature the concentrated solution decomposes before
crystallization. Anhydrous chlorites are known for scandium and cerium.
Sc¢(ClO,), is formed only in a reaction of aqueous suspension of Sc(OH); with
gaseous ClO,. The formation of a complex in solution has been confirmed by
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chemical reactions but the product decomposes too easily to be isolated in solid
form. Ce(ClO,), is formed during the reaction of Ce(NO,), with NaClO,, as an
intermediate product, before Ce®" oxidizes to Ce*’. Pure Ce(ClO,), can be
prepared only in the presence of hydrazine (Barbier-Melardi, 1954).

Compounds of the type R(ClO,), - nH,O have been obtained with La, Pr, Nd,
Sm, Tb, and Y by reaction of R(NO,), with NaClO, in aqueous solution
(Castellani Bisi and Clerici, 1963a). The water content may vary between 0.5 and
4 moles, depending on the rare earth. At 15°C La(ClO,), crystallizes as the
tetrahydrate and close to 0°C as the trihydrate. The only chlorite whose structure
has been studied is La(ClO,), - 3H,O, which crystallizes in the hexagonal space
group P62c. Lanthanum has a ninefold coordination in which three pairs of
oxygen atoms from the ClO, groups form a trigonal prism around it and three
oxygen atoms from the water molecules act as capping atoms. The structure is
held together by hydrogen bonds (Coda et al., 1965).

The rare earth chlorates have not been studied to the same extent as the
bromates and iodates. Rare earth chlorates of the type R(ClO,);-nH,O (n=
4---10) may be obtained by dissolving rare earth oxides in chloric acid at 0°C and
crystallizing at a pH of 6-7 above P,O; at the same temperature. A second
preparation approach is the reaction of R,(SO,), and Ba(ClO,), in aqueous
solution, where barium sulfate is precipitated and filtered out. R(ClO,), - nH,O
crystals grow upon evaporation of the filtrate (Yakunina and Serebrennikov,
1970). In the first preparation method the n is 4 or 5, and in the second method 8
or 10 (Sarkar, 1926; Yakunina and Serebrennikov, 1970). Lanthanum also forms
a dihydrate (Smirnov and Volkov, 1974).

The rare earth chlorate hydrates lose water between 80 and 170°C. The
anhydrous R(ClO,), phase is not stable however, but decomposes readily above
160°C to oxychloride. The kinetics of the decomposition reaction have been
studied by Yakunina and Serebrennikov (1974). Anhydrous Nd(ClO,), has been
obtained by an exchange reaction between Ba(ClO,), and Nd,(SO,); (Rocchic-
cioli, 1960).

The IR spectra of rare earth chlorates have been recorded by Duveau (1943).
The stability constants, formation enthalpies, and entropies of Eu and Tb chlorate
complexes of the type [RCIO,]*" in solution have been determined by Roulet and
Chenaux (1972). At 20°C the values of K, are 1.2 and 1.0 for the Eu and Tb
complexes, respectively.

6.3. Rare earth perchlorates

Numerous investigations have been carried out on rare earth perchlorate
solutions. The properties of the solutions — molal heat capacities, densities and
molal volumes, viscosities, heats of dilution, activity coefficients, conductances,
transfer numbers, etc. — are well known (Spedding et al., 1974; 1975a,b, 1977a,b).
Information on the structures of solvated metal ions can often be obtained from
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the study of their perchlorate solution because of the weak tendency of the
perchlorate ion to form inner-sphere complexes. IR and fluorometric investiga-
tions of the solvation have been carried out (Biinzli and Yersin, 1979, 1982).
Investigations have also been made on complex formation with a variety of
organic ligands in rare earth perchlorate solutions. The products have been
studied by IR, Raman, and NMR spectrometry, and by ultrasonic measurements
(e.g., Gushikem et al., 1972; Scholer and Merbach, 1975; Catton et al., 1978;
Jezowska-Trzebiatowska et al., 1978; Biinzli et al., 1979). In the present review
only the solid rare earth perchlorates will be discussed in detail; the solid rare
earth complexes with organic ligands where perchlorate acts only as a counter
anion (Ciampolini et al., 1978, 1979 and 1980) are not discussed here.

Rare earth perchlorate hydrates R(ClO,), - nH,O are obtained by dissolving
R(OH), or R,(CO;), in perchloric acid or by reaction of R,(SO,), with
Ba(ClO,), in aqueous solution. Evaporation is made above H,SO,. The per-
chlorates of La - -+ Nd, Y have been reported to contain 8 water molecules and the
perchlorates of Sm and Gd 9 molecules (Slavkina et al., 1963). A third way to
prepare perchlorates is by the dissolution of R,0; in perchloric acid, followed by
evaporation of the solution and drying with P,O,. The products obtained by this
method are pentahydrates in the case of Sm and Gd and hexahydrate in the case
of Nd (Nosova, 1966; Krishnamurty and Soundararajan, 1967; Davidenko et al.,
1972). Glaser and Johansson (1981) have synthesized hexahydrates which form an
isomorphic series extending from La to Er.

Thermoanalytical studies of perchlorate hydrates show that the octa- and
enneahydrates begin to dehydrate at 60-90°C; the dehydration is complete at
170-270°C, depending on the rare earth (fig. 96) (Slavkina et al., 1963). The dry
perchlorate decomposes to ROCI at 170-460°C, with the lowest temperature for
Sc and the highest for La. The large difference in temperature is at least partially
due to the different heating rates used (Steinberg and Shidlovsky, 1964; Belkova
et al., 1965). The effect of pressure on the decomposition has been studied by
Cucinotta et al. (1976).

Scandium perchlorate hexa- and heptahydrates can be crystallized from a
solution prepared by dissolving Sc,0,, Sc(OH),, or Sc,(CO,), in HCIO, (Kilpat-
rick and Pokras, 1953). The needle-shaped crystals are hygroscopic and their
X-ray powder pattern can be indexed with a tetragonal cell of dimensions
a=8.55A, c=5.77 A (Petrii and Kutek, 1963). Sc(ClO,), - 7H,O decomposes to
hexahydrate at 105°C and possibly to SCOHCIO, at 150°C. The decomposition
reaction at 200-300°C produces ScOCI. The behavior of yttrium perchlorate
heptahydrate is analogous to that of the scandium compound (Petri and Kutek,
1964).

Pure, solid Ce(IV) perchlorates are not known but the existence of several
hydroxide perchlorates has been confirmed (Fichter and Jenny, 1923; Zinovev
and Schirova, 1960). In solution the Ce(IV) perchlorates have been identified and
studied.
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Fig. 96. The TG curves on the thermal decomposition of selected rare earth perchlorate hydrates.
Heating rate 5°min"". (Cucinotta et al., 1976.)

The single crystals of rare earth perchlorates grown by Glaser and Johansson in
slightly acidic solution at room temperature or below, proved to be hexahydrates.
The crystals were stored in contact with a saturated solution of R(ClO,),. The
crystal structure is cubic, belonging to the space group Fm3m. The metal ion is
coordinated to six water molecules. The structure can be described as a cubic,
close-packed arrangement of R(H,0)." ions, with the perchlorate groups occupy-
ing all available octahedral holes. Some of the perchlorate ions show rotational
disorder (fig. 97) (Glaser and Johansson, 1981).

Preparation of anhydrous rare earth perchlorates from the corresponding
hydrates is difficult. The lighter lanthanides can be dehydrated in vacuum by using
a very slow heating rate: heating of 3—4 days to 150°C (Slavkina et al., 1963). A
second method of dehydration is to boil a perchlorate hydrate with triethylfor-
miate in ethylacetate or with acetonitrile. This method is effective for the heavier
lanthanides (Foster et al., 1972; Birnbaum and Stratton, 1973). Still another
method of perparation is the reaction of RCl, and AgClO, in acetonitrile
(Birnbaum and Stratton, 1973). The crystallographic properties of R(ClO,); are
not known.

The thermal decomposition of rare earth perchlorates has been studied in air,
nitrogen, and vacuum. R(CIO, )}, decomposes at 240—-460°C. At 500°C the product
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Fig. 97. A stereoscopic view of the cubic unit cell of TI(CIO,), - 6H,0O isomorphic with rare earth
perchlorate hexahydrates (Glaser and Johansson, 1981).

is ROCI, except in the case of cerium where it is CeO, (Steinberg and Shidlovsky,
1962; Belkova and Alekseenko, 1965). The kinetic parameters of the decomposi-
tion reactions have been determined.

The rare earth perchlorates are highly soluble in water. The molal concentra-
tion (mol/kg) obtained for a saturated solution at 25°C decreases from La(ClO,),
(4.76) to Dy(ClQ,), and thereafter increases slightly to Lu(ClO, ), (4.63) (fig. 98)
(Spedding and Rard, 1974). The solubility of perchlorate heptahydrates at 25°C
varies between 63.9 and 67.4 wt.%. The enthalpies of the dissolution have been
determined (Starostin and Leontov, 1972).

The solubility of rare earth perchlorates has also been studied in perchloric
acid, thiourea water, urea water, and benzamide water systems (Korshunov et al.,
1971; Karnaukhov et al., 1977; Ashikhnina et al., 1977; Osipova and Runov,
1981; Shchenev and Runov, 1981a,b). The solid compounds obtained were
investigated by IR spectroscopy, differential thermal analysis, and X-ray powder
diffraction. R(ClO,), also dissolves in ammonia; and R(ClO,),-nNH; and
R(CIO,),; - nNH, - mH,O (n=3-9; m =3.5-4) compounds have been synthe-
sized (Petrov et al., 1977). The compound R(ClO,), - NH;, where R=Sm- - - Lu,
has been reported to be tetragonal. The unit cell dimensions for Eu(ClO,),
ONH, are a = 14.88 A, ¢ = 11.56 A and there are four formula units in the unit
cell (Sakanov et al., 1977).

Rare earth perchlorates form dioxane adducts with composition
R(ClO,), -9H,0 -4C,H,O, (Vicentini et al., 1961). According to powder diffrac-
tion studies, the lattice is orthorhombic and possible space groups are Pmmm and
P2mm. Unit cell dimensions for the lanthanum compound are a=16.07 A,
b=17.87 A, and ¢ =19.50 A (de Camargo and Valarelli, 1963).



226 L. NIINISTO and M. LESKELA

T T T T T T T T T T T T T T 7
.
& 4.7+ . -
[ °
J
ag)}
D
_
o - —
» °
| . °
< .
g .. o o
°
46+ a . .
1 1 1 | 1 1 l | 1 L L | 1
la Pr Pm Eu Tb Ho Tm Lu
Ce Nd Sm G Dy Er b
50 T T T T

pH

1 1 L 1
0 10 20 30 40 50
MOLALITY

Fig. 98. The solubilities of the aqueous rare earth perchlorates at 25°C (a) and pH’s of the solutions as
a function of the molality (b) (Spedding and Rard, 1974).
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6.4. Rare earth bromates

The rare earth bromates crystallize as enneahydrates, except for the scandium
bromate, which contains six water molecules (Petrii and Dusek, 1968). The usual
way to prepare the bromates is to add solid barium bromate or its water
suspension to a rare earth sulfate solution with heating. BaSO, is filtered off and
R(BrO,), -9H,O crystallizes upon cooling (James, 1908; James and Langelier,
1909). The crystallization can be carried out at room temperature and in air
atmosphere, except for cerium, which requires the use of vacuum to avoid
oxidation to Ce(IV). The use of BaSO, precipitation in the preparation of
bromates has some drawbacks: free bromine or hydroxide-containing rare earth
sulfates may form, and part of the rare earth may coprecipitate with BaSO,
(Kremers and Moeller, 1944; Pearce et al., 1946b). These disadvantages can be
avoided in some degree by using as concentrated a solution as possible and
keeping it continually neutral (Harris, 1931; Mayer and Glamer, 1967). A second
method of preparation is to use a rare earth perchlorate solution instead of sulfate
in the precipitation, in which case the bromate source is KBrO, (Kremers and
Moeller, 1944; Davidenko et al., 1972; Albertsson and Elding, 1977). In a third
method, R(OH), is dissolved in bromic acid and the solution slowly evaporated
(Staveley et al., 1968).

Since the rare earth bromates easily form well-crystallized precipitates, they
were earlier used in fractional crystallization processes aiming at the separation of
individual rare earths (Gmelin, 1978). Single crystals of R(BrO,)-9H,0O have
been grown from a solution containing an excess of BrO; ions (Jantsch and Ohl,
1911; Helmholz, 1939). Slow evaporation of the water solution after BaSO,
filtration also produces single crystals of good enough quality for X-ray studies
(Gallucci et al., 1982).

Sc¢(BrO,), - 6H,O can be synthesized similarly to the other rare earth borate
hydrates. Thermal decomposition of enneahydrates occurs via intermediate
phases. Tetrahydrates have been determined for La---Eu, trihydrates for
Dy---Tm,Y, and dihydrates for La---Tb compounds (James and Langelier,
1909; Petra and Dusek, 1968; Yakunina et al., 1969a, 1970).

The first publications of rare earth bromate enneahydrates correctly described
the crystals as hexagonal (James and Langelier, 1909; Jantsch and Ohl, 1911).
The hexagonal angle was demonstrated microscopically by Spedding and Bear in
1933; and in the first structure determination, published in 1939, Helmholz
confirmed the hexagonal structure and suggested the space group P6,mc. Later,
the space group was corrected to P6,/mmc (Sikka, 1969; Albertsson and Elding,
1977; Gallucci et al., 1982). The structure, which is isomorphous over the whole
lanthanide series, consists of columns of bromate groups and columns of hydrated
rare earth ions, linked together by hydrogen bonds from the water molecules. The
rare earth ions are coordinated to nine water molecules forming a tricapped
trigonal prism (fig. 99) (Albertsson and Elding, 1977). See also section 10.
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Fig. 99. A stereoscopic view of the unit cell of Pr(BrO,), - 9H,O (Albertsson and Elding, 1977).

Optical measurements of R(BrO,), - 9H,O crystals have revealed there to be
some mosaic structure (Schumann, 1952). According to Poulet et al. (1975) the
ordering of the oxygen atoms points to a pseudohexagonal structure. At lower
temperatures (40-70 K) the structure of bromates reverts to lower symmetry.
This has been detected for Nd and Gd compounds both by IR and Raman
spectroscopy, and by optical and calorimetrical measurements (Poulet et al.,
1975). According to Hellwege (1953) and Kahle (1959) there are two phase
transformations at low temperatures. The structure changes via pseudohexagonal
and monoclinic to triclinic. '

Thermal decomposition of rare earth bromate enneahydrates begins as low as
50°C, where lower hydrates are formed. At higher temperatures R(BrO,),
appears. In vacuum the enneahydrate loses water at room temperature (Hellwege
and Johson, 1954). The preparation of pure R(BrO,), by dehydration is only
possible for the larger lanthanides. The other anhydrous bromates have been
obtained by evaporation of an aqueous solution of R(BrO,), in vacuum at
40-100°C and heating of the dry residue at the same temperatures in the presence
of P,O,, (Mayer and Glasner, 1967; Yakunina et al., 1970).

The thermal decomposition of anhydrous bromates, R(BrO,),— ROBr +
Br, +40,, is complete around 280°C (Bancroft and Gesser, 1965; Mayer and
Glasner, 1967). The kinetics have been studied by Yakunina et al. (1970). The
oxybromide phase is stable over several hundred degrees and decomposes to
oxide only at 700-1300°C, depending on the rare earth (Holsa et al., 1980).

The physical properties of the rare earth bromate hydrates have been studied
by several groups and can be summarized as follows: the melting points of the
enneahydrates vary between 37 and 80°C (Petrii and Dusek, 1968), the formation
enthalpies between 3490 and 3590 kJ/mol (Schumm et al., 1973). The specific
heat of Gd(BrO,), 9H,O increases from 0.05J/gK at 20K to 0.32J/gK at
100 K, exhibiting a clear jump at 66 K, where the structure changes (Poulet et al.,
1975). The rare earth bromates are readily soluble in water: the concentrations of
the saturated solution vary between 1.2 and 2.3 mol/kg H,O (Staveley et al.,
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1968). According to Petri and Dusek, Sc(BrO,), - 3H,0O is hygroscopic (1965).
On the other hand, bromates are almost insoluble in alcohols (Jantsch and Ohl,
1911).

The IR spectra of R(BrO,;), 9H,0 show absorption frequencies at 450-
600 cm ™", 1625-1640 cm ™' and 1665-1670 cm ™" for 8(H,0), at 3300-3600 cm
for »(OH), at 850cm ™" for »,(BrO;), and at about 460cm™" for »,(BrO;)
(Yakunina et al., 1969a; Poulet et al., 1975).

6.5. Rare earth iodates

The interesting physical properties of some of the rare earth iodates have led to
systematic studies on this class of rare earth complexes. Altogether 82 binary rare
earth iodates have been reported in the literature. Fourteen groups of isostructur-
al crystalline compounds of the type R(I0;), - nH,O with n =0-- -6, consisting
of 62 individual compounds, have been studied by Nassau et al. (1974, 1975). In
addition, there are reports for 15 amorphous compounds, for four compounds
with a complex composition, and for the compound La (IO),.

6.5.1. lodate hydrates

Rare earth iodate hydrates can be precipitated with iodic acid or lithium iodate
from rare earth nitrate solution (Rimbach and Schubert, 1909; Yakunina, 1969b;
Hajek and Hradilova, 1971b). The products are dried in air and can be recrystal-
lized by several different methods (Nassau et al., 1974). The most important
hydrates and their preparation conditions are presented in table 19.

TaBLE 19
Crystallization conditions for the different rare earth iodate hydrates, R(IO,), - nH,O (Nassau et al., 1974,

1975).

n Structure Y ILa Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

type

0.5 - a

1 - a a a a

2 a a ab

2 II abc b bd abc acd ac ac a a

4 - bd d: bd b bd bd d bd cd

5 II cd cd

5 I bed bd bede b

6 - bd *

. crystallization in boiling water.

: precipitation at room temperature.

: evaporation at normal or reduced pressure.

. crystallization in acetic acid.

: cocrystallization of acidic iodate R(IO,), - HIO,.
: also reported to be amorphous.

* 0 QAo o
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As the table shows, the iodates may contain 0.5, 1, 2, 4, 5, and possibly 6 water
molecules. The di- and pentahydrates have two polymorphic modifications. The
hemi-, mono- and dihydrates can all be crystallized from a boiling aqueous
solution. The hemihydrate may contain traces of monohydrate. Sc(10,), - H,0,
on the contrary, is formed upon heating of dihydrate in nitrogen (Nassau and
Shiever, 1975). All rare earths except lanthanum form iodate dihydrates, with
structures of three kinds: type I (triclinic) for Tm- - - Lu, type II (triclinic) for
Nd:--Er,Y, and type Il for scandium (which has a unique and unknown
structure) (Abrahams et al., 1976a). The higher hydrates can be synthesized at
room temperature and crystallized by slow evaporation. Crystalline tetrahydrate
has been encountered for the smaller rare earths and the amorphous phase has
been prepared for the larger ones (Ephraim and Roy, 1929; Yakunina et al.,
1969b). Lanthanum and praseodymium form monoclinic iodate pentahydrates.
The second pentahydrate has been prepared for Ce - - - Sm but its crystal structure
is unknown (Abrahams et al., 1976a).

Amorphous hexahydrate is known for the lanthanum and neodymium iodates.
Both are very unstable: decomposition begins at about 50°C and the total
dehydration occurs in two stages between 50 and 350°C (Hajek and Hradilova,
1971b).

Besides the hydrates listed in table 19 there are hydrates with 1.5, 2.5, 3, and 31
water molecules. The existence of amorphous trihydrate seems probable, al-
though the same analytical result is obtained for a 1:1 mixture of di- and
tetrahydrate (Nassau et al., 1975). All the trihydrates have been synthesized from
nitrates by iodic acid precipitation (Harmelin, 1966; Odehnal, 1972). The 1.5 and
2.5 hydrates have been reported for lanthanum and scandium iodates, but their
existence is somewhat uncertain (Hajek and Hradilova, 1971b). Bosch-Reig et al.
(1970) describe a 3Pr(I0,), - 10H,O compound, i.e., 35 hydrate, which in DTA
was found to lose water near 100°C and to form the anhydride; specific characteri-
zation is otherwise lacking.

Rare earth(IV) iodate hydrates are only known for cerium and are obtained by
oxidizing Ce(NO;), in nitric acidic solution with excess of HIO, (Ibers, 1956).

Promethium forms violet rose iodate hydrates, Pm(10;), - nH,O, with variable
water content n =2---9 (Scherer, 1968; Weigel, 1969). According to Abrahams
et al. (1976a) it also forms a monohydrate, which is isomorphic with the other
rare earth iodate monohydrates.

The unit cells are known for the rare earth iodate hemi-, mono-, di-, and
pentahydrates. The hemihydrates are orthorhombic (P2,2,2,) (Abrahams et al.,
1977) and the monohydrates crystallize in the acentric monoclinic space group
P2,. The crystal structure of Nd(IO,), - H,O (Liminga et al., 1975) contain three
independent IO, ions sharing oxygen atoms to form a three-dimensional network
(fig. 100). Two of the iodine atoms have seven- and the third has six-coordina-
tion. The water molecule links the three independent iodate groups together. The
Nd>* ion occupies a distorted bicapped trigonal prism (fig. 101). A different,
acentric but orthorhombic (C222,) structure has been determined for the cerium
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Fig 100. The orientation of IQ; and Nd* ions and H,O in Nd(I0,), - H,O with respect to the polar
axis (Liminga and Abrahams, 1976).

monohydrate, which is formed by spontaneous hydration of Ce(10,); in air
(Abrahams et al., 1977). Both the dihydrate phases are triclinic. Of the two
pentahydrates, the first structure (La, Pr) is monoclinic and the second (Ce, Nd,
Sm) has not yet been characterized by X-ray methods (Abrahams et al., 1977).

Fourvalent cerium forms Ce(10,), - H,O which is monoclinic (P2,/n), contain-
ing trigonal 10 groups with two of the oxygen atoms coordinated to cerium (fig.
102). Cerium has eight-coordination with one significantly longer Ce-O distance
(2.82 A), while iodine has octahedral coordination with three short and three long
I-O distances (Ibers and Cromer, 1958).

The thermal decomposition of rare earth iodate hydrates is summarized by
Nassau et al. (1974, 1975) in the following way. Lanthanum iodate hexahydrate
begins to decompose below 70°C, losing water slowly up to 490°C, where the
anhydrous plateau is reached. The penta- and tetrahydrates change to amorphous
form at 70 and 80°C, respectively, after which they slowly lose water up to 360
and 380°C. Jodate dihydrate is stable up to 250°C (fig. 103). The monohydrate
decomposes to hemihydrate or anhydrous iodate at 120°C, and the hemihydrate is
dehydrated only at 300°C. The decomposition temperatures are not strongly
dependent on the rare earth. The anhydrous phases found for each rare earth are
shown in table 20.

The R(IO,), phases of all rare earths except La decompose to oxide at about
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Fig. 101. The nearest-neighbor environment
b of I(1) (a) and the Nd** coordination poly-
b hedron (distorted bicapped trigonal prism) (b)

[+]

NA{IOg)y H0 in Nd(10,), - H,O (Liminga et al., 1975).

500°C. The temperature is about the same for all structure types. La(10,),
behaves exceptionally in oxidizing to periodate, La (IO),, at 520°C (Yakunina et
al., 1969b).

The solubilities of thirteen rare earth iodates in aqueous and aqueous alcoholic
solvent mixtures at 25°C have been measured. Methanol and ethanol were used as
alcoholic components (Miyamoto et al., 1985).
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Fig. 102. A perspective drawing of the unit cell of Ce(I0,),. The inset is a view of the Ce atom at the
center of the cell as one looks along the [110] axis. In decreasing order of size the atoms shown are Ce,
I, and O. (Ibers and Cromer, 1958.)

TasLE 20
The different structure types of rare earth iodates (Nassau et al., 1974, 1975; Abrahams et al., 1976a;
Nassau, 1976).

Structure type

R 1 11 111 v \'% VI
La X X
Ce, Pr X X X X

Nd, Sm X X X
Eu---Tm,Y X

Yb, Lu X X

6.5.2. Anhydrous iodates

The anhydrous rare earth iodates can be prepared in several ways: dehydration
of iodate hydrates, crystallization in boiling nitric acid solution, refluxing of oxide
in iodic acid, drying of iodate solution at higher temperature (105-180°C), and
thermal treatment of acidic iodate R(I0,), - HIO, (Chloupek et al., 1932; Pincott
and Barnes, 1968; Nassau et al., 1974, 1975).

The anhydrous rare earth iodates exhibit six different structure types, desig-
nated here and in table 20 by Roman numerals I-VI. In addition to those
included in table 20, anhydrous iodates are formed by Sc** and Ce**. The
structure types I and II are monoclinic; the others are unknown. Polycrystalline
samples of types III-VI have been prepared and their X-ray diffraction patterns
reported (Abrahams et al., 1976a).
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The formation of anhydrous iodates from iodate hydrates is schematized in fig.
104. As can be seen, the anhydrous phase that forms is strongly dependent on the
starting hydrate phase.

In the structure of Gd(IO,),, iodate ions form a three-dimensional network
based on shared oxygen atoms, with the Gd*>" ion located within a distorted
dodecahedron of oxygen atoms. The three independent IO, ions form trigonal
pyramids (fig. 105) (Liminga et al., 1977).

Anhydrous scandium iodate has three polymorphic modifications. a- and
B-forms are formed by dehydration of dihydrate, while the vy-form can be
prepared either from the B-form at 450°C or from the boiling water or nitric acid
solution of Sc(IO,),. The structures of the phases have not been determined
(Nassau and Shiever, 1975).
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Fig. 105. A stereoscopic view of the structure of Gd(IO,), (type I) (Liminga et al., 1977).

Ce(IV) forms Ce(I0,),, which can be crystallized from boiling nitric acid
solution (Staritzky and Cromer, 1956; Nassau et al., 1975). The compound is
tetragonal, with space group P4,/n. Two oxygen atoms from each trigonal
pyramidal 10; group are coordinated to cerium. The coordination polyhedron
around cerium is distorted antiprism and is closely related to that found in
Ce(10;), - H,0O. The coordination number of iodine is five (Cromer and Larson,
1956; Staritzky and Cromer, 1956; Azarova et al., 1972).

6.5.3. Acidic and other iodates of complex composition

In earlier studies on the system La(10;),—~HIO,;-H,O no hydrogen-containing
iodates were found (Lyalina and Soboleva, 1975); but more recently two acidic
rare earth iodates have been prepared and characterized in the course of a search
for new nonlinear optical materials among the . transition metal iodates (Nassau et
al., 1975; Abrahams et al., 1976b). When R(IO,), is dissolved in nitric acid and
evaporated, nonstoichiometric R(10,), - ntHIO; (n = 0.82-0.92) is formed. Addi-
tion of HIO, to the solution causes the formation of stoichiometric acidic iodates
(Nassau et al., 1975). The type R(IO,), - HIO, is formed by La---Sm and the
type 3R(10,;), - HIO, - 7TH,O by La.

Pr(10;), -HIO, is known to be monoclinic (P2,/a) but a detailed structure
analysis has not been carried out. The crystals are biaxial with refraction indices
in the range 1.92-1.97 with 2V =150°. All pyro- and piezoelectric coefficients are
zero due to the centrosymmetricity of the crystal (Abrahams et al., 1976b).
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3La(10,), - HIO; - 7TH,O crystals have been grown in silica gels wetted with
acetic acid, from 0.5M La(NO,), and HIO, solutions. The growth may take
several months. In the structure, five independent 10, ions with trigonal-
pyramidal conformation having 2, 3, or 4 additional oxygen atoms at longer
distances form a three-dimensional network. One independent La atom has
eight-coordination and the other ten-coordination. Each of the coordination
polyhedra is based on a trigonal prism, having an additional 2 or 4 oxygen atoms
(fig. 106). There is an extensive hydrogen bonding system and an acidic proton is
present as H;O" (Abrahams and Bernstein, 1978).

In a recent study of the three-component system La(I10,),-HIO,-H,O at
25°C, lanthanum iodate trihydrate and two previously unknown lanthanum
hydrogen iodates, 3La(I10O,),-2HIO,-6H,0 and 2La(I10,),-3HIO, 6H,0,
were isolated (Tarasova et al., 1985).

RIO, - HIO, decomposes to anhydrous iodate type I above 300°C, or in the
case of lanthanum to the iodate type IV (Nassau et al., 1975). According to
Tarasova et al. (1985), the loss of iodic acid in lanthanum compounds is a two or
three stage process.

The preparation and properties of rare earth hydroxide iodates have not been
systematically studied. Ce(OH),;I0; is formed by addition of aqueous KIO, to
Ce(IV) in dilute nitric acid solution at a pH of 2.5 (Shvedov and Musaev, 1959);
the compounds Nd(OH)(10,), - nH,O and Nd(OH),IO, - nH,O are precipitated
from a neutral Nd(NO,), solution with aqueous KIO, (Pruitt et al., 1962). An

Fig. 106, The arrangement of La’*, [0;, and H,0 in two asymmetric units of the
3La(10,), - HIO, - 7H,0 structure. The symmetry operations are given. (Abrahams and Bernstein,
1978.)
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oxide-iodate with composition TbO, - Tb(10;), -2H,O has been reported by
Pincott and Barnes (1968). The crystal structure of the material revealed not the
expected mixed valent compound but a hydroxide iodate of Tb(IV) or a dis-
torted, nonstoichiometric phase containing Tb>* and Tb*" but retaining the
Tb(10,), - 2H,0 structure (Barnes, 1977). In the structure, Tb ions are eight-
coordinated to seven oxygen atoms, each of a different doubly or triply bridging
iodate group, and to one nonbridging hydroxide group (fig. 107).

6.5.4. Properties of rare earth iodates

The anhydrous rare earth iodates of structure type III and those dehydrated
from monohydrates are hygroscopic. The solubility of R(I0,), (R =La, Ce, Sm,
Eu) in water varies between 0.3 and 2.6 mmol/dm”’, being lowest for samarium
and highest for cerium (Chloupek et al., 1932; Monk, 1951b; Laurie and Monk,
1963; Shklovskaya et al., 1977). The properties of the water solutions have been
studied by Firsching and Paul (1966).

The iodate hydrates are highly soluble in dilute acids but insoluble in alkali
hydroxide solutions (Hajek and Hradilova, 1971b). The solubility of hydrated
iodates in neutral inorganic salt solutions increases with increasing salt concentra-
tion. A series of salts with an increasing solubility effect is KCl<MgCl, <
MgSO, <K,SO, (Pearce and Oelke, 1938; Newton and Arcand, 1953). The
solubility in organic solvents is low (Monk, 1951a).

The formation enthalpies AHY,, of R(IO,), compounds vary between —1300
and —1400 kJ/mol and the free energy AG(Z)98 is about —1130 kJ/mol (Schumm et
al., 1973).

The IR spectra of rare earth iodates have been recorded by many research

Fig. 107. The structure of terbium(IV) hydroxide iodate;
projection along [011]. (Barnes, 1977.)
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groups. The following frequencies are found: (O-I-0) and lattice vibrations at
210, 230, 250, and 270 cm '; »,(O-I-0) at 340 cm™'; »,(0-1-O) at 360, 390,
and 400 cm™'; »(R-0) at about 500-600 cm ™ '; v, and »,(I-O) at 760-830 cm ™';
8(H,0) at 1620 cm™"; hydrogen bonding at 2380 and 2480 cm~'; and »(OH) at
3300-3600 cm ! (Yakunina et al., 1969b; Hajek and Hradilova, 1971b). As an
example of the spectra, fig. 108 presents the results obtained by Nassau et al.
(1974).
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Interesting and useful coupling between optical, magnetic, elastic, and dielec-
tric properties is expected for the compounds R(10,), - nH,O (Abrahams et al.,
1973). These have been studied by Abrahams et al. (1976), Abrahams and
Bernstein (1978), and Liminga et al. (1975, 1977).

6.6. Rare earth periodates

Lanthanum periodate LalO; - 2H,O was prepared for the first time in 1874, by
Cleve, in a water solution of La(CH;COQ), and H,IO,. For yttrium, the same
reaction yielded 3Y,0, - 21,0, - 6H,0 and YIO, - 4H,0O, according to the chemi-
cal analysis. Later, Bahl and Singh (1939) synthesized Y,[,0,;-11H,O as
coproduct with YIO,-4H,O and they never did succeed in preparing
3Y,0,-21,0,:6H,0. The periodate that Sahney et al. (1946) obtained by
reaction of Na,H,IO, in a La(NO,), solution in slightly acidic conditions was
confirmed by magnetic measurements to be La,H,1,0,,-3H,O0 and not
LalO, - 2H,O. However, the tri- and tetrahydrates of LalO, have been obtained
in a water solution of Na,H,IO, and R(NO,), (Varfolomeev et al., 1971;
Odehnal, 1972). The tetrahydrate, RIO,-4H,0, is known for all rare earths
(Varfolomeev et al., 1972, 1973). As an alternative iodine source in the prepara-
tion of the tetrahydrates the acid HIO,-2H,O can be used. Recently, Var-
folomeev (1985) has reviewed the chemistry of the rare earth iodates and
periodates. '

According to Kyrki and Lokio (1971), most of the rare earth periodates are
really hexaoxoiodates containing the H,IO}  ions, and RIO,-4H,O should be
formulated as RH,IO¢:3H,O, and La,H,1,0,,-3H,0 as 2LaH,IO-H,O.
Periodic acid or its di- or trisodium salt reacts with rare earth perchlorate in the
molar ratio 1:1 at a pH of 1.9-2.6 to RH,10 - nH,0O, which by drying can be
converted to the phase RH,IO, - 3H,0 (Kyrki and Lokio, 1971). Crystal water
amounts of 1, 5, 9, and 13 have also been reported (Hajek and Hradilova, 1971a).
The hexaoxoiodate formula (ScH,IO-6H,O) has even been proposed for
scandium, though only on the basis of its IR spectrum (Petrd et al., 1970).

Depending on the periodate source used as starting material, PrH,IO, - xH,O
may contain 1.5, 3, or 5 water molecules. Pr(ClO,), reacts with Na,H,IO, to
form the trihydrate, with H,IO, to form the pentahydrate (Lokio, 1971). The
2Pr,0, - 31,0, -24H,0 phase obtained by Ephraim and Ray (1929) did not
appear in the systematic experiments of Lokio and Kyrki, which have been
summarized by Lokio (1974a). Tetravalent cerium forms periodates with the
formula CeHIO, - nH,O (n =1 or 3) (Choudhury, 1941; Alimarin et al., 1958).
According to Lokio (1973), H,IO, forms CeHIO - nH,O compounds when it
reacts with Ce(III) or Ce(IV) compounds in the molar ratio 1:1 at a pH of 1.5-3.

When periodic acid reacts with rare earth carbonate in the molar ratio 3:1 at a
pH of 0.4-1.1, the compound R(H,IO), - nH,O (n=1-3) is formed. For the
reaction in the case of Ce(IV) the molar ratio must be 4:1 and the product is
Ce(H,10y), - nH,O0.
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Still other known periodates are of type R,(I0,); (R =Yb, Lu), which are
formed upon heating of the corresponding iodate hydrates at 400-600°C (Har-
melin, 1966). Preparation of the pure compound is difficult, because before all the
iodate has been oxidized to periodate part of the periodate has already decom-
posed to oxide (Hajek and Hradilova, 1971b). A few ternary periodates are
known as well. La,Co,H,(IO¢),-12H,0O has been synthesized by allowing di-
periodatecobalt(III) acid to react with La(NO,), solution (Lister and Yoshino,
1960). In alkaline solution the stability-of lanthanide periodate complexes in-
creases in the order La’* <Pr’* <Er’* <Ce*". In alkaline solution a solid
cerium periodate, Na,Ce(IOy),, is formed (Alimarin et al., 1962).

6.6.1. Thermal decomposition

The dehydration reaction of RH,IO, - 3H,O to RH,IO is a two-stage process.
RH,IOq is stable in a narrow temperature range between 150 and 200°C (Lokio
and Kyrki, 1971) and then begins to decompose to binary periodate, RIO;,
releasing water. Above 300°C the decomposition is complete and RIO, com-
pounds remain stable up to 500°C (fig. 109). All the anhydrous RIO, compounds
are nonhygroscopic and sparingly soluble in water (Varfolomeev et al., 1972). In
the decomposition of RIO, to oxide, iodine and oxygen are released. According
to Varfolomeev et al. (1972) the reaction proceeds in stages, but no clear plateau
is seen in the TG curve. The kinetics of the dehydration and decomposition
reaction have been studied by Lokio (1974b).

The periodate hydrate of tetravalent cerium, CeHIO, - 3H,0O, dehydrates in a
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Fig. 109. The TG and DSC curves for (a) PrH,IO,-3H,0, (b) PrH,IO,-1{H,O, and (c)
PrH,I0, - 5H,0 (Lokio and Kyrki, 1971).
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similar way to the trivalent compound, but the intermediate phase, Ce,I,0,,,
behaves differently in the further decomposition. Ce,I,O,, is stable in a very
narrow temperature range about 350°C, before it decomposes to Ce,I,0,. This
phase is also unstable and further decomposes to CeO, (Lokio, 1973). After
several attempts, Ce,[,0,; and Ce,I,O, have been separated in pure form and
their IR absorption spectra have been recorded.

The thermal decomposition of R(H,IO,), - nH,O in air takes place in several
stages. The first is the release of crystal water and the formation of water from the
hydrogenperiodate ion:

R(H,IOq); - nH,0—R(H,IO,), + (n +3)H,0 . (11)
The second step also includes the formation of water:
R(H,10,),—~RH,I,0,, + H,0. (12)

Immediately thereafter the reaction becomes endothermic and iodine hexavalent.
The composition of the reaction product corresponds to R,HI,0,, which can
also be written as R,(I1,0,);-4H,0. The fourth reaction step is the dehydration
of R,(1,0,), - 4H,0, and after that R,(I,0,), begins to decompose to oxide. The
reaction is complete above 600°C (Lokio, 1974a). The decomposition scheme of
Ce(H,I0¢), - nH,O is similar to that just described, but the composition of the
intermediate phase is Ce(1,0,),.

In isothermal heating at 125°C La(H,IOg),-H,O and Ce(H,IOq),-2H,O
decompose to La(IO,), and Ce(10,),. The existence of the IO, ion can be
confirmed by IR spectrometry (Lokio, 1974a). Venugopalan and George (1956)
report the same product.

6.6.2. Structure and properties

The periodates are distinguished by a great variety of structures, owing to the
tendency of the oxygen-containing derivatives of iodine(VII) to form condensed
anions. A general feature of all the compounds is that the coordination poly-
hedron of the iodine atom is almost always a distorted octahedron. Only one
crystal structure has been determined: that of RH,10,-3H,O (or RIO; - 4H,0)
(R=Pr---Lu) by single-crystal methods (Shamrai et al., 1975). The structure is
monoclinic (P2,/b) and contains sheets of I0,(OH), octahedra linked to one
another by RO, polyhedra. Bonding between the sheets is by hydrogen bonds
(fig. 110) (Shamrai et al., 1977a).

. All rare earth periodates are sparingly soluble in water. For this reason they
have even been used as precipitation agents for the rare earths (Puzdrenkova et
al., 1958). The solubility of RH,IO, - 3H,0O varies between 2.6 and 0.2 mg/100 g
H,O0, while the solubility of CeHIO, - 3H, O is more than tenfold greater (Lokio,
1974b).
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Fig. 110. A projection of the HolO; - 4H,O structure on the xy-plane (Shamrai et al., 1975).

TaBLE 21

Infrared absorption frequenies of seleted rare earth periodates and iodates (Lokio, 1973; Lokio and

Kyrki, 1973; Petrov et al., 1974).*

NdH,IO, - 3H,0 CeHIO, - 3H,0 Ce,I,0,, Ce,1,0, La(H,10,), -H,O Assignment
3200 m 3600-3400 s 3300-3100 s v(H,0)
2280w 2380 w v(OH)
1654 sh 1658 sh
1620 m 1642 m 1625 m 8(H,0)

1285 m
1210 m
1157 w 1156 w 1168 m 8(1I0H)
1125 sh
1108 m
845 sh v(10;)
760 m 724 s 781s 780s 770 s v(10)
710 m
675w 660 s
640 sh 625 sh
580 m 587 sh v(10-H)
527 m ' 540 m
494 sh 494 s
458 m 464 s 450 s 430s 456 m 8(010)
420 m 430 m
377w 365w
355sh

* m = medium; s = strong; sh = shoulder; w = weak.



"SE PUE pg SIAqE} OS[E 998,

' 8 L0T =4
6LT1=¢
8L61 ‘souleg d T I¥8 =0 &L $SOI +S'8 qL qL O"H-HO - *(foDy
QLL6T “'Te 19 TeIureys Q/'zd ¥ LS8II=¢ 1201 SE0T 9L ax A‘ny---1g O'HY - ‘OId
8L6T ‘UIISUIDE PUR SWEYRIQY AL\ A 9121 wie  8rel el e] O*HL- *OIH - f(Ffony
Q9.61 “'[e 10 sweyelqy e/fzd v 80Il=¢ 7901 8¢°L YTl 1 ws-- -2 *OIH - f(foDNd
8G6T ‘1OWOI) pue S1q] u'zd ¥ 9.6 =9 008 WYL LS6 D £e) OH-"(fond
9561 “IoWOI) pue Ayzyuerg uthd T (4 066 o) Eel O'H-"(*fonyd
®9/61 e 10 SWeyRIQY w/'zd vy gTii=d 1L vI'eT 7L L8| 1 ‘e] O°HS - *(*oDy
9'L6 =4
6011=9¢ _
B9/6T T8 10 SWeYRIqY Id T TS0I=% €€L 99°01  L¥'L ny X‘Ig---PN
999 =A4A
6v6 =4
B9L61 '€ 10 SWEYRIqY Id T S00I=? 20L Er0L €T'8 A .. O°Ht - *(foDd
LL6] “Te 312 sweyelqy W v L9 CA A £e) £e)
SL6T ©'Te ¥o eumur] 'Zd T TeI=¢  seL L9 0Z°01 PN ws---3) O*H-*(foDd
LL6T T8 32 sweyelqy  'Ziz'zd v vL9 6€L 19°81 e ) ‘e O'Hs'0- *(fony
®9L6T ‘T8 19 SWRYRIQY ofzd ¥ 0sTI=d 6991 L0°'9 69°8 ax nI‘qx
LL6T “'Te 19 eSururr] effed v L66 =9 vlL '8 2! PO AMT---3) ‘(‘foDy
7861 “'TB 10 won[ED  oww/ff9d L9 9L'11 qL AMy---e] 016 - *(Fo1g)d
86T ‘UOSSURYO[ PUE IISB[D wewy  f €611 qL g -w] O'HY- *CCo)d
$961 “'Te 12 EpPOD o79d T 0¢'8 L0'8 e L8| O°He - “(Fo)d
v dnoid (39p) (y) () ()
0UAIJNY 2oedg 7z o[duy 2 q ) Sdurexy Ny punodwo)y

suoreoxo usdofey Fumreluod saxa(dwios yires sIel UO BIRP [RINIONIS Jo ArRWIUNG
7T a1av],

244



INORGANIC COMPLEX COMPOUNDS II 245

The infrared spectra of the rare earth periodates have been recorded by many
authors. The frequencies at 1150-1200 cm ™' (vIOH) and 3450-3500 cm ™' (vOH)
are particularly important because they are informative of the composition of the
material (table 21): they do not appear for phases not containing the H,IO, ™ ion.

To conclude this section, table 22 presents a summary of the structural data of
oxohalogen rare earth compounds.

7. Rare earth vanadates
7.1. Introduction

Among the rare earth vanadates the orthovanadates, RVO,, containing penta-
valent vanadium, are the best known compounds (Gambino and Guare, 1963).
Besides these simple compounds more complex binary vanadates(V) are known,
where the anion is a polyvanadate(V) ion, viz. di-, hexa- and decavanadate. The
solid rare earth polyvanadates often crystallize with a high content of water.
Recently, the structures of several rather complex rare earth polyvanadate
hydrates have been solved, e.g., La,V,,0,, - 20H,O (Safyanov et al., 1978b).

Vanadium forms at tetravalent state an oxoanion V,05 which can combine
with rare earth, forming the R,V,0, vanadites (Shin-ike et al., 1977). Trivalent
vanadium forms rare earth compounds having the formula RVO,. These com-
pounds, however, cannot be considered as complex compounds but are binary
oxides with perovskite structure (Wold and Ward, 1954; Reuter and Wollnik,
1963; Palanisamy et al., 1975).

Ternary rare earth vanadates are formed with alkali and ammonium ions. At
least the following compositions are definitely known: M;R(VO,), and MRV, O,.
In both compounds, vanadium is at the pentavalent state.

The physical properties of the rare earth vanadates have been widely investi-
gated. They show interesting magnetic as well as optical properties. Their most
important technical significance is in the use of Eu’":YVO, as red phosphor in
high pressure mercury lamps (Palilla et al., 1965; Luscher and Datta, 1970).

7.2. Rare earth orthovanadates

The preparation of anhydrous rare earth orthovanadates, RVO,, is best
accomplished by heating a mixture of vanadium pentoxide and rare earth oxide in
air. The reaction temperatures may vary between 650 and 1300°C and the heating
times between 1 and 10h (Schwafz, 1963g; Bagdasarov et al., 1969; General
Electric Co., 1968). An excess of V,0O; can be used and after the reaction the
excess is washed off with water or an ammonium carbonate solution (Saji et al.,
1970). The starting vanadium materials can also be sodium vanadate, which is
needed in excess, ammonium metavanadate, or alkali orthovanadate (Milligan
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and Vernon, 1952; Faria and Palumbo, 1971; Glazyrin and Borisenko, 1972;
Isupova et al., 1973). And instead of oxide the rare earth component can be
hydroxide, nitrate, oxalate, etc.

Various flux materials have been used for the preparation of europium-
activated yttrium vanadate phosphor from vanadium and rare earth oxides. These
include sodium nitrate and carbonate, and sodium and ammonium vanadates
(Martin and Trond, 1967; Kauders, 1967; Yokota et al., 1970). A precipitation
method in which the rare earths are precipitated in nitric acidic solution with
NH_,VO, is also used in the preparation of phosphors (Martin and Trond, 1967).
The precipitate is afterwards calcined to the final composition.

Single crystals of the rare earth orthovanadates can be grown in 2PbO -V, O,
and 4Bi,0, -V, 0, fluxes (Garton et al., 1972). Large single crystals of RVO, in
the form of both rods and sheets have been obtained in lead, lead fluoride, and
molybdenum oxide fluxes by Smith and Wanklyn (1974) and Wanklyn (1978).
Zone-melting growth from a polycrystalline rod has been achieved by Udalov and
Appen (1982).

The rare earths from cerium to lutetium form isomorphic tetragonal orthovana-
dates with the well-known zircon structure, also called xenotime structure (Mil-
ligan and Vernon, 1952; Schwarz, 1963g; Popov et al., 1969; Brusset et al., 1971a;
Fuess and Kallel, 1972). Structural studies of rare earth orthovanadates have also
been carried out at low temperatures and by neutron diffraction (Patscheke et al.,
1968; Baglio and Gashurov, 1968). ScVO, has the zircon structure, too, with
space group 14,/amd. The coordination number of the rare earth ion is eight and
the point symmetry of the RO; group is D, (Gubanov et al., 1977; Escobar and
Baran, 1980). The VO, tetrahedron is nearly regular and the bond distance
determinations show that although the rare earth size varies over a wide range,
the characteristic V-0 distance remains the same (Faber and Aldred, 1982).

Of the rare earth orthovanadates only LaVO, crystallizes with monazite
structure type, isomorphic with monoclinic LaPO,. The structure contains ap-
proximately tetrahedral VO, units and a very irregular coordination polyhedron
around lanthanum (fig. 111). In a preliminary structure determination of LavO,

Fig. 111. A projection of the LaVO, structure showing the
oxygen atoms nearest to the La and V atoms in a half of the unit
cell (Rice and Robinson, 1976).




INORGANIC COMPLEX COMPOUNDS II 247

Brusset et al. (1971b) reported the coordination number to be eight, but Rice and
Robinson (1976) later showed that it should be nine. The coordination poly-
hedron of La can be visualized as an irregular pentagon with two additional
oxygen atoms above and below the plane of the pentagon.

In studies on LavVO,, Ropp and Carroll (1973, 1977) found the product in the
precipitation of rare earth vanadates from aqueous solution to be strongly
dependent on the pH of the solution (fig. 112). According to them, tetragonal
LaVO, is obtained in the pH range 4.5-8, with unit cell dimensions of 7.44 and
6.50 A. Firing of the precipitate invariably produces the monoclinic structure
type, however. Escobar and Baran (1977) have also described an LaVO, of zircon
type. A report on the polymorphism of CeVO, has been presented by Yoshimura
and Sata (1969). The cerium compound may also have the monoclinic form.

Thermoanalytical studies on RVO, have shown that the oxidation to orthovana-
date occurs at temperatures below 400°C and the product is monoclinic RVO,.
Oxidation of vanadites at temperatures above 400°C produces a tetragonal form
(Bazuev et al., 1975). Stubican and Roy (1963) achieved a reconstructive
transformation from xenotime to scheelite structure in most of the rare earth
vanadates (Pr---Lu) at high pressure and temperatures up to 600°C.

Many of the rare earth orthovanadates have a phase transition at low tempera-
tures. DyVO, transforms to an orthorhombic Imma structure at 14K, TbVO,
transforms to a monoclinic structure, which can also be described as orthorhombic

6.0+

RATIO OF V/La DETERMINED

PH

Fig. 112. The effect of pH on the V/La ratios produced. The precipitated compound at pH = 3.5 has a
V/La ratio of 5 (= decavanadate). At higher pH values the ratio becomes 1 (= orthovanadate). (Ropp
and Carroll, 1977.)
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Fddd (Forsyth and Sampson, 1971; Sayetat, 1972; Gobel and Will, 1972b) at
32K, and TmVO, has a phase transition at 2.1 K (Smith and Wanklyn, 1974).

The precipitation of rare earth orthovanadates from alkaline solutions where a
R(NO,), solution is added to a KOH solution containing NH,VO,, produces
orthovanadate hydrates. The number of water molecules varies between 1.5 and 3
depending on the rare earth and experimental conditions (Arbit and Serebren-
nikov, 1968a; Mokhosoeva et al., 1972; Golub and Nedilko, 1973; Nakhodnova
and Sirchenko, 1976; Nakhodnova and Zaslavskaya, 1976; Ustalova et al., 1978).
Most recently, Nakhodnova and Zaslavskaya (1982, 1984) have studied the
composition of precipitated phases in the solutions containing 0.2 M of R(NO,),
(R=Sc, Y, La) and Na,VO,. The results indicate that scandium behaves differ-
ently and forms various hydroxide vanadates.

7.3. Rare earth vanadates having vanadium in lower oxidation states

In the trivalent state vanadium forms vanadites of composition RVO, with the
rare earth oxides. These compounds can be prepared directly from the trivalent
oxides in vacuum or in a reductive at high temperatures (Wold and Ward, 1954;
Reuter and Wollnik, 1963; Sakai et al., 1976). Another method of preparation is
to reduce orthovanadates with hydrogen (Palanisamy et al., 1975).

A study of the phase diagrams in the system R,0,-V,0, showed that two
compounds are formed in the case of lanthanum, viz. La,0,-V,0, and
2La,0; -V, 0, (fig. 113). These compounds melt congruently at 2240 and 2190°C,
respectively. In all other cases only the 1:1 compound was obtained (Molodkin et
al., 1982a).

With the exception of the lanthanum compound, the rare earth vanadites are
isomorphic. The orthorhombic structure can be described as distorted perovskite
and thus they are not in fact complex compounds but mixed oxides (Wold and
Ward, 1954; Geller, 1957). According to Kestigian et al. (1957) and Brusset et al.
(1972), lanthanum vanadite is tetragonal in structure, although there is also one
report of a cubic structure.

At high pressures rare earth vanadites have other structure types. At 30kbar
the structure is like calcite and at pressures exceeding 50 kbar the polymorph has
a vaterite-like structure (Shin-ike et al., 1980).

With europium, vanadium forms mixed valence vanadates of composition
Eu,VO, and Euw,V,0,. The more informative way to write the formulas is
EuO-EuVO, and EuO - 2EuVO, (Shin-ike et al., 1976a), since with respect to
vanadium these compounds are vanadites. Their structure is tetragonal with space
group I4/mmm. The structure of Eu,VO, was investigated by Shin-ike et al.
(1976b) and found to be isomorphic with K,NiF, (fig. 114).

Another type of rare earth vanadite is obtained with tetravalent vanadium. The
oxoanion V,0 ~ is formed and the rare earths (Tm - - - Lu, Y) combine with it to
form R,V,0,. At high temperatures the compound can be prepared from oxides
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R,0; and V,0, (Shin-ike et al., 1977). The reaction between orthovanadate and
trivalent vanadite produces tetravalent vanadite (Greedan, 1971). It should be
noted that the simple VO;~ ion has not been observed either in solution or in the
solid state.

The compound R,V,0, has a cubic pyrochlore structure where the rare earth
atoms have octahedral coordination. The octahedra form a corner-sharing
framework (Shin-ike et al., 1977; Greedan, 1979). The pyrochlore structure is
very common in compounds containing tri- and tetravalent ions (Shannon and
Sleight, 1968).

7.4. Polymeric rare earth vanadates

The precipitation of rare earth vanadates from R(NO,), solution by a Na,VO,
solution yields mono-, di-, tri-, hexa-, or decavanadate hydrate, depending on the
pH (figs. 112, 115) (Arbit and Serebrennikov, 1965; Nakhodnova and Zaslav-
skaya, 1976; Ropp and Carroll, 1977). When the pH is high the product is
RVO, - xH,0, and with increasing acidity R,(V,0,);-8H,0, RV,0, - xH,0,
R,(V,0,,);-40H,0, and R,V,,0,, - xH,O phases are formed. For formation of
the last two compounds the pH is about 4 to 5. The number of water molecules
varies with the experimental conditions and the rare earth (Nakhodnova and
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Fig. 115. The arrangement of V and O atoms in the decavanadate polyanion (Rivero et al., 1984).
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Zaslavskaya, 1982). The formation of different rare earth polyvanadates follows
the general lines observed in the aqueous chemistry of vanadates (Greenwood
and Earnshaw, 1984).

The precipitated polymeric rare earth vanadates are amorphous or microcrys-
talline. Except for the decavanadates the crystal structures are uncertain. The
existence of V,0,, VO,, and V,0,, radicals has been proposed and orthorhombic
and monoclinic structures have been suggested for the hexavanadates.

Brusset et al. (1971a) have prepared new vanadates in solid-state reactions. All
lanthanides form a compound of formula 4R,0,-V,0, (RyV,0,,). For lan-
thanides from Sm to Yb the compound 5R,0,-V,O, was obtained as well, and
for Pr and Nd the compound 6R,0;-V,O;; structural studies showed that
R,V,0,, is monoclinic (Brusset et al., 1973). Kiparisov et al. (1973) have found
the 3Eu,0; -V,0, phase for europium. In phase diagram studies of the system
Yb,0,-V,0,-V,0, at 1200°C Kitayama et al. (1983) observed a new mixed
valence compound with composition Yb,V,O,. In the same study they found for
europium the nonstoichiometric compound Eu, ¢,V 5,05 3. The phase diagrams
of the systems R,0,~V,0,-V,0; have systematically been studied by Kitayama
et al. (see Kitayama et al., 1983; Kitayama and Katsura, 1983, and references
therein).

Four different structure types have been reported for the rare earth decavana-
date hydrates (Rigotti et al., 1981). R,VO,,0,,-22H,0 (R=La,Ce) and
R,V,,0,,-26H,0 (R =Pr-Sm) are monoclinic (P2,/n and P2,/a, respectively).
Rare earths around gadolinium form triclinic crystals (P1) with the composition
R,V,40425H,0 (R =Eu-Er) (Rivero et al., 1984). The composition of this
structure type was earlier erroneously reported to contain 24 water molecules
(Rigotti et al., 1981). The fourth structure type is also triclinic (P1), having the
composition R,V,,0,,24H,0; it comprises Tm, Yb, Lu, and probably also Y
(Safyanov et al., 1978a; Rigotti et al., 1981).

The structures of the Nd, Y, and La compounds have been reported by
Safyanov and Belov (1976) and Safyanov et al. (1977, 1978a,b, 1979) while the
erbium and ytterbium compounds have been studied by Rivero et al. (1984,
1985). In all structures the decavanadate is formed by ten edge-sharing VO,
octahedra. The coordination number of R’” is either nine (La and Nd) or eight
(Y and Er). The structure of the La compound is unique in that it has two bonds
between the R>* central ion and decavanadate oxygens. In all other cases the
coordination polyhedra around the rare earth is exclusively formed by water
oxygens (fig. 116).

In addition to the coordination aqua ligands, all structures containing a number
of water molecules which are kept in the structure of weak to medium strong
hydrogen bonds. The existence of these easily removable, interstitial water
molecules may explain the discrepancies in the reported formulas of the com-
pounds, e.g., LaV,,0,,-22H,0 (Rigotti et al., 1981) and La,V,,0,,-20H,0O
(Safyanov et al., 1978b). Another case where the unit cell constants are similar
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s
AL

Fig. 116. The projections of the crystal
structures of (a) Y,V,,0,,-24H,0,
and (b) La,V,,0,,-20H,0 (Safyanov
and Belov, 1979).

but the water content is different is the Nd compound, reported to have 26 or 28
moles of H,O per structure unit (Rigotti et al., 1981 and Safyanov and Belov,
1976, respectively).

7.5. Ternary rare earth vanadates

Two types of alkali rare earth vanadates are known in the literature: MRV, O,
and M,R(VO,),. Both have pentavalent vanadium. Their preparation is carried
out by heating of stoichiometric amounts of alkali carbonate, rare earth oxides,
and vanadium pentoxide at temperatures between 500 and 1200°C (Gabe and
Chincholkar, 1979; Melnikov et al., 1981c). The sodium compounds have been
prepared in powder form from a mixture of Na,VO, and RVO, heated for several
days at 1050°C. The single crystals have been grown from the powders in a
sodium orthovanadate flux (Vlasse et al., 1976).

Structural investigations of compounds Na,R(XO,),, where X =V, P, As, have
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revealed three different structure types for the sodium rare ecarth vanadates
(Vlasse et al., 1980a,b). The first type is orthorhombic (La) and the second
(Pr---Tb) and third (Dy---Lu) types are monoclinic. All these structures
contain isolated VO, tetrahedra. The two first structures can be described as
analogous to ordered superstructures of 3-K,SO,, made up of rows of alternating
Na and rare earth atoms or alternating Na and VO, tetrahedra parallel to the
b-axis (fig. 117). The rare earths are here eight-coordinated (Parent et al., 1979).
The third structure type is similar to-that of Na,CrO, with isolated VO,
tetrahedra and an ordered arrangement of Na and rare earth octahedra (Salmon,
1976) (fig. 118). The sodium rare earth vanadates have also a high temperature
form which crystallizes in the glaserite structure, K;Na(SO,), (Parent et al.,
1979; Vlasse et al., 1980a) (fig. 119). The polymorphic transition from the
low-temperature form to the glaserite form takes place between 750 and 900°C,
depending on the rare earth (fig. 120).

The rubidium rare earth vanadates, Rb,R(VO,), (R=Gd---Lu), have the
same structure as the high-temperature form of Na,R(VO,),, viz., trigonal
glaserite (Melnikov et al., 1981c). According to Komissarova et al. (1980) the
corresponding potassium compounds are monoclinic and not isomorphic with
either the rubidium or sodium compounds. Two isostructural series have been
found in TI,R(VO,), compounds along the lanthanoid series. The compounds of

Fig. 117. A projection of the structure of
Na,La(VO,), (low-temperature form) on the
(100) plane (Vlasse et al., 1980a).
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Fig. 118. A projection of the low-temperature structure of Na; Ex(VO,), on the (001) plane (Viasse
et al., 1980a).

the smaller lanthanides have been indexed as orthorhombic (Molodkin et al.,
1982¢). _

The MRYV,0, (M = alkali metal) compounds have two structure types: pyro-
chlore and weberite (Chincholar, 1972). The pyrochlore structure is formed with
lithium and for smaller rare earths also with sodium. The potassium compounds
and sodium compounds with larger rare earth ions seem to have weberite
structure, which is an orthorhombic distortion of cubic pyrochlore (Gabe and
Chincolkar, 1979). The corresponding pentavalent niobates and tantalates have
similar structural behaviour to the vanadates.

Sodium rare earth vanadates(III) can be prepared in a mixture of the corres-
ponding oxides in a reducing atmosphere at 600-700°C. The solid compounds
obtained appear to be isostructural throughout the lanthanide series. Their lattice
is orthorhombic and the values a = 5.34 A, b = 11.02 A, and ¢ = 7.67 A have been
determined for Na,La(VO;), (Molodkin et al., 1982d). Scandium forms a
vanadate with composition Na,Sc,V,0;, having a cubic garnet structure (Be-
lokoneva et al., 1974).

The rare earth compounds with general formula MgR,(XO,).Y,, where M is a
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of the two Na,Nd(VO,), structure types: low-temperature (above) and high-temperature (below)

the (001) plane

Fig. 119. The projections on
(Parent et al., 1979).
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Fig. 120. The thermal behavior of the Na,R(VO,), phases (Vlasse et al., 1980a). (I): glaserite-type;

(IV): orthorhombic Na,La(VO,),-type; (V): monoclinic Na,Nd(VO,),-type; (VII): monoclinic
Na,Er(VO,),-type.

divalent cation and Y a halogen or hydroxide ion, have been discussed in
connection with silicates, germanates, and phosphates. X can also be pentavalent
vanadium (Guillot et al., 1980). All these compounds have the hexagonal apatite
structure. The divalent cation can be replaced by alkali metals, to give compounds
like Na,Pb,R,(VO,),Cl, (Escobar and Baran, 1982a).

Triple orthovanadates containing a divalent cation, trivalent rare earth, and
tetravalent thorium or cerium, have been studied by Nabar et al. (1981 and 1983).
The samples were prepared by mixing soluble compounds of the corresponding
elements in water, evaporating the solution and heating at 300°C. The compounds
MRTh(VO,),, where M = Ca, Cd, crystallize with the tetragonal zircon structure
and those where M = Ba with the monoclinic monazite structure. Strontium and
lead compounds show dimorphism (Nabar and Mhatre, 1982).

The structural data of rare earth vanadates are summarized in table 23.

7.6. Physical and chemical properties of rare earth vanadates

7.6.1. Solubilities and thermal properties

The rare earth orthovanadates are insoluble in water and in dilute ammonia
and hydrochloric acid solutions (Glazyrin and Borisenko, 1972). The rare earth
vanadites are soluble in nitric acid and, upon heating, in sulfuric and hydrochloric
acids (Golub and Nedilko, 1973).

The thermal stability of RVO, compounds is exceptionally high: they do not
decompose even at 1600°C (Gambino and Guare, 1963). The vanadites oxidize in
air to orthovanadates in two stages, at temperatures between 350 and 500°C and
between 500 and 700°C, depending on the rare earth (Golub and Nedilko, 1973).
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In thermal decomposition the polyvanadates first lose their crystal water, and then
at 370-500°C dissociate to orthovanadate and vanadium pentoxide (Mokhosoeva
et al., 1972).

The values of thermodynamic functions have been determined for the forma-
tion reaction of rare earth vanadates from the oxides. The values of the activation
energies lie between 11.3 and 18.4 kJ/mol (Isupova et al., 1973) and values of the
reaction enthalpies between —120 and 215 kJ/mol (Rykova et al., 1979). Accord-
ing to Ustalova et al. (1978) the formation enthalpy at 670°C for HoVO, and
ErvO, is about —170 kJ/mol. The calculated formation enthalpies from elements
to RVO, vary between —1740 and —1875 kJ/mol (Ustalova et al., 1978; Zielinski
and Skupin, 1980). Kitayama and Katsura (1977, 1978) and Kitayama et al.
(1979) have determined the Gibbs energies for several reactions involving the
formation of orthovanadates and pyrochlores from vanadites and the formation of
polyvanadates. )

7.6.2. Magnetic and electrical properties

Investigations on the magnetic properties of the rare earth orthovanadates have
shown them to be paramagnetic and the susceptibilities to follow the Curie—Weiss
law at temperatures above 200 K (Saji et al., 1970). At low temperatures some of
the rare earth orthovanadates have been shown to exhibit an antiferromagnetic
transition. GdVO, transforms to the antiferromagnetic form at 2.50 K, DyVO, at
3.1K, and ErVO, at 0.4K (Will et al., 1971c; Smith and Wanklyn, 1974).

The rare earth vanadites are paramagnetic at room temperature and except for
GdVO, become antiferromagnetic at low temperatures (Sakai et al., 1976). The
magnetic susceptibilities of rare earth hexavanadates have been reported to be
higher than those of orthovanadates (Arbit and Serebrennikov, 1968b).

Measurements of the electrical conductivity have shown the rare earth or-
thovanadates and hexavanadates to be semiconductors of the p-type, whereas the
vanadites and pyrochlores are semiconductors of the n-type (Arbit and Serebren-
nikov, 1968a; Sakai et al., 1976; Shin-ike et al., 1977). The pyrochlores, R,V,0,,
are ferromagnetic semiconductors and they show interesting electric properties
due to the tetravalent vanadium (Soderholm and Greedan, 1979; Subramarian et
al., 1979). They have recently been intensively investigated (Soderholm et al.,
1982; Soderholm and Greedan, 1982).

7.6.3. The luminescence properties of rare earth vanadates

La, Lu, and Y do not show any UV absorption when used as host cations in
rare earth orthovanadate phosphors. Of the usual host cations only gadolinium
has absorption and emission bands in the UV region. The rare earth orthovana-
dates are exceptional phosphor host materials in that the vanadate anion can be
excited by both long and short UV radiation (fig. 121). The excitation of YVO, in
the 320 nm region occurs via the 'A; — 'T, allowed transition of VO~ (Burrus
and Paulusz, 1969). The excitation at shorter wavelengths (250 nm) involves
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Fig. 121. The excitation and emission spectra of YVO, recorded at 77 K (after Wanmaker et al. 1966).

another process, perhaps an interaction between yttrium and oxygen, or it may
originate in an exciton process (Datta, 1967a; Ropp, 1968c).

The unactivated YVO, has a blue emission which is very strong at low
temperatures. The emission has been interpreted as the *T,— 'A, transition of
the vanadate complex (Walter and Butler, 1968). When a small quantity of the
yttrium is replaced by europium, the blue vanadate emission gives way to the
bright red emission associated with the electronic transitions of the Eu’~ ion (fig.
122). The energy transfer from the excited vanadate ligand to Eu’” must be a
highly favorable process. It is interesting that YVO,:Eu’" has an efficient UV
radiation response and excellent performance at high temperatures (Burrus and
Paulusz, 1969).

YVO,:Eu’" is widely used in high-pressure mercury lamps for colour correc-
tion and to improve lumen maintenance (Palilla and Levine, 1967; Martin and
Trond, 1967; Mathers et al., 1971). Until the 1970’s, when it was replaced by
Y,0,S:Eu’", it was also used in cathode-ray tubes of colour televisions (Levine
and Palilla, 1964, 1966). The other trivalent lanthanide ions (except La and Lu)
also emit in the orthovanadate matrix, but do not have the practical importance of
the activated Eu’" compound (Datta, 1967b).

The partial replacement of vanadate by phosphate in YVO,:Eu’" has been
investigated ever since the discovery of this phosphor in the sixties (Wanmaker et
al., 1966; Aia, 1967; Ropp, 1971). Owing to their similar structure a solid solution
easily forms between YVO, and YPO, (Ropp and Carroll, 1975). Though
Y(V,P)O,:Eu’" phosphor has less initial brightness than YVO,, it has been
reported to have better duration in high-pressure lamps and brighter emission at
higher temperatures (Wanmaker and Vellijsdonk, 1966; Luscher and Datta,
1970).
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Fig. 122. The excitation and emission spectra of Eu’*-activated YVO, recorded at 295K (Leskeld,
1981).
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Fig. 123. The IR (a) and Raman spectra (b) of Dy,V,,0,,-24H,0 in the region 1100-200cm
(Rigotti et al., 1981).
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The optical properties of Na,La,_,Nd,(VO,), have been studied in order to
estimate its possibility as a coherent light source (Parent et al., 1980a). Nd** has a
high luminescence intensity at low concentrations but strong self-quenching at
higher concentrations in this matrix.

7.6.4. Vibrational spectra

Vibrational spectra of various solid lanthanide vanadates(III) or vanadates(V)
have been studied occasionally in connection with preparative and structural
investigations.

Thus, Molodkin et al. (1982a,b) recorded the IR spectra of Na;R(VO,), and in
the case of the TI,R(VO,), the assignments are also given. Mokhosoeva et al.
(1972) recorded the IR spectra of hydrated yttrium orthovanadate, pyrovanadate,
metavanadate, and decavanadate before and after heating.

The most detailed IR study concerns the decavanadates (Rigotti et al., 1981).
The study comprised all stable lanthanides (La—Lu) and thus the various structur-
al types were represented. In some cases even the Raman spectra were recorded
(fig. 123).

8. Rare earth chromates
8.1. Introduction

A large number of the solid rare earth chromates(VI) can be precipitated in the
system R,0,-Cr,0,—H,O. Different stoichiometries are possible because the
Cr(VI) oxoanions exist in a pH- and concentration-dependent equilibrium and
because hydroxo compounds may be formed. Since the solubilities are generally
low and the solutions often have a viscous consistency, single crystals are difficult
to prepare. In fact, only in one case has a complete structural determination
based on single-crystal X-ray data been carried out. In all other cases the
characterization of solid compounds has been based on X-ray powder diffraction,
IR and Raman spectroscopy, or thermoanalytical techniques.

Besides the binary rare earth chromates(VI), a large number of ternary
compounds with alkali metals have been prepared. Yet a third group of rare earth
chromates that has received considerable attention are the anhydrous chromat-
es(V), RCrO,, which have interesting structural and magnetic properties at low
temperatures.

There appear to be no reviews on rare earth chromates in the literature. The
two recent reviews on chromium chemistry briefly mention only the RCrO,
compounds (Nag and Bose, 1985; Mitewa and Bontchev, 1985). While attempting
to give a comprehensive overall view of the chromate complexes here, we will
nevertheless concentrate on the solid-state properties, which have been of interest
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in the overwhelming number of studies. The Cr(III) oxidation state, correspond-
ing to perovskite-type RCrO; compounds, falls outside the scope of this review.

8.2. Preparation of the binary chromates(VI)

The most common aqueous ions of Cr(VI) are hydrogenchromate HCrO, (aq),
chromate CrO> (aq), and dichromate Cr,02" (aq). Decreasing pH and increasing
concentration shift the equilibria towards the dichromate ion (Dellien et al.,
1976). In strongly acidic, concentrated solutions further polymerization of CrO,
tetrahedra may take place and the chain structures of Cr,0%, and Cr,03; ions
resemble the chain structure of CrO, (Lofgren, 1973).

The first lanthanide chromates were prepared in the nineteenth century (Fre-
richs and Smith, 1874), and the differences in solubility have been explored
carlier in the separation of the light and heavier rare earths and also in the
precipitation of yttrium (Egan and Balke, 1913; Ryabchikov and Vagina, 1966).

Several preparative routes have been utilized for the rare earth chromates(VI).
Schwarz (1963a,b,c) prepared La, Pr, and Nd chromate hydrates by adding
R(NO,), to a solution of CrO, and NaOH or to Na,CrO,. Schwarz (1963a)
claimed that by using sodium instead of potassium the formation of ternary
dichromates and mixed phases is avoided and binary compounds of type
R,(CrO,), - nH,O (n =8 for La, Pr, and 7 for Nd) are precipitated. In a similar
way but starting from PmCl; and (NH,),CrO,, Weigel and Scherer (1967)
prepared Pm,(CrO,), - xH,O.

If the pH of the solutions is not sufficiently low, basic chromates may
precipitate. This is especially apparent in the case of scandium. Anoshina et al.
(1970) obtained in the pH range 4-5 the hydroxochromate Sc(OH)CrO, - H,O;
the starting materials for the synthesis were Sc(OH), and CrQ, and KOH was
used for the pH adjustment. Only at pH=2 did the normal chromate
Sc,(Cr0,); - nH,O (n =6 at 60°C, 3 at 90°C) precipitate.

Attempts to prepare Ce(III) chromates have not been successful due to the
oxidation of cerium by chromate(VI) (Schwartz, 1963a). On the other hand, the
Ce(IV) chromate dihydrate Ce(CrO,), - 2H,O is easily prepared: by the reaction
of Ce(OH), and H,CrO,, for instance (Lindgren, 1977a).

Bashilova and Tananaev with their cowarkers have carried out a series of
systematic equilibrium studies in the system R,0,-Cr,0,-H,O at 25°C. The
composition and solubility of the solid phases were determined and the conditions
for their preparation were established. Table 24 summarizes the results of these
investigations and fig. 124 gives as an example the equilibrium diagram for the
system involving La. The enthalpies of formation for R,(CrO,), (R =La, Pr, Nd)
and their hydrates have been measured by Tsyrenova et al. (1974a,b, 1973).

The solid-state reaction between R,0; and Cr,O, in an oxidative atmosphere
leads to the formation of R,(CrO,), if the temperature is suitable. Doyle and
Gibb (1976) prepared Nd,(CrO,), by this reaction at 350-600°C. At higher
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TaBLE 24

Composition of solid rare earth chromates crystallized in the system R,0,-CrO,-H,O.
R n Reference

[Ry(CrO,); - nH,0] [R(OH)CrO, - nH,0] [R,(Cr,0;); - nH,0]
La 7 10,7 Bashilova et al., 1971
Nd 7 10 Tananaev et al., 1971a
Sm 7 10 Bashilova and Nelyapina, 1976
Gd 7 10,5 Bashilova and Nelyapina, 1978
Dy 4 5 Bashilova and Nelyapina, 1979a
Er 8 1.5 5 Bashilova and Nelyapina, 1979b
Yb 8 2 5 Bashilova and Nelyapina, 1975
Y 8 2 5 Tananaev et al., 1971b
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diagram of the CrO,-La,0;-H,O system at 25°C (Bashilova et al.,
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temperatures a mixture of Nd,(CrO,), and NdCrO, is formed, and above 840°C
the latter phase is the sole product. The authors note that Nd,(CrO,), prepared
by this process has thermal and spectroscopic properties different from those of
the anhydrous Nd,(CrO,), prepared through the dehydration of
Nd,(CrO,), - 7H,O. In the absence of quantitative data, it is not clear whether
these differences in properties are related to differences in crystallinity or crystal
structure. The presence of oxochromate La,0,CrO,, which may also be pro-
duced by the reaction between R,0; and Cr,0;, seems improbable since a high
oxygen pressure is required for its synthesis (Berjoan et al., 1975).

8.3. Properties of the binary chromates(VI)

As X-ray single-crystal data are lacking in all but one case, the available
structural information on the binary chromates and their hydrates is based on
powder diffraction studies and interpretation of IR spectra. In addition, a large
number of thermoanalytical studies have been made in an attempt to elucidate the
complex decomposition mechanism or to prepare rare earth chromates(V)
through thermal conversion.

8.3.1. X-ray diffraction studies

The X-ray diffraction data available for the R>* chromates seem to be limited
to d-values and intensity tables for various lanthanum chromates (Bashilova et
al., 1971; Tsyrenova et al., 1974a), praseodymium chromates (Tsyrenova et al.,
1974b), and neodymium chromates (Tananaev et al., 1971a; Tsyrenova et al.,
1973). In addition, there are X-ray powder data for four yttrium chromates,
including the hydroxochromate dihydrate (Tananaev et al., 1971b). On the basis
of the published data the compounds R,(CrO,),-7H,O (R =La, Pr, and Nd)
seem to be isostructural. A more recent study has shown that the isostructural
series extends from La at least to Gd (Aarnio, 1980).

In the case of cerium(IV) chromate dihydrate it has been possible to grow
single crystals of sufficient size for a complete structural analysis (Lindgren,
1977a). Ce(CrQ,), - 2H,0 forms monoclinic crystals with the unit cell dimensions
a=6.5865(12) A, b=10.6716(7) A, ¢=5.6699(6) A, and B =92.59(1)°. The
structural solution confirmed the centrosymmetric space group P2,/m; the unit
cell contains two formula units. Cerium is eight-coordinated by oxygens from the
two water molecules and from six different chromate groups (cf. fig. 125). The
chromate groups are bridging tridentate with the nonbound oxygen significantly
closer (1.58 A) to chromium than the three other oxygens (1.64-1.69 A). The
arrangement of oxygen atoms around Ce is distorted and can be described either
as a distorted square antiprism or as a bicapped trigonal prism with the two water
oxygens as capping atoms (fig. 126).

8.3.2. IR spectroscbpic studies
Like other tetrahedral oxoanions, the free chromate ion belongs to the point
group T,. In principle, two of the possible main modes of coordination (mono-
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A 7.

Fig. 125. A perspective view showing the unit cell contents and coordination of the chromate groups
in the structure of Ce(CrO,), 2H,0O (Lindgren, 1977a).
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’ Fig. 126. A view of the coordination polyhedron
in the structure of Ce(Cr0O,), - 2H,O (Lindgren,

1977a).

dentate and bidentate) should be distinguishable on the basis of the number of
[R-active vibrations, which is different in C,, and C,,. In practice, however,
further splitting of the peaks, and in most cases the presence of several absorption
bands due to water molecules, do not allow a choice.

In spite of the difficulties, IR spectroscopy, supplemented in some cases by
Raman spectroscopy and studies on deuterated compounds, has been widely used
to extract structural information from the binary and more complex chromate
phases. The work of Stammreich et al. (1958a,b) on the positions of the
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fundamental frequencies for the CrO>™ and Cr,O2” ions has been the starting
point for the interpretation of rare earth chromate spectra.

Darrie et al. (1967) used IR spectra to characterize R,(CrO,), - nH,0 (R=
La, Nd, Sm) and their thermal decomposition intermediates. Later, using deuter-
ated compounds to obtain additional information, Petrov et al. (1975a) assigned
the split band around 840 cm ™" to the chromate v, symmetric vibration and not to
the rocking modes of coordinated water. Table 25 gives the spectral data for the
compounds studied by Petrov et al. Interesting is the authors’ observation that the
compound formulated on the basis of chemical analysis (and in analogy with other
light rare earths) as Nd,(Cr,0,); - 10H,O is according to the IR spectra actually
Nd,(CrO,),Cr,0, - 8H,0.

Petrov et al. (1975a) also conclude that the structure of Y,(CrO,), - 8H,0 is
different from the corresponding La and Nd compounds as regards the chromate
and water coordination. The absence of the »,(CrO,) symmetric stretching
vibration, together with other features of the spectrum, indicate a high symmetry
for the chromate group (S,, D,4, or D, at least). The position of a single

TaBLE 25
The spectra and their assignments for the R,(CrO,); #H,O -and R,(Cr,0,);-nH,0 (R=La,Nd,Y)
compounds (Petrov et al., 1975a) *

R,(CrO,), - nH,0:

Assignment La,(Cr0,), 7H,0 La,(CrO,), - 7D,0 Nd,(Cr0,), - TH,0 Y,(Cr0,),-8H,0
1, (Cro?) 825, 845 825, 845 835 sh, 850
,(Cro?7) 867, 900 870, 897 870, 900 sh 860, 900
925 925,970 sh 920, 970 sh 960 sh
v[OH(OD)] 3100-3600 2200-2700 3000-3600 3000-3550
8[H,0(D,0)] 1610 sh, 1650 1180 1615 sh, 1650 1610
1210
p[H,0(D,0)] ~640 525 650
v, (Cr0;7) (D) 435 435 440
R,(Cr,0,), - nH,0:
Assignment La,(Cr,0,),-TH,0 La,(Cr,0,),-10H,0 Nd,(Cr,0,),-10H,0 Y,(Cr,0,), -5H,0
Vyym(CTOCr) ~550 sh ~500sh, 565 520, 580
Veym(CrOCr) 720, 800 742,785 740, 780 sh 730, 760 sh
Vyym(CIO;) 888,910 887,912 890, 915 900
Vpeym(C1O;) 945,970 sh 930 sh, 945 950, 980 sh 970
987 960, 985 sh
»(OH) 3000-3600 3000~3600 3000-3600 3000-3600
8(H,0) 1620 1625 1630 1610
Other ~470 ~420

* sh = shoulder.
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deformation vibration of water and the absence of libration vibrations suggest that
water is not coordinated, in contrast to the La and Nd compounds, which
according to the IR spectra contain differently bound water.

The IR spectra of scandium chromates, including the series Sc,(CrO,), - nH,0
(n=6,3,1,0) and the basic compounds ScOHCrO, and Sc¢,0(CrO,),, have been
recorded and interpretated by Komissarova et al. (1969). They note that the
spectra of the hexa- and trihydrate are almost identical. In the case of the
monohydrate and the anhydrous phase the positions of the absorption bands are
shifted by 10~35cm ™" and the spectra are simpler, pointing to a higher symmetry
than C,, for the chromate ion (table 26).

Structural details based on the interpretation of IR spectra alone have often
been found unreliable. In the case of the rare earth chromates, there is an obvious
need for complete crystal-structure analyses to provide a sound basis for spectral
studies. As single crystals have proved extremely difficult to grow, the spectral
study of Ce(CrO,), - 2H,O, whose structure is already known, would be worth-
while.

8.3.3. Thermoanalytical studies

Thermal degradation of rare earth chromates is a multistep process following
the decreases in the oxidation state of Cr. The decomposition of binary
chromates(VI) proceeds through both RCr(V)O, and RCr(II1)O;.

8.3.3.1. Normal chromates(VI). The general decomposition scheme for the
chromate(VI) hydrates of the light rare earths can be presented as follows
(Schwarz, 1963a; Bashilova et al., 1971; Aarnio, 1980; Kelina et al., 1981):

VI ~nH,0 VI
R,(Cr"0,), - nH,0 >R,(Cr0,);, (13)
VI ~1.250, A 111
R,(Cr0,);——2RCr 0,+0.5Cr, O, (149
v ~0.50, 1
RCr'O,——RCr0,. (15

The dehydration reaction (13) usually proceeds via several intermediate hydrates,
as seen from table 27, which gives the DTG peak temperatures for the reaction
steps (13-15). In addition to these steps, which involve a weight change, the
DTA curve usually reveals a further transition, around 450°C, which is attributed
to recrystallization of the anhydrous La,(CrO,),; (cf. fig. 127; Bashilova et al.,
1971).

It is clear from table 27 that the temperature variations as a function of the rare
earth ionic radius are small. Nevertheless, the thermal stability of the Cr(VI)
chromate does tend to decrease and that of Cr(V) to increase as the ionic size
diminishes from La to Gd. This trend continues with the heavier rare earths,
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TaBLE 26
Infrared spectra and their assignment for the scandium chromates(VI) (Komissarova et al., 1969).
Sc,(CrO,), ScOHCrO, Sc,0- CsSc:  Assignment *
6H,0 3H,0 1H,0 anhydrous 1H,O anhydrous (Cr0.), (Cr0,),
400 m 400 m 400 m . 400m 417 s 425 m 400s 415s
460 m 465 m 475m 494 m 493 m 465 w 425w
500 m a
545 m 570w
620 w 625w 635w 615w
658 m 655w 657 m 650 vw } b
721 m 722m 714 m 767 m 21w 720w 715s
800 s 800s 800 vw 784 vw 803 vs 795 vw 831 vw } c
844 s 833w 850 m 841 vw 832 vw
873 vw 857m
882 m 887s 883s 889s ] d
: 913w 924w 922m 9345 913s 900 m
933s 935s 949 m 935m
963 w 970 w 944 w 953 vw 955s 975 vw 946 m } e
984 w 985 vw 983 w 991w 985 m
1621s 1615m 1591 m 1620 m 1695 vw - } ¢
1673 w
3300 m }
3400 s, br 3340s,br 3500m 3350 m, br 3330s 3300 vw g
NH,Sc(CrO,), NaSc(CrO,), KSc(Cr0,), RbSc(CrO,), Assignment *
2H,0 anhydrous 2H,O anhydrous 2H,0 anhydrous 2H,0 anhydrous
400 s 400 s 412s
425s 420s 422 430s 423 } a
620 m 635m 620 m
634 m 658 m 670 vw 645 w } b
747vw 715w 721w 21w 720w ARG
782s 790s 787 vw
800s 811s 805 vw 805 vw 802s } c
835s 823 vs 843 m 823 vs 843 w 840's 826 838s
926 921s 926s 913 m 926s 920 s 920s 903 s d
953s 943 s 952s 942 s 945 m 932m
967 s 960 m 946 m } e
985 m
1408 m 1408 m - -~ - - - -
1600m 1603w 1585 m - 1592 m - 1606 m - } h
1615 vw 1663 vw
3140 m 3140 vw
3255 - 3240 vw 3340 m - 3370 m } g
3480 m
* Assignment of the frequencies:
() »(Cr0,) (Cy,) (9) »(Cr0,) (C,,) (H) 8(H,0)
Sc-0 stretching (d) »,(CrO,) (Cy,) (g) »(OH, H,0)
(b) 8.(H,0) (e) #,(Cr0,) (Cy)) (h) »(NH,), 5(H,0)

Sc—-O-Sc stretching
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TaBLE 27
Observed DTG peak temperatures for the thermal decomposition of R,(CrO,), - 7H,0O (R = La—Gd)
in air. Heating rate is 5°min™" and the sample weight is 100 mg. For reactions and other details, see

the text. *

R Reaction

13 14 15
La 150 . 640 695
Pr 140,170 680 **
Nd 125,175 635 715
Sm 125,185 635 715
Eu 125,185 605 715
Gd 110, 145, 185, 225 605 725

* Aarnio (1980).
** The reaction steps were not resolved.

toC
800+

600

| DTA 470

Fig. 127. The TG and DTA curves showing the
decomposition of La,(Cr0Q,), 7H,O in air. The
DTA peak temperatures {deg) have been given.
(After Bashilova et al., 1971.)

where for the yttrium compound the difference in the peak temperatures of
reactions (14) and (15) is around 140°C (Tananaev et al., 1971b).

Scandium behaves differently from the other rare earths: after the multistep
dehydration, Sc,(CrO,), decomposes directly to a mixture of Sc and Cr(III)
oxides (Anoshina et al., 1970):
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-2.250,
Sc,(CrO,); —— 8¢, 0, + 1.5Cr, 0, . (16)
The reaction (16) takes place around 550°C.

8.3.3.2. Hydroxochromates. Schwarz (1963d) has noted the increasing tendency
of the heavier rare earths and yttrium to form hydroxochromates of type
R(OH)CrO, - nH,O and has utilized them for the thermal synthesis of RCr(V)O,
(R=Sm~---Lu). Of the individual hydroxochromates the Sc (Anoshina et al.,
1970), Y (Tananaev et al., 1971b), and Dy (Schwarz, 1963d) compounds have
been studied by thermoanalytical methods. The Er and Yb compounds, which
have also been isolated (cf. table 24), seem not to have been studied.

The thermal degradation of Sc(OH)CrO,-H,O proceeds both in air and in
nitrogen via the anhydrous phase and the oxochromate(VI) Sc,0(CrO,), to a 1:2
mixture of the Sc and Cr oxides. The stability range of Sc,0(CrO,), is very
narrow and located around 550°C.

The decomposition of Y(OH)CrO, -2H,O is similar to that of the Sc com-
pound in that the dehydration range extends to a high temperature (380°C), but
differs in that the chromate(V) is formed from the oxochromate(VI) at 530~
555°C (Tananaev et al., 1971b). Dy hydroxochromate should behave similarly to
the Y compound, but owing to the isothermal heating mode the decomposition
temperatures and reaction intermediates cannot be compared (Schwarz, 1963d).

8.3.3.3. Dichromates(VI). Of the 10 dichromate phases listed in table 24, only
La, Nd, and Y compounds seen to have been characterized by thermoanalytical
techniques. After dehydration reactions the anhydrous dichromate is decomposed
above 350°C to normal chromate(VI) and Cr(VI) oxide:

R,(Cr,0,), = R,(Cr0,), + 3CrO, . (17)

CrQ, is not stable at elevated temperatures but is converted to Cr,O, with loss of
oxygen. The R,(CrO,), phase decomposes as described in section 8.3.3.1. The
TG curve (fig. 127) is complex in appearance because melting takes place before
dehydration and an intermediate product La,(CrO,), CrO, is formed. The
fusion of the hydrate does not seem to occur in the case of Y dichromate
pentahydrate (Tananaev et al., 1971b) but is visible in the curves of
Nd,(Cr,0,), - 10H,O (Tananaev et al., 1971a). The latter compound may actual-
ly be a chromate-dichromate phase (Petrov et al., 1975a), which would explain
the unusual shape of the curve.

8.4. Preparation of the ternary chromates(VI)

A large number of anhydrous and hydrated ternary rare earth chromates with
monovaient cations have been prepared since the initial work of Cleve one
hundred years ago (Cleve, 1885). The preparation may be carried out in aqueous
solution, or by a solid-state reaction when anhydrous phases are desired.
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8.4.1. Preparation in aqueous solutions

The basic preparative procedure involves mixing of solutions containing rare
earth nitrate and alkali chromate. The potassium-containing systems have been
studied in detail for Pr and Y (Perel’'man and Fedoseeva, 1963a,b). In both
systems, after 3 days, during which equilibrium was reached, a 1:1 complex
between K,CrO, and R,(CrO,), was precipitated as a hydrate. In addition, 3:1
and 4:1 compounds were found for Y and a 3.5:1 compound for Pr. Later studies
based on a similar preparative technique-have confirmed only the existence of the
hydrated 3:1 phase (Shakhno et al., 1977).

Other soluble starting compounds may be used besides the rare earth nitrates.
Thus, Komissarova et al. (1970a) have prepared ternary compounds of Sc starting
from ScCl, and alkali dichromate solutions.

8.4.2. Preparation by solid-state reaction

If strict temperature control is employed, pure ternary phases can be prepared
by heating a mixture of alkali and rare earth chromates. Schwarz (1963e) used this
method to prepare the compounds MLa(CrO,),, where M=K, Rb, Tl, from a
1:1 mixture of La,(CrO,), and M,CrO,. The formation of 1:1 compounds
during thermal synthesis was monitored by Saveleva et al. (1975a,b, 1978) with
the aid of TG and DTA techniques. Besides using anhydrous and hydrated rare
earth chromates as starting materials, the authors employed a mixture of R,0;,
CrO,, and H,O when the rare earth chromates proved difficult to prepare. Figure
128 depicts the thermoanalytical curves for the reaction mixtures involving Yb.
The peaks in the curve may be explained as follows:

100°C loss of water,

315°C fusion of Na,Cr,0, ,

330°C, 465°C formation of NaYb(CrO,), ,
430°C decomposition of unreacted CrO; ,
625°C decomposition of NaYb(CrO,),,
785°C fusion of the Na,CrO, formed .

465

625

Fig. 128. The TG and DTA curvesobtained whena Yb,O, + Na,Cr,0, + 2CrO,mixture, driedinitially at
65°C, reacts. The DTA peak temperatures (°C) have been given. For interpretations, see the text. (After
Saveleva et al., 1978.)
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8.5. Properties of the ternary chromates(VI)

Similar experimental techniques as used for the study of the binary chromates
have been used for the study of the ternary compounds. In the following, the
investigations are grouped according to the additional cation, starting with the
alkali metals.

8.5.1. Ternary chromates with sodium

The ternary chromates of the type NaR(CrO,), prepared by a solid-state
reaction have been systematically studied by Saveleva et al. (1975a,b, 1978). They
concluded on the basis of X-ray powder diffraction patterns that the compounds
Pr-Lu are isostructural and structurally different from the La compound; the unit
cell data are not known, however.

TG and DTA data (fig. 128) have been recorded in connection with the
preparative study of Saveleva et al. (1975a, 1978). Standard heats of formation
for the La, Pr, Nd, and Sm compounds have been determined by Suponitskii et
al. (1976). Standard IR data without assignments are available for all compounds.
Although the IR spectra show 5 to 6 peaks in the Cr-O stretching region, they
are simpler than those of other ternary chromates (Saveleva et al., 1975b, 1978).

There are few reports on the existence of hydrates NaR(CrO,), - nH,O other
than those of scandium, and those that exist are based on results of chemical
analysis. Thus, Martin (1973) found the composition of a solid phase he prepared
to correspond to NaLa(CrO,), - 3H,0. The existence of NaSc(CrO,), - 2H,0, on
the other hand, is well established (Komissarova et al., 1969, 1970a; Anoshina et
al., 1969). The anhydrous compound may best be prepared by heating the
dihydrate; by 250°C the water of crystallization is lost and the NaSc(CrO,), phase
is stable until approximately 500°C (Komissarova et al., 1970a). Attempts to
prepare other chromate complexes than those with M':Sc>" ratio 1:1 have
failed.

The infrared spectra of sodium scandium chromates are similar to those of
other Sc ternary compounds. The spectrum for the anhydrous phase is very
simple, suggesting high structural symmetry (cf. table 26).

8.5.2. Ternary chromates with potassium

There are many more studies in the system involving potassium than in systems
involving the other alkali metals. In addition to the early studies by Perel’'man and
Fedoseeva (1963a,b; see section 8.4.1), reports exist on the preparation and
characterization of the K;R(CrO,), nH,O (n=1,2) and KR(CrO,), - nH,O
(n=0,1) series and on scandium compounds KSc(CrO,),-nH,O (n=0,2).

Kuzina et al. (1980) have studied the extent of their being isostructural in the
series MR(CrO,),. When M =K, Rb, and R = La, Pr, Nd, or when M = Cs, and
R =La, all compounds are isostructural with each other (table 28) and with the
mineral huttonite ThSiO,, as suggested by Schwarz (1963e). ThSiO, has the
monazite-type structure. The powder patterns were successfully indexed using the
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monoclinic unit cell data of crocoite PbCrO, and for KLa(CrO,), the following
values were obtained: a=14.36 A, b=7.43A, ¢=13.68 A, and B =103.14°.
According to IR and X-ray studies by Petrov et al. (1975b), KSm(CrO,), belongs
to this series but Eu and Gd compounds have a different structure.

Another isostructural series exists among the 3:1 compounds:
K,R(CrO,), -2H,0 (Pr- - - Gd) (Shakno et al., 1977). The La compound has a
different structure and slightly different composition (monohydrate).

Recently Kuzina et al. (1983) have prepared the monohydrates of the 1:1
compounds KR(CrO,), -H,O (R=Ho---Lu, Y) but no data on whether or not
they are isostructural are given.

For the interpretation of IR and Raman spectra of MR(CrO,), compounds
Petrov et al. (1975b) utilized the structural information available (monazite-type
structure). Group theoretical analysis gave a satisfactory result in spite of the
large number of spectral components. There are up to nine bands in the Cr-O
stretching region (fig. 129) as compared to three in the case of the Sc compound
of corresponding stoichiometry (table 26).

Representatives from all rare earth ternary series with potassium have been
studied by thermoanalytical methods. Kuzina et al. (1983) have tabulated and
interpreted the data for KR(CrO,), (R =La---Dy) and KR(CrO,),-H,O (R=
Ho---Lu,Y). And Shakhno et al. (1977) have studied K,R(CrO,),-nH,0

—_

&~

3P

Fig. 129. The IR absorption spectra for KR(CrO,), compounds.

] ! ] 1 | | The numbers 1-6 refer to R=La, Pr, Nd, Sm, Eu, and Gd,

900 600 400 respectively. The scale is in wavenumbers (cm ™). (Petrov et al.,
v,em-1  1975p)
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(R=La---Gd) compounds, where after dehydration the K,;R(CrO,), phase
disintegrates to K,CrO, and KR(CrO,),. The La compound is most stable and its
disintegration starts only at 750°C. The decomposition of KSc(CrO,), -2H,0 is
analogous to that of NaSc(CrO,),-2H,0, except for the solid decomposition
products which, in addition to Sc,0Q, and Cr,O,, comprise the dichromate instead
of the alkali chromate (Komissarova et al., 1970a).

8.5.3. Ternary chromates with other alkali metals

There appears to be only one mention of lithium compounds, viz.
LiLa(CrO,), - 3H,0 (Martin, 1973), and this was not characterized. By contrast,
the rubidium and cesium compounds have frequently been studied. Two main
series of compounds exist: the anhydrous compounds MR(CrO,), and the
corresponding monohydrates. Exceptionally, samarium forms an intermediate
hydrate with rubidium containing 0.5 moles of water (Kuzina et al., 1979).
Scandium forms the RbSc(CrO,), 2H,0O phase in analogy with sodium and
potassium but for cesium only the anhydrous phase CsSc(CrO,), has been
prepared (Ivanov-Emin et al., 1969; Komissarova et al., 1970a).

As with the other alkali metals the Rb and Cs compounds can be prepared by
solid-state or solution techniques. In solution, the heavier rare earths including
yttrium tend to form the monohydrate, as can be seen from table 28, which
summarizes the structural information available from X-ray powder diffraction
studies. As regards the anhydrous Cs compounds, it is not clear how completely
they are isostructural; according to Petrov et al. (1975b) CsR(CrO,), (R=
Pr-- - Gd) are isostructural, whereas the data of Saveleva et al. (1975) indicate a
structural difference in the Pr and Sm compounds. The possibility of polymorph-
ism cannot be excluded; it has been shown that RbLu(CrO,), undergoes a
reversible transformation at 540°C (Kuzina et al., 1979).

The IR spectra of the Rb and Cs compounds have been discussed in several

TABLE 28
Ternary chromates MR(CrO,), - nH,O (R =Rb or Cs) and their isostructural relationships.
Compound Isostructural with: Reference
RbLa(CrO,), Pr,Nd _ Kuzina et al., 1980
CsLa(CrO,),
KR(CrO,),; R =La-Sm
RbSm(CrO,), - 0.5H,0 RbSm(CrO,), Plyushchev et al., 1975
Kuzina et al., 1976a
RbEu(Cro,), - H,0 Gd-Lu, Y Kuzina et al., 1976a
CsPr(CrO,), Nd-Gd Petrov et al., 1975b *
Saveleva et al., 1975b
CsTb(CrO,), Dy-Yb,Y Kuzina et al., 1976b, 1979
CsPr(Cr0,), - H,O Nd-Lu, Y Kuzina et al., 1973, 1975, 1976b
RbSc¢(Cr0,), - 2H,0 Komissarova et al., 1970a
CsSc(CrO,), Komissarova et al., 1970a

* See the text.
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papers; the most detailed study is that by Petrov et al. (1975b) noted in
connection with the potassium compounds. The Raman spectra of the hydrated
and anhydrous Cs compounds have been recorded and discussed by Golovin et al.
(1972).

When the ternary chromates MR(CrO,), or their monohydrates are heated in
air they decompose in a similar way, forming chromate(V) and finally
chromite(IIT). The decomposition temperatures decrease with increasing atomic
number, the difference being about 100°C, when CsLa(CrO,), and CsYb(CrO,),
decompose to give the chromate(VI) phase (Kuzina et al., 1979). Under ther-
mogravimetric analysis, the Rb and Sc chromates of scandium behave in a way
similar to the potassium compound, yielding around 550°C a mixture of Sc,0;,
Cr,0;, and the alkali dichromate (Komissarova et al., 1970a).

The enthalpies of dissolution and formation for MR(CrO,), (M =Rb, Cs;
R =La, Pr, Nd, Sm) have been determined (Suponitskii et al., 1978). The AH ?98
for RbLa(CrO,), is (650.2 = 1.4) kcal/mol. Corresponding data are available for
the sodium compound NaR(CrO,), (Suponitskii et al., 1976).

8.5.4. Ternary chromates with ammonium

The ammonium compounds are among the better characterized ternary phases
because single-crystal data are available for the isostructural series
NH,R(CrO,), - H,O (Aarnio et al., 1981). The anhydrous compounds (Schwarz,
1963e; Aarnio et al., 1981) and the scandium chromate NH,Sc(CrO,),-2H,0
(Komissarova et al., 1970a) are known also, but reports (Martin et al., 1971;
Martin, 1973) of the existence of a higher hydrate NH,La(CrO,), ' 3H,0 remain
to be confirmed.

The compounds NH,R(CrO,),-H,O (R=Tb---Lu,Y) were obtained at
50-60°C as small, needle-shaped crystals upon slow evaporation of a solution
containing R(NO;),, CrO; and NH; at a pH of 5. The compounds are isostruc-
tural and the monoclinic unit cell has the dimensions (for the Yb compound)
a=9.422(3) A, b=9.562(4) A, ¢=9.652(3) A, B =112.84(3)°. There are four
formula units in a cell (Aarnio et al., 1981).

For the lighter rare earths the anhydrous phase NH,R(CrO,), is obtained as a
polycrystalline powder either by the method of Schwarz (1963e) or by using an
excess of (NH,),CrO,. The powder patterns indicate that the La compound
differs in structure from the other compounds (Pr- - - Eu) (Aarnio et al., 1981).
The published powder pattern of RbLa(CrO,), (Kuzina et al., 1980) is so similar
to that of NH,La(CrO,), that the two compounds may well be isostructural and
be huttonite-type compounds, as suggested by Schwarz (1963¢). The published
X-ray line diagrams of RbR(CrQ,), - H,O compounds are unfortunately incom-
plete (Kuzina et al., 1976a) and do not allow similar comparisons to be made.

The thermal decomposition of NH,R(CrO,),-H,O is a complicated process
due to the presence of the ammonium ions. The following scheme (cf. fig. 130),
which corresponds well to the observed weight losses, is based on the evolution of
NH,, O,, and H,O as gaseous products, as observed in the mass-spectrometric
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NH, YbiCr0,),
10+ d
sz(CrOA)J' Cry0, (24)
YbCr0, +Cry04(2:1)
20t YBCrO3+Cr0, (211 )
0 200 400 600 800

TeC)

Fig. 130. The thermoanalytical curves for NH,Yb(CrO,), - H,O in air up to 800°C. The horizontal
levels correspond to calculated stoichiometries as indicated. (Aarnio et al., 1981.)

study of the decomposition of (NH,),CrO, (Park, 1972):

NH,R(Cr0,), - H,0—=25 NH,R(CrO0,), , (18)

—NHj3, 0.5H,0, 0.8750,

NH,R(CrO,), —0.5R,(Cr0,), + 0.25Cr,0, , (19)
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—0.6250

0.5R,(CrO,), + 0.25Cr,0,———> RCrO, + 0.5Cr,0, , (20)
-0.50
RCrO, + 0.5Cr,0, ——> RCrO, +0.5Cr,0, . (21)

8.6. Binary chromates(V')

Rare earth chromates (V) belong to the family of oxoanion compounds of the
type RXO,, where X is a pentavalent element. The phosphates, arsenates, and
vanadates have long been known but the chromates were discovered only in the
1960’s (Schwarz, 1963a), about ten years after the preparation of the correspond-
ing alkali compounds (Scholder and Klemm, 1954). Because of their interesting
magnetic behavior, the RXO, compounds have been widely investigated.

8.6.1. Preparation of the chromates(V)

Thermal decomposition of chromates(VI) produces the chromates(V), as noted
above; but in most cases Cr,0, is present simultaneously and separation is
difficult. For this reason Schwarz (1963a) started instead with the basic lan-
thanide chromates, from which he prepared the complete series of compounds
including yttrium (Schwarz, 1963a—-f). Another possibility is to use trioxalato-
chromates(11T), RCr(C,0,), - nH,O, as starting material (Roy and Nag, 1978).
Both the basic chromates and the trioxalatochromates have the desired 1:1 ratio
between R and Cr atoms, whereas the normal chromates and dichromates have
an excess of chromium.

Schwarz (1963a,c,d) also prepared the chromates(V) by heating Cr(III) and
lanthanide nitrates in oxygen at 600°C:

Cr(NO,), - 9H,0 + R(NO,), - 6H,0— RCrO, + 6NO, + O, + 15H,0 .  (22)

PrCrO, presents some difficulties due to its dimorphism. Moreover, when
Pr(NQ,), - 6H,O is used as a starting material, thermal decomposition produces
slowly reacting Pr oxides (Schwarz, 1963b). Nevertheless, both crystal forms have
now been prepared: a mixture of the tetragonal and monoclinic forms by the
reaction between praseodymium chromates(VI) and nitrate (Schwarz, 1963b),
and recently the monoclinic polymorph in pure state by rapid heating of
PrCr(C,0,), - 8H,0 up to 800°C, where the conversion takes place in 10 min
(Manca and Baran, 1981).

8.6.2. Structure and properties

Lanthanide chromates(V) are green polycrystalline powders which are soluble
in dilute mineral acids; upon dissolution, Cr(V) disproportionates to Cr(III) and
Cr(VI).

8.6.2.1. Structure. LaCrO, is isostructural with the mineral huttonite, viz. has the
monoclinic monazite structure (Schwarz, 1963a). PrCrO,, as discussed above,
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exhibits dimorphism, but from samarium on the heavier lanthanides and yttrium
form chromates(V) which have zircon-type structure. Buisson et al. (1964) have
determined the space group I4,/amd and unit cell parameters for Pr-Lu, Y. The cell
parameters a, ¢ and the volume decrease more or less linearly with increasing Z
(Schwarz, 1963a; Buisson et al., 1964).

Vasilega et al. (1977) have determined the unit cell constants for the monoclinic
LaCrO,. Their values and indexing of the powder pattern differ significantly from
those presented by Manca and Baran (1982) (cf. table 29). Other values are in
good internal agreement.

8.6.2.2. Spectral and thermal properties. Spectral and thermal properties of the
RCrO, compounds have been widely studied. The interpretation of the absorp-
tion spectra is greatly facilitated by the known crystal symmetry. Darrie and
Doyle (1968) have discussed the spectra of LaCrO,, NdCrO,, and SmCrO, in
terms of the different site symmetries and found the main features of the IR
spectra to be as expected. They have also recorded the diffuse reflectance spectra
for LaCrO,, SmCrO,, and NdCrO, (Darrie and Doyle, 1968), and for RCrO,
(R=Pr---Yb) (Doyle and Pryde, 1976).

The chromates(V) are stable to above 600°C, where decomposition with loss of
oxygen takes place and chromites(III) are formed. According to Doyle and
coworkers the starting temperature of the decomposition reaction, as measured
from the TG and DTA curves, is almost invariant in the series Sm- - - Yb, where
the values range from 660 to 692°C. Only praseodymium seems to have lower

TaBLE 29
Unit cell parameters for selected rare earth chromates(V).

Compound a b c B Reference

(A) A) A) (deg)

Monazite-type

LaCrO, 6.793 7.273 6.551 103.35 Vasilega et al., 1977
7.08 7.27 6.71 104.98 Manca and Baran, 1982
PrCrO, 6.98 7.16 6.63 105.22 Manca and Baran, 1981
Zircon-type i
PrCrO, 7.345 6.422 Schwarz, 1963d
7.344 6.428 Buisson et al., 1964
PmCrO, 7.28 6.375 Weigel and Scherer, 1967
TbCrO, 7.167 6.293 Schwarz, 1963d
7.170 6.294 Buisson et al., 1964
7.166 6.281 Buisson et al., 1976 *
LuCrO, 7.023 6.191 Schwarz et al., 1963d
7.027 6.200 Buisson et al., 1964
YCrO, 7.109 6.250 Schwarz et al., 1963d
7.112 6.251 Buisson et al., 1964

* Neutron diffraction data.
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stability, as indicated by both the initial and end temperatures of the decomposi-
tion (629 and 762°C) (Darrie and Doyle, 1968; Doyle and Pryde, 1976).

The activation energies and reaction order for the decomposition reaction
RCrO,—RCrO; + 30, have been determined by Doyle and Pryde (1976) and
Roy et al. (1978). As these calculations are strongly dependent on the experimen-
tal and calculation methods, the significantly different activation energies ob-
tained by the two groups cannot be directly compared. Nevertheless, it may be
noted that both isothermal measurements (Doyle and Pryde, 1976) and
nonisothermal measurements combined with another computational procedure
(Roy et al., 1978) support a first-order reaction mechanism for LaCrO,.

8.6.2.3. Magnetic properties. The magnetic properties of many rare earth
chromates(V) have been studied either in a routine way in connection with
preparative and other work or in more detail. Routine studies include the
determination of the magnetic susceptibility of LaCrO, by Schwarz (1963a) and
Darrie and Doyle (1968) and the determination of the magnetic moment and the
recording of the EPR spectrum of LaCrO, by Roy and Nag (1978).

As examples of the more detailed investigations into the crystallographic and
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Fig. 131. The magnetization per mole of DyCrO, as a function of the external field for T=1.6 K and
33.5K (Walter et al., 1973).
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magnetic phase transitions the studies of Walter et al. (1973) and Buisson et al.
(1976) deserve mention. In the first study, which deals with magnetic and specific
heat measurements between 1.2 and 30 K, the magnetic transition temperatures
T, for the zircon-type compounds were found to range from 9.1 K for PrCrO, to
23.4K for YbCrO,, and a low transition temperature (9.2 K) was also found for
the yttrium compound. While the magnetic behavior of YCrO, may be explained
in terms of a simple molecular field theory, DyCrO, exhibits a distinct hysteresis
loop (fig. 131 (Walter et al., 1973).

Walter et al. (1973) also noted from neutron diffraction experiments at low
temperatures a possible crystallographic phase transition to a symmetry lower
than tetragonal. This was established (Buisson et al., 1976) by careful X-ray and
neutron diffraction experiments to occur for TbCrO, at 48 K, resulting in an
orthorhombic F222 space group (fig. 132). The local symmetry of the Tb>™ site is
lowered from D,; to D,. Study of the magnetic transition at 21.8 K from
paramagnetic to collinear ferromagnetic showed the spin arrangement to be in
good agreement with the F222 space group.

9. Rare earth cyanides and hexacyanometallates
9.1. Introduction

As a consequence of the strength of the R—O bond and the usual aqueous
environment, nearly all complexes of the rare earths are derived from oxygen-
donor ligands (see chapter 56, section 1, of Volume 8 of this Handbook).
However, a number of nitrogen-donor complexes can be prepared but often only
in strictly anhydrous conditions. They include also inorganic ligands such as NH,
and SCN™ (Moeller et al., 1973). Complexes where other bonds are present are
less common, with the possible exception of those involving the halides.

The cyanides and hexacyanometallates of the rare earths are interesting be-
cause of the presence of R—N bonds in hexacyanometallates and possibly R-C
bonds in the cyanides. There is a striking difference in the stabilities and other
properties between these two groups of compounds, suggesting a different type of
bonding.

The binary rare earth cyanides have in general been little studied and their
structures have been poorly characterized. A short review on lanthanide and
actinide cyanides has been presented by Bagnall (1973). In the reducing condi-
tions employed in most preparations, Sm, Eu, and Yb yield the bicyanides as
predominant products. A similarity to the rare earth halide stoichiometries is
demonstrated by the existence of monocyanide radicals in the gas phase.

In contrast, the rare earth hexacyanometallates have been studied in detail by a
number of techniques, including single-crystal X-ray diffractometry. These com-
pounds have also found applications in the separation and purification of the rare
earths by fractional crystallization.
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9.2. Preparation of rare earth cyanides

In the presence of iron catalysts at temperatures above 300°C, the rare earth
chlorides react with alkali cyanides to give R(CN),. The product is unstable,
however, and disproportionates to cyanamide (Perret and Banderet, 1937). Solid
R(CN), can be prepared by the reaction between LiCN and RBr, in tetra-
hydrofuran solution. Chemical analysis of the product has shown, however, that
the solvent participates in the reaction and that the correct composition is
R(CN), - 2THF (Rossmanith, 1966).

Other methods for the preparation of rare earth cyanides are the reaction of
metallic R with Hg(CN), in liquid ammonia and the precipitation with HCN in an
ammonia solution of metallic Eu and Yb (McColm and Thompson, 1972). The
problem with the first of these methods is the difficulty of removing metallic Hg
and the possible excess of Hg(CN),. The precipitation method has been extended
to rare earths insoluble in ammonia, in which case the reaction is effected by
electrolysis at —63°C in a concentrated NH,CN-NH, solution, using rare earth
and platinum electrodes. In all cases the crystallinity is poor and the particle size
of the product is small. The colors of some rare earth cyanides already synthe-
sized are presented in table 30.

McColm and Thompson (1972) have characterized the rare earth cyanides by
means of chemical analysis, IR spectrometry, and X-ray diffractometry and have
measured their magnetic properties. The results indicate mixed products for Sm,
Eu, and Yb (table 30), and the initial precipitate in the case of Eu and Yb
contains a high percentage of bicyanide. Although the samarium product has been
analyzed as Sm(CN),, all physical measurements indicate that it is Sm(CN),,
which suggests that Sm(CN), is very unstable to disproportionation. They sugges-
ted that the X-ray lines of Ce(CN); and Sm(CN), could be explained in terms of

TABLE 30
Colors of rare earth cyanides and the results of chemical analyses (reaction R + NH,CN). *
Cyanide  Color of Color after Analysis
precipitate removal
in liquid NH, of NH, found theoretical
C N R C N R
(%) () (B (B (B (%)
Ce green red-brown 16.3 21.2 62.3 16.5 19.3 64.2
Pr green yellow-brown  16.3 19.1 66.7 16.4 19.2 64.4
Sm deep brown light brown 12.1 15.1 72.0 11.9 13.8 74.3 **
Eu green yellow, turning 11.5 13.8 72.7 11.8 13.7 74.5**
to orange
Ho deep brown grey 14.3 17.5 68.8 14.8 17.3 67.9
Yb yellow purple 12.1 11.5 78.3 10.7 12.4 76.9 **

* McColm and Thompson (1972).
** Calculated as R(CN),.
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TaBLE 31
Infrared spectra of solid rare earth cyanides. *
Compound C=N stretch M-N or M-C stretch
(em™") (cm™)

Ce(CN), 2125,2095 w, sh 505
Pr(CN), 2130, 2100 500
Sm(CN), 2130,2115w, sh 500
Eu(CN), 2180, 2115

Ho(CN), 2130, 2100 sh 510
Yb(CN), 2185, 2100

Eu(CN), 2080 460
Yb(CN), 2100 450

* McColm and Thompson (1972).
sh = shoulder; w = weak.

a large cubic cell with ¢=11.27 and 11.32 A, respectively. The purple Yb
compound differs from Ce and Sm cyanides, and its diffraction pattern can be
indexed as an orthorhombic cell with a=3.51 A, b=4.32 A and ¢ =4.82 A. The
diffraction pattern of Eu(CN), suggests that the unit cell may have tetragonal
symmetry. From the IR spectrum it is impossible to determine whether the rare
earth is bonded to the carbon or nitrogen atom (table 31).

The Mossbauer spectrum of the europium compound has a chemical shift of
—13.00 mm/s relative to EuF, with a half width of 5.50 mm/s. The shift value
falls within the range found for ionic divalent europium compounds (—15.0 to
—12.8 mm/s). The chemical shift in Eu(CN), is 0.75 mm/s with the half width
2.74mm/s. The explanation of the broad band in the spectrum of the divalent
europium compound may be the participation of the d-orbital in the bonding
(Colquhoun et al., 1972).

The rare earth cyanides are stable in vacuum below 360°C, but at 600°C the
material becomes black. The product is a mixture of free metal, nitride, carbon,
and paracyanogen (McColm and Thompson), and not a mixture of carbide and
nitride as suggested by Seifer (1963a).

Organolanthanide cyanides are known for cerium(IV). Cyclopentadienyl and
indenyl cerium(III) bicyanides have been prepared by refluxing KCN and CeCl,
in THF solution. The products have been characterized by IR spectrometry
(Kalsotra et al., 1972). -

9.3. Gaseous rare earth mono- and dicyanides

Rare earths, like many other elements, form monocyanides at high tempera-
tures in the presence of free carbon and nitrogen (Lvov and Pelieva, 1980). The
formation and the thermodynamic functions of gaseous RCN have been deter-
mined by electrothermic atomic absorption spectrometry (Lvov and Pelieva,
1973, 1979). The method is based on the use of a graphite furnace heated up to
2500-2700 K. During insertion of the samples, N, and Ar were blown, in turn,
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TABLE 32
Some physicochemical properties of rare earth monocyanides. *
Element T .Bond Bond AH® Dissociation Free Gibbs
(K) distance strength (kJ/mol) energy energy energy
(A) (N/ecm) (kI/mol) Ag° AGYT)
(J/mol K) (kJ/mol)
La 2600 2.52 1.15 1367 611 240.1 694
Ce 3000 2.42 1.38 - - 248.4 604
Pr 2600 2.42 1.38 1352 596 232.3 681
Nd 2600 2.43 1.36 1350 594 231.9 679
Sm 2500 2.43 1.36 1310 554 225.9 670
Eu 2600 2.43 1.36 1302 546 220.1 636
Gd 2600 2.38 1.49 1339 583 233.1 669
Tb 2600 2.33 1.65 1323 567 246.3 655
Dy 2600 2.33 1.65 1282 526 2353 618
Ho 2600 2.33 1.65 1290 534 236.8 626
Er 2600 2.33 1.65 1291 535 238.7 626
Tm 2600 2.34 1.62 1266 510 239.9 604
Yb 2700 2.34 1.62 1259 503 217.0 572
Lu 2700 2.34 1.62 1329 573 238.0 634

* Lvov and Pelieva (1979).

into the furnace, and the absorption signals were compared with those due to the
N, and Ar streams. The results show that in the series from lanthanum to
ytterbium, the dissociation energy of the R—CN bond decreases in a nonlinear
fashion from 611 to 503 kJ/mol, with a local maximum at gadolinium (table 32).
The values are in good agreement with the known dissociation energies of rare
earth monofluorides.

The atomization energies of gaseous Ce, Pr, and Eu monocyanides have also
been determined by mass spectrometry. As in the atomic absorption method, first
the equilibrium constants were determined and then the other thermodynamic
values were derived from them (Cooke et al., 1973; Guido and Gigli, 1975a,b).
The results are in good agreement with those reported by Lvov and Pelieva.
Y(CN), and Sc(CN), radicals have been generated from the metals and (CN), at
low temperatures. Their magnetic properties were recorded by ESR and com-
pared with those of the corresponding dihalide radicals (Knight and Wise, 1980;
Knight et al., 1981). ‘

9.4. Hexacyanometallates of the rare earths

9.4.1. Solution studies

Thermodynamic data for the complexation of trivalent lanthanides by hexa-
cyanoferrate(1II) have been interpreted as supporting a model of outer-sphere
ion-pairing of RFe(CN), (Stampfli and Choppin, 1972). The stability constants
for the interaction of Fe(CN).  and Co(CN).” ligands with selected R** ions
have been determined and for La’" at zero ionic strength the log K, values
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obtained are the same regardless of the metallate ion (3.74 and 3.75) (Dunsmore
et al., 1963).

More recently, Bellomo et al. (1973) have studied the reaction between
K,Fe(CN), and R*" (R = La, Ce). They determined the K, AG®, AH®, and AS®
values for the KRFe(CN), compounds by potentiometric titrations in H,O/EtOH
mixtures of varying proportions.

9.4.2. Preparation and properties of the solid compounds

The rare earth elements form hexacyanoferrates with both divalent and trival-
ent iron. The alkali-containing hexacyanoferrate(11) was prepared as early as 1909
by Robinson. A detailed study on the crystallization of rare earth hexacyanofer-
rates was reported in 1938 by Prandtl and Mohr, who used these compounds in an
attempt to purify rare earth oxides. The work was completed by Marsh (1947).

The binary hexacyanoferrates(IIl) can be prepared by mixing rare earth
chloride and K,Fe(CN), solutions. The crystals are grown by very slow diffusion
of a dilute solution (Bailey et al., 1973). Single crystals can also be grown by a
double infusion technique where two reactants are simultaneously infused into a
solvent at constant temperature by means of a double infusion pump (Hulliger et
al., 1976a; Huber et al., 1980) (fig. 133). The product is RFe(CN), - 5H,0. The
older literature on La hexacyanoferrate(III) and La hexacyanocoboltate(III)
reports the water content to be 5.6 water molecules per formula unit (James and
Willard, 1916; Prandtl and Mohr, 1938), but Davies and James (1948) later

motor
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Fig. 133. The schematic representation of the double infusion device used in the preparation of
RFe(CN), - nH,O (Huber et al., 1980).
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confirmed the presence of five water molecules. The structure of the lanthanum
compound is hexagonal with space group P6,/m and consists of hexacyanoferrate
octahedra linked to nine-coordinated rare earth atoms. The coordination sphere
of the rare earth contains, in addition to six nitrogen atoms, three water
molecules. The two uncoordinated water molecules occupy the holes in the
structure along the threefold axis (Bailey et al., 1973; Kietaibl and Petter, 1974)
(fig. 134). LaFe(CN)4 - 5SH,O can be dehydrated in a controlled environment at
296K to LaFe(CN),-4H,O (Morgan et al., 1978). The monodehydration does
not bring about a change in crystal system or space group but does significantly
shorten the ¢ parameter (table 33). N-O and La-O distances are longer in
tetrahydrate than in pentahydrate because the N atoms move closer to each other
in the z-direction during monohydration. In addition, the nine-coordinated
lanthanum grouping can change to the eight-coordinated LaN (OH,), group
(Mullica et al., 1980).

According to Hulliger et al. (1976a), the rare earth hexacyanoferrate(IIl)
pentahydrates decompose to the tetrahydrate at room temperature within a few
days. The heavier rare earths (Sm-Lu, Y) form only tetrahydrates. The structure

Fig. 134, A view of the structure of LaFe(CN), - 5H,O perpendicular to the ac-plane. Bond lengths
and angles are indicated (Bailey et al., 1973).
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TaBLE 33
Summary on the structural data of rare earth cyanides.
Compound R Example a b ¢ Z  Space Ref.
A A& &K group

RFe(CN), -5H,0 La—-Nd La 7.55 1445 2 P6,/m a
RFe(CN), -4H,0 La La 7.54 1396 2 P6,/m b

Ce-Lu,Y Dy 736 12.80 13.61 c
RCr(CN), - 5H,0 La-Nd La . 771 1482 2 P6,/m c
RCr(CN),-4H,0 Sm-Lu, Y Dy 7.49 13.08 13.98 c
RCo(CN), - 5H,0 La-Nd La 7.51 1434 2 P6,/m d
RCo(CN), - 4H,0 Ce-Lu, Y Ho 729 12,66 13.52 e
RKFe(CN), -4H,0 La, Ce, Nd Nd 7.36 13.78 2 P6,/m f
(a) Bailey et al. (1973). (d) Mullica et al. (1979b).
(b) Mullica et al. (1980). (e) Hulliger et al. (1976b).

(c) Hulliger et al. (1976a). (f) Milligan et al. (1982).

of the tetrahydrate is pseudohexagonal and it can better be described as ortho-
rhombic. At higher temperatures all rare earths except lanthanum form tetra-
hydrates.

In a solution of rare earth chloride and potassium hexacyanoferrate(Il), the
potassium-containing compound RKFe(CN), -4H,O is formed. The structure is
isomorphous with RFe(CN),-5H,O, having the nine-coordinated rare earth
group RN(OH,);. The additional water molecule and the potassium atom
occupy the holes in the structure (Beall et al., 1978; Mullica et al., 1979a) (fig.
135). The X-ray diffraction powder data for alkali rare earth hexacyanofer-
rates(II) have been published by Kuznetsov et al. (1970, 1973a,b) and Kuznetsov

Fig. 135. A stereoscopic view of CeKFe(CN), -4H,O (Mullica et al., 1979).
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and Yakovleva (1973). The zeolite-like behavior of hexacyanoferrates was first
observed by Seifer (1963a,b) for Ce,(Fe(CN),); - 14.5H,0. Structural investiga-
tions have confirmed that the structure does not change, even though in
RFe(CN), - 5H,O the number of water molecules changes or one water molecule
is replaced by potassium.

The original studies of rare earth hexacyanocoboltates were initiated by James
and Willand (1916), who reported that RCo(CN), - xH,O, where R = La, Ce,
Nd, Gd, Yb, contains 4.5 water molecules per unit formula. Using X-ray diffrac-
tion methods and IR spectroscopy, Bonnet and Paris (1975b) later characterized
all RCo(CN),-4H,0 compounds as having the same hexagonal structure as
LaFe(CN), - SH,O. Shortly thereafter, Hulliger et al. (1976b) showed, however,
that only the lighter lanthanides (La—Nd) form hexagonal hexacyanocoboltates
and contain five water molecules. The other rare earths form orthorhombic
compounds containing only four water molecules. A single crystal study of
LaCo(CN), - SH,O has confirmed its being isomorphous with LaFe(CN), - 5SH,O
(Mullica et al., 1979b).

The hexacyanochromate(IIl) hydrates display similar behavior to the ferrates
and coboltates: the lighter rare earths form hexagonal pentahydrate and the
heavier rare earths pseudohexagonal or orthorhombic tetrahydrates (Hulliger et
al., 1976a).

Magnetic measurements of the rare earth hexacyanoferrate(II}) and
chromate(IIl) hydrates have shown that the complexes with nonmagnetic rare
earth ions are all antiferromagnetic at low temperatures, whereas those with
magnetic rare earth ions are antiferromagnetic or ferromagnetic. The highest
ordering temperatures were found in the terbium compounds: 5.7 and 11.7 K for
the ferrate and chromate, respectively (Hulliger et al., 1976a). In the cobaltates
no magnetic ordering was detected down to 1K. The Stark splitting of the J
ground state due to the crystalline field has been analyzed for CeCo(CN), - 4H,0O
and SmCo(CN), - 4H,0O (Hulliger et al., 1976b).

The thermal stability studies of the rare earth hexacyanometallates show that
dehydration occurs below 200°C. The second decomposition stage is the oxidation
of cyanide, when RMO; mixed oxides are formed. In oxygen the reaction takes
place at about 350°C and in air at about 400-450°C (Gallagher, 1968; Bonnet and
Paris, 1975a). The decomposition products of rare earth hexacyanoferrates(III)
and ammonium rare earth hexacyanoferrates(II) have been shown to be useful
precursors for the production of rare earth ferrites (Gallagher, 1968). The
decomposition in vacuum or nitrogen is very complex, especially that of the
europium compound (Gallagher and Schrey, 1969). Evolved gas analysis and
Mossbauer spectroscopical studies have shown that the chain of intermediates for
iron is Fe(CN),~Fe,C~Fe (fig. 136). In a similar way the decomposition of the
europium compound has been shown to proceed via a hydrolytic process to
EuOOH, and finally to EuO, after interaction with the free carbon at elevated
temperature (Gallagher and Prescott, 1970).
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Fig. 136. (b) Selected IR spectra of EuFe(CN), - SH,O heated in air. (Gallagher and Prescott, 1970.)
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10. Aqua complexes of the rare earths
10.1. Introduction

At a sufficiently low pH the R** ions form unhydrolyzed aqua complexes if
stronger complexing ligands are not present. Hydrolyzed species begin to form
first around a pH of 4 to 6, depending on the basicity of the lanthanide ion and on
the other ions present (Burkov et al., 1982). For instance, solutions of EuCl, and
Eu,(SO,);, when titrated with NaOH, gave initial precipitation at pH =6 and
Eu(NO,), at pF.=6.5 (Mironov and Polyashov, 1970). Due to its smaller ionic
radius the hydrated Sc’*, however, readily undergoes acid dissociation above
pH = 3.0 (Komissarova, 1980). ’

Crystallization of rare earth compounds from aqueous solutions yields, in
several cases, solid hydrates where the aqua complex structure has been pre-
served, as determined by X-ray diffrection. Well-known examples include the
nona-aqua complexes [R(OH,),]X,, where X is bromate, for instance. Crystal
structure determinations of the aqua complexes in the solid state have provided
valuable data for comparison with results and structural models obtained by
solution studies using various techniques.

The discussion of rare earth aqua complex formation in solution has been
focused mainly on (a) coordination number and geometry, (b) possible changes in
coordination number along the lanthanide series, and (c) strength of bonding as
reflected in the thermodynamic and kinetic data. Especially the first two topics
have been frequently debated. It appears that different experimental techniques
and approaches tend to give different values for the coordination number and to
its changes.

There are several recent reviews on the topic as well as a vast number of
original research reports. Marcus (1981) in the Gmelin Handbook gives an
authoritative overview on solution studies related to aqua complex formation; the
literature is covered up to 1978. Carnall (1979) in this Handbook covers approxi-
mately the same period, emphasizing spectroscopic studies. Since the late 1970’s a
few additional reviews have appeared. Grenthe (1978) discusses briefly the
thermodynamics and kinetics of R** complex formation in aqueous solutions,
while Williams (1982) focuses his review on the NMR methods and biological
systems. The most comprehensive of the recent reviews is that of Lincoln (1987),
which discusses the ligand substitution processes and includes data from nonaque-
ous solutions.

The different behavior of scandium in aqueous solutions is discussed in an
authorative way by Komissarova (1980). The recent overview on the chemistry
and thermodynamics of europium and its simple inorganic compounds also
includes some relevant solution data (Rard, 1985). A general discussion on aqua
complexes of metal ions has been presented by Burgess (1978) and by Hunt and
Friedman (1983). In the following we will emphasize the results obtained by
diffraction methods.
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10.2. Aqua complexes in the solid state

The high degree of hydration of several solid R*" compounds is an indication
that aqua complexes present in solution are also stable in the solid state. The first
conclusive proof of the existence of the solid nona-aqua complex was provided by
Ketelaar (1937), who investigated the structures of some lanthanide ethyl sul-
fates. Later, several other hydrated R** compounds were found to contain the
nona-aqualanthanide(III) complex and -more recently a few examples of aqua
complexes having a lower coordination number, viz. 8 or 6, have been investi-
gated by X-ray diffraction methods.

10.2.1. The nona-aqua complexes

Following the work of Ketelaar. (1937), Helmholz (1939) determined the
structure of Nd(BrO,), - 9H,O from two-dimensional X-ray data and found that
it too contained the characteristic [R(OH,),]>* complex ion. The structures of Pr
and Er ethyl sulfates were refined by Fitzwater and Rundle (1959), and with the
increasing availability of X-ray methods the number of single-crystal determina-
tions has grown steadily. Table 34 lists recent structural studies by X-ray and
neutron diffraction methods.

It is expected that the list of known aqua complexes will be expanded
considerably in the future as there are in the literature a number of compounds of
type RX,-9H,O which may well contain the nona-aqua complex ion. For
instance, the iodide nonahydrates have this stoichiometry (Heini6 et al., 1980)
and furthermore the iodide ion tends to form only weak complexes with the rare
earths.

In all nona-aqualanthanide(III) structures the coordination polyhedron around
the R’ is a tricapped trigonal prism in accordance with the stability predictions
(Favas and Kepert, 1981; Harrowfield et al., 1983) (fig. 137). Albertsson and
Elding (1977) have analyzed the coordination geometry around Pr and Yb in
ethylsulfates and bromates and noted the C,, symmetry in the first case and D,
in the latter. The decrease in the prismatic R-O bond lengths is what is expected
from the lanthanide contraction (0.16 A) but van der Waals repulsions between
prismatic and equatorial oxygen atoms make the decrease in the equatorial R-O
bonds about half this value. This leads to an increase in the ratio between the
R-O (capping) and R-O (prismatic) distances when R changes from La to Lu
(table 34).

Albertsson and Elding (1977) also studied the variation of the unit cell
dimensions in the lanthanide series and found no abrupt changes, although the
values of the a-parameter plotted against ionic radii showed a different slope in
the range La—Tb and Tb—Lu. The variation in the cell dimensions was related to
the repulsions between prismatic and equitorial oxygen atoms and to the hy-
drogen bond system (fig. 138). The strict isostructural nature of the ethylsulfates
was confirmed by Gerkin and Reppart (1984), who investigated the lanthanide
series by single-crystal neutron diffractometry.
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Fig. 137. The regular tricapped
prismatic coordination polyhe-
dron of the nona-aqualan-
thanide(IIT) ion in solid bromate
and ethylsulfate hydrates (Gren-
the, 1978).

Fig. 138. A projection of the structure of {Pr(OH,),](C,H;S0,), on the (001) plane (Albertsson and
Elding, 1977).
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Fig. 139. A perspective view of the unit cell contents
of [Ho(OH,),](CF,SO,); (Paiva Santos et al.,
1985).

Besides the ethylsulfates and bromates, the trifluoromethanesulfates have been
studied in detail (Harrowfield et al., 1983; Paiva Santos et al., 1985). Data from
six three-dimensional X-ray structure analyses are available (table 34); the
structures are similar to those of the ethylsulfate nonahydrates (fig. 139). Unit cell
data, however, show an interesting and rather unexpected feature. While the cell
volume decreases, the c-parameter increases significantly with the increasing
atomic number, changing the a/c ratio from 1.88 (La) to 1.71 (Lu) (Harrowfield
et al., 1983).

In the case of [Sm(OH,),|Br, -2C,H,O (Barnes and Nicoll, 1985), a detailed
comparison between the structure and that of the corresponding bromate has
been published and it shows that the geometry of the [Sm(OH,),]’" ion is
essentially unchanged in spite of the differences in the outer coordination sphere.

10.2.2. Octa-aqua and hexa-agua complexes

Whereas the coordination number of R*" in solid compounds varies between
large limits, only a few examples of rare earth aqua complexes are known with a
CN other than nine. These include two decavanadate structures and the per-
chlorate hexahydrates.

During the systematic investigations into the structural chemistry of the highly
hydrated R*" decavanadates, Safyanov with coworkers and Rivero et al. (for
complete references, see section 7), have discovered a nona-aqua complex
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Fig. 140. The Yb-OH, distances in the two YbO, coordination polyhedra found in the structure of
Yb,V,,0,, - 24H,0. The polyhedra have been described as distorted antiprisms. (Rivero et al., 1985.)

(R,V;,0,5 - 28H,0, R =La, Ce) and two octa-aqua complexes. It is interesting to
note that both decavanadates, which contain the [R(OH,)¢]’>" cation (table 35;
fig. 140) are formed by the heavier rare earths. In contrast, the R,V,,0,, - 28H,0
structure with CN = 9 is formed only when R = La-Sm. When the water content
is lower, e.g., in R,V,,0,, - 20H,0, the decavanadate oxygens are involved in the
inner-sphere coordination (see section 7).

On the basis of its ionic radius and known structural chemistry with oxygen
donor ligands (Valkonen, 1979), scandium would be expected to have the
hexahydrated ion in some of its compounds, for instance in the perchlorates and
bromates. No structural data appear to be available, however, obviously because
of the tendency of scandium compounds to undergo hydrolysis and the difficulty
of forming good single crystals in aqueous solutions. Nevertheless, the hexahy-
drated R>™ jon has been discovered recently in the solid hydrates of R**
perchlorates (R =La, Tb, Er) (Glaser and Johansson, 1981). For details of the
structure, see table 35 and section 6.

10.3. Comparison with solution studies by diffraction methods

The coordination number (or primary hydration number) of an R>" aqua
complex has been the subject of continuous debate. Many of the techniques used
for its determination provide only indirect evidence, being open for different
interpretations. Recent reviews give a good overall picture of the situation, see
for instance Marcus (1981), Choppin (1984), and Lincoln (1987).

It appears that X-ray and neutron scattering methods, although limited to fairly
concentrated solutions, are able to give valuable information, which can be used
to establish with a satisfactory accuracy, not only the type of coordination but in
most cases also the coordination number and geometry (Neilson and Enderby,
1980; Caminiti et al., 1979; Ohtaki, 1984). While the choice between the inner-
and outer-sphere coordination types is usually unambiguous, establishing the
coordination number and geometry from X-ray solution data is not straightfor-
ward (Caminiti et al., 1983).
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Due to the high solubilities, the R** halides are suitable systems for XRD and
NRD solution studies. Besides the chlorides, LaBr, and ErI, have been investi-
gated (Brady, 1960; Smith and Wertz, 1975, 1977; Steele and Wertz, 1976;
Habenschuss and Spedding, 1979a,b, 1980). Neutron data are available for NdCl,
(Narten and Hahn, 1982; fig. 141).

The data of Habenschuss and Spedding (1980) for the chloride solutions show
three maxima in the radial distribution functions. For SmCl, they occur at 2.51 A
(R’*-0OH,), 3.16 A (H,0-H,0) and 4.91 A (R**-Cl). The last peak is due to an
outer-sphere (solvent-separated) interaction. A correlation was sought between
the average atom-atom interactions in the RCl; solutions and those in the solid
RCl, hydrates. Figure 142 shows a summary of the trends, indicating a gradual
change in the CN when going from the La-Nd region (CN=9) towards the
heavier rare earths where Tb-~Lu have a CN of 8. The variation of R>*~OH, and
H,0-H,O distances seems to be in agreement with this interpretation. Further-
more, a comparison to solid-state structures lends further support to the existence
of a change in the coordination number. RCl; - 7H,O (R =La-Pr) has a nine-
coordinated structure with 7H,O and 2Cl~ around R’* (Peterson et al., 1979)
while the heavier lanthanides and yttrium are eight-coordinated by 6H,O and
2Cl" in the structure of solid RCI, -6H,0O (Habenschuss and Spedding, 1978;
Kepert et al., 1983). On the other hand, a direct comparison between the solid
state and solution structures may not be meaningful at all in this case because it
was assumed that in solution the chloride ions do not enter the inner-coordination
sphere, as they do in the solid state.

5

Gpg(r)
»
!

Fig. 141. The radial distribution

of water molecules around the

. ' i . Nd** ion in a 2.85 molar solution

o 2 4 P 8 10 of NdCl; in D,O (Narten and
r (&) Hahn, 1982).
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The recent X-ray solution studies of R>* complexes have involved the first
oxoanion systems, viz. the nitrate, selenate and perchlorate systems. Caminiti et
al. (1983) studied concentrated Ce(NO,), solutions and found monodentately
bound NO, . The coordination number is either 7.5 or 8.0, depending on other
assumed interactions. The inner-sphere coordination of nitrate ions to R** is in
agreement with solid-state structures (see Volume 8, chapter 56, section 6, of the
Handbook). :

Johansson et al. (1985) and Johansson and Wakita (1985) have studied the
selenate and perchlorate systems using isomorphous substitution by yttrium to
remove the ambiguities involved in the interpretation of the experimental data.
The results indicate that selenate ions are monodentate ligands to R** while the
perchlorate ions show no inner-sphere complex formation even at high concentra-
tions. The coordination number was found in all systems to be invariably 8 + 0.3.
This is the same value as Wertz and coworkers have assumed to be valid in
concentrated chloride and bromide solutions. On the other hand, the neutron
diffraction study by Narten and Hahn (1982) using isotopic substitution gave
8.5%x0.2 for 2.85 M Nd(l,.
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A comparison of the R—OH, distances found in the selenate and perchlorate
solutions with those calculated on the basis of hydration radii (Marcus, 1983)
shows a good agreement. The coordination type, viz. inner-sphere for the
selenates and outer-sphere for the perchlorates corresponds also well with the
solid-state structural data (see sections 5 and 6), as does the coordination number
in the case of selenate complexes. For perchlorates only the structure of hexa-
coordinated [R(OH,)(](ClO,), is known, as discussed in section 10.2.2, and it
contains a 6-coordinated R*", which is Tower than the CN found in solution.

10.4. Concluding remarks

Basically two different models have emerged from the X-ray and neutron
scattering studies concerning the structure of the R’" aqua complex in solution:
(a) an unchanged coordination number (9 or 8) throughout the series La-Lu, Y,
or (b) a change in CN (and structure) in the middle of the lanthanide series (from
9 to 8). Solid-state structural data seem to lend support to the first model,
involving the nona-aqualanthanide(IIT) ion with a tricapped trigonal prismatic
symmetry, but there is also evidence that can be interpreted in favor of a constant
CN of 8 or a change from 9 to 8 as the ionic radius decreases.

Thus, it appears that there is a need for further experimental work before an
overall picture is clarified. In the XRD and NRD studies, the use of special
techniques (isotopic and isomorphous substitution) appears useful in solving some
of the ambiguities which arise when the data are interpreted. However, in spite of
the availability of additional data the use of concentrated solutions makes it
difficult to compare directly the diffraction results with those obtained by other
techniques, most notably by spectroscopic methods. In recent years, for instance,
fluorescence (Kanno and Hiraishi, 1982; Tanaka and Yamashita, 1984; Horrocks
and Albin, 1984; Marcantonatos et al., 1984; Kaizu et al., 1985) and NMR
spectroscopy (Tarasov et al., 1983) have yielded very interesting, although
sometimes partially contradictory results on the formation and stability of the
aqua complexes in solutions of various concentrations and compositions.

Abrahams, S.C., J.L. Bernstein and K. Nassau,
1976a, J. Solid State Chem. 16, 173.
Abrahams, S.C., J.L. Bernstein, J.W. Shiever
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