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Series Preface

The success of the Encyclopedia of Inorganic
Chemistry (EIC), pioneered by Bruce King, the founding
Editor in Chief, led to the 2012 integration of articles
from the Handbook of Metalloproteins to create the newly
launched Encyclopedia of Inorganic and Bioinorganic
Chemistry (EIBC). This has been accompanied by a significant
expansion of our Editorial Advisory Board with international
representation in all areas of inorganic chemistry. It was under
Bruce’s successor, Bob Crabtree, that it was recognized that
not everyone would necessarily need access to the full extent
of EIBC. All EIBC articles are online and are searchable, but
we still recognized value in more concise thematic volumes
targeted to a specific area of interest. This idea encouraged
us to produce a series of EIC (now EIBC) Books, focusing
on topics of current interest. These will continue to appear
on an approximately annual basis and will feature the leading
scholars in their fields, often being guest coedited by one
of these leaders. Like the Encyclopedia, we hope that EIBC
Books continue to provide both the starting research student
and the confirmed research worker a critical distillation of the
leading concepts and provide a structured entry into the fields
covered.

The EIBC Books are referred to as ‘“spin-on’’ books,
recognizing that all the articles in these thematic volumes
are destined to become part of the online content of EIBC,
usually forming a new category of articles in the EIBC topical
structure. We find that this provides multiple routes to finding
the latest summaries of current research.

I fully recognize that this latest transformation of
EIBC is built upon the efforts of my predecessors, Bruce King
and Bob Crabtree, my fellow editors, as well as the Wiley
personnel, and, most particularly, the numerous authors of
EIBC articles. It is the dedication and commitment of all these
people that is responsible for the creation and production of
this series and the “‘parent’” EIBC.

Robert A. Scott
University of Georgia
Department of Chemistry

November 2012






Volume Preface

The rare earth elements (REE) include lanthanum
and the f-block elements, cerium through lutetium. Scandium
and yttrium are included in this group as they have ionic radii
similar to the lighter f-block elements and are found together
in the same ores. The chemical similarities of the 17 REE make
them unique in comparison to the other metals in the periodic
table where two adjacent elements in a period typically have
significantly different chemical properties. This makes the
REE relatively difficult to separate from one another, although
there are minerals where the lighter (La—Eu) and heavier
(Y and Gd-Lu) REE are concentrated. REE research has
benefited from this similarity, however, as compounds and
materials formed with one REE can often be replicated with
one or more of the other REE.

The sequential filling of the f orbitals beginning
with cerium gives the REE very unique electronic, optical,
luminescent, and magnetic properties. Over the past several
decades these properties have been utilized in a wide range
of synthetic, catalytic, electronic, medicinal, and military
applications. The REE are now found in a multitude of
consumer products such as computers, cell phones, and
televisions. REE are used in automotive catalytic converters,
petroleum refining, lasers, fuel cells, light-emitting diodes,
magnetic resonance imaging (MRI), hybrid electric vehicles,
solar energy, and windmills, to name but a few examples.
REE are not only ubiquitous in modern society; they will be
of critical importance in achieving a carbon-free, sustainable,
global energy supply.

The Rare Earths: Fundamentals and Applications
provides the knowledge of fundamental REE chemistry
necessary to understand how the elements are currently
being used and how they might be used in the future. The
book is organized to provide a comprehensive description
of the breadth of REE chemistry in four sequential
sections: fundamental chemistry (Chapters 1—12), important
representative compounds (Chapters 13—30), examples of
solid-state materials (Chapters 31-36), and current and
potential new applications (Chapters 37—45). It is designed
to provide students, instructors, academic researchers, and
industrial personnel with a fundamental understanding of the
electronic, chemical, and physical properties of the rare earth

elements. This knowledge may be used to understand the
current use of the elements and, it is hoped, will inspire and
encourage new developments. With the possibility that REE
resources and supplies will become limited in the near future,
some of the new REE developments should include reducing
the environmental impacts related to mining and isolation,
recovering and recycling the elements from existing products,
finding elements and compounds that could be substituted for
REE, and ultimately, designing products where the elements or
product components can be readily and economically reused.

While this book describes many of the more
important aspects of the REE, it would be impossible for
a single volume to incorporate the vast number of compounds,
materials, and applications that contain or utilize REE.
New information will be addressed in future articles in
the Encyclopedia of Inorganic and Bioinorganic Chemistry
(EIBC). For example, there will be new REE articles on
mining and extraction, metals and alloys, similarities of the
REE with elements in Groups 1, 2, and 13, computational
studies, carbonate, silicate, and polyoxometallate solid state
materials, single-molecule magnets, environmental speciation,
recycling, and many others.

The Rare Earths: Fundamentals and Applications is
an ideal starting point and foundation for educating students,
instructors, academic researchers, and industrial personnel on
the unique chemistry and applications associated with the
rare earth elements. New EIBC articles will supplement the
contents of the book and will provide information on a broader
range of rare earth compounds, materials, applications, and
new developments.

I am grateful to the many authors who made
substantial contributions to the outline and content of this
book while it was being organized. I am especially grateful to
Simon Cotton for the excellent expert assistance, information,
and ideas he provided throughout the process.

David A. Atwood
University of Kentucky, Lexington, KY, USA

May 2012
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1 SUMMARY

The rare earth elements (REE) are trace elements
in most geological settings and are of great utility in
understanding a wide variety of geological, geochemical, and
cosmochemical processes that take place on the Earth, other
planets, and other planetary bodies (e.g., Moon, asteroids). The
properties that lead to this importance include the following:
REE are an extremely coherent group of trace elements,
by geochemical standards, in terms of ionic radius, charge,
and mineral site coordination, which makes them especially
valuable for monitoring magmatic processes; slight variations
in their overall refractory nature provides insights into
early solar system high-temperature processes; the distinctive
redox chemistries of europium and cerium result in unique
insights into magmatic and aqueous processes, respectively;
their generally insoluble character in geological settings and
resistance to remobilization beyond the mineralogical scale

during weathering, diagenesis, and metamorphism makes
them important tracers for characterizing various geochemical
“‘reservoirs’’ (e.g., planetary crusts and mantles).

In addition to being of great value to general
geochemistry investigations, the REE have proven of
increasingly great commercial value. Modern applications
involve many that are useful in high technology, including
some of strategic/military use. Accordingly, understanding the
geological conditions leading to REE concentrations that are
sufficient for economically viable extraction is also seen as
increasingly important.

This chapter addresses geological and geochemical
factors that control REE distributions in rocks and minerals,
both in the Earth and on other planetary bodies, and the
processes that give rise to economic concentrations of REE
in the Earth’s crust. We begin with a discussion of the
fundamental geochemistry and cosmochemistry of REE.
This is followed by describing processes that influence the
distribution of REE in rocks and minerals and the geological

The Rare Earth Elements. Edited by David A. Atwood. © 2012 John Wiley & Sons, Ltd. ISBN 978-1-119-95097-4



2 THE RARE EARTH ELEMENTS

conditions that give rise to ore-grade concentrations. Finally,
we characterize abundances and distributions of REE in
various reservoirs, such as bulk solar system, bulk Earth,
crust, oceans, and so forth, that are relevant to understanding
the origin and evolution of the Earth.

2 INTRODUCTION

Geochemists have long recognized the misnomer
associated with the REE, aptly captured in the title of one
early paper, ‘‘Dispersed and not-so-rare earths.”’! Although
REE occur as trace elements in the vast majority of geological
environments, their natural abundances in crustal rocks,
mostly ranging from hundreds of parts per billion (terbium,
holmium, thulium, lutetium) to tens of parts per million
(lanthanum, cerium, neodymium), are not exceptionally low
compared to many other elements. Thus, depending on the
estimate, the most common REE, cerium, is approximately
the 27" most abundant element in the continental crust of the
Earth. Regardless of absolute amounts, the REE arguably are
the single most important coherent suite of elements in nature
for the purposes of interpreting a wide variety of geological
processes for reasons discussed below. Accordingly, the
absolute concentrations and embedded radiogenic isotopic
systems (e.g., 'YSm-'¥Nd, “Sm-'4’Nd, !"Lu-'7°Hf,
138 a—138Ce) have been studied in exhaustive detail in a
wide variety of rocks, minerals, and aqueous fluids on the
Earth and other available solar system bodies.

Industrial uses of REE metals and compounds have
expanded greatly over the past century, from the early
application of mixing small amounts of cerium oxide with
thorium oxide to produce incandescent gas light mantles,
developed in the late nineteenth century, to being crucial
components in a wide variety of cutting-edge technology
applications.? Modern uses of the REE in high-technology
applications include many of considerable strategic value.?
Accordingly, geological processes giving rise to ore-grade
concentrations of REE are also of increasing interest.

The history of meaningful geological and geochem-
ical research using REE dates from the pioneering work of
Victor Goldschmidt and Eiiti Minami in 1935, who used X-
ray spectrography to first determine REE abundances in rock
samples— European and Japanese shale composites.* At that
time, most workers were of the opinion that relative REE dis-
tributions were not fractionated by geological processes and
early differences in REE distributions noted between shales
and meteorites were dismissed as analytical error. Modern
REE geochemical research dates from the early 1960s with
the development of rapid and precise instrumental techniques,
notably radiochemical and instrumental neutron activation
analyses pioneered by Larry Haskin, Roman Schmitt, and
their colleagues.>® (Various rapid high-precision mass spec-
trometry methods such as thermal ionization isotope dilution

mass spectrometry and spark source mass spectrometry soon
followed.) The seminal breakthrough of Haskin’s work was
that REE distributions in shales were indeed significantly
fractionated from meteorites, having higher abundances and
relative enrichment of the light rare earth elements (LREE),
lanthanum through samarium, thus opening the door to the
modern phase of REE geochemical research, summarized
here.

In this chapter, we are concerned with four major
issues: (i) general geochemistry and cosmochemistry of REE;
(ii) geological conditions giving rise to normal concentrations
of REE in rocks, minerals, and natural waters; (iii) geological
conditions giving rise to ore-grade concentrations of REE;
and (iv) the abundances and distributions of REE in
various geochemical and cosmochemical ‘‘reservoirs’’ that
are relevant to understanding the origin and evolution of the
Earth.

3 GENERAL GEOCHEMISTRY OF THE RARE
EARTH ELEMENTS

3.1 Geochemical and Cosmochemical Classification

The REE consist of the Group 3 transition elements
215¢, 39Y, and s7;La and the inner transition (lanthanide)
elements sgCe through 7;Lu. As described in greater detail
below, the REE are trivalent in all known geochemical systems
with the exception of europium (which can also be divalent)
and cerium (which can also be tetravalent). In geochemistry
nomenclature, the term rare earth elements almost universally
refers only to lanthanum, yttrium, and the lanthanides
(i.e., La—Lu, Y), which differs from formal chemistry
nomenclature, resulting in some confusion. Geochemists also
subdivide REE into the light rare earths (LREE (La—Sm)
and heavy rare earth elements (HREE; Gd—Lu) due to their
contrasting geochemical behavior, with a natural break at
the commonly anomalous europium (see below). In some
geochemical literature, a group of middle REE, Nd—-Tb, is
also recognized.

Yttrium behavior is very similar to the HREE in
the vicinity of Dy—Ho, which is why it is typically included
with the other REEs in geochemical discussions. On the
other hand, the geochemical behavior of scandium, especially
in magmatic systems, is much more similar to the first
row (ferromagnesian) transition elements, iron, vanadium,
chromium, cobalt, and nickel, due to its smaller ionic radius
and different coordination in mineral lattices.” Because of
this, many geochemists do not consider scandium as a
REE, but rather as a ferromagnesian trace element. However,
McLennan®, among others, has pointed out that in aqueous
systems, scandium indeed has much more affinity for the other
REE and so there is some inconsistency with REE terminology
even within the geochemical literature (Figure 1).
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Figure 1 Plot of ionic radius versus atomic number for the trivalent
lanthanide elements (La—Lu). Also shown are the ionic radii for
trivalent Y and Sc, for the Eu** and Ce**, and for other selected
cations. The regular decrease in the ionic radii of the trivalent
lanthanides is part of the lanthanide contraction. Sc** is much
smaller than the other rare earth elements and more similar in size to
Fe?* and Mg?+

The development of the lanthanide series by filling
of inner 4f orbitals, which poorly shield outer electrons from
the increasing nuclear charge, is the underlying cause of
the remarkably coherent geochemical behavior of the group
(Table 1). Among other things, this results in the trivalent
state being especially stable (with two notable exceptions)
and the ionic radius decreasing in a remarkably systematic
manner, part of the ‘‘lanthanide contraction’ (Figure 1;
Table 1). The dominant controls on the geochemical and
cosmochemical behavior of the REE are their size (ionic
radius), mineral site coordination (CN), redox behavior,
volatility, and complexing behavior. An additional influence,
termed the fetrad effect, is more controversial and discussed
in greater detail below. Although the lanthanides bear some
chemical properties that are similar to the Group 13 elements
(boron, aluminum, gallium, etc.), their geochemical and
cosmochemical distributions are not significantly influenced
by this.

With rare exception, REE are lithophile (‘‘rock-
loving’’) in igneous systems and with the exception of Sc,
are incompatible (i.e., bulk solid-melt partition coefficients,
D < 1) with the degree of incompatibility increasing with

increasing size (and decreasing atomic number). Their ionic
potentials (nominal charge/ionic radius) are >4.0 and so
they are large-ion lithophile, rather than high field strength,
incompatible elements. Accordingly, the lanthanides (and
yttrium) tend to be concentrated in magmatic liquids and
late crystallizing mineral phases. Only sodium and calcium
come close in size to the REE (apart from scandium) among the
major mineral-forming cations in the Earth’s crust and mantle;
however, substitution for these elements (especially sodium)
leads to significant charge imbalances, thus limiting any such
substitutions. In aqueous alteration systems, REE have very
low fluid/rock partition coefficients and thus their primary
abundances are only disturbed at relatively high fluid/rock
ratios under most weathering, diagenetic, hydrothermal, and
metamorphic conditions. This resistance to disturbance and
remobilization is another important reason why REE are
considered such valuable trace elements in geochemistry and
cosmochemistry.

From a cosmochemical perspective, all of the REE
are refractory elements (Table 1), with relatively high 50%
condensation temperatures (>1356K at 10~* bar), although
significant variations in volatility are present (e.g., cerium,
europium, and ytterbium being less refractory than other
REE). These modest differences in volatility are important
for interpreting certain early formed meteorite components
(minerals and inclusions) in terms of the early thermal history
of the solar nebula (see below).

Under aqueous conditions, the REE exist mostly in
very low concentrations as a variety of complexes, with metals
(REE**), carbonate species (REECO;%), and bicarbonate
species (REE(CO3), ) dominating in seawater.’ For a number
of rare earth complexes that in nature can exist in magmatic,
hydrothermal, and other fluid systems, such as fluorides,
chlorides, sulfates, hydroxides, and carbonates, stability
constants tend to increase with increasing temperature and
decrease with increasing pressure. In general, there also tends
to be an increase in stability of complexes with the heavier
(smaller) REE.!®!" In aqueous fluids, REE concentrations tend
to increase with decreasing pH.

Table 1 provides some basic data for selected REE
properties of geological interest, compiled from several
sources, and a thorough compilation of the full range
of REE chemical and physical properties is available in
Emsley.!?

3.2 Normalization of Lanthanide Abundances

The absolute concentrations of REE in geological
materials follow the Oddo—Harkins, or odd—even, effect such
that even atomic number elements are of higher concentrations
than their adjacent odd atomic number counterparts. Since
REE concentrations and relative distributions are also
highly variable among rocks and minerals, it is difficult to
compare absolute abundances graphically. Accordingly, it
is customary to display REE data as a plot of normalized
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Table 1 Selected rare earth element properties

Trivalent!*
ionic radius
Atomic Ground!'?13 (A) 50% Oxide!s
number state Atomic!?13 Pauling!?13 condensation
Symbol ) configuration (CN6) (CNS) weight electronegativity (K at 10~* bar)
Lanthanum La 57 [Xe]5 dl6s? 1.032 1.160 138.9055 1.10 1578
Cerium Ce 58 [Xe]4f'5d ! 652 1.01 1.143 140.116 1.12 1478
Praseodymium Pr 59 [Xe]4f> 652 0.99 1.126 140.90765 1.13 1582
Neodymium Nd 60 [Xel4f*6s? 0.983 1.109 144.24 1.14 1602
Samarium Sm 62 [Xe]4f06s2 0.958 1.079 150.36 1.17 1590
Europium Eu 63 [Xe]4f 652 0.947 1.066 151.964 - 1356
Gadolinium Gd 64 [Xe]4t75d' 652 0.938 1.053 157.25 1.20 1659
Terbium Tb 65 [Xe]4f 652 0.923 1.040 158.92534 - 1659
Dysprosium Dy 66 [Xe]4f106s? 0912 1.027 162.500 1.22 1659
Holmium Ho 67 [Xe]4f'!6s? 0.901 1.015 164.93032 1.23 1659
Erbium Er 68 [Xe]4f!26s? 0.890 1.004 167.259 1.24 1659
Thulium Tm 69 [Xe]4f'36s? 0.880 0.994 168.93421 1.25 1659
Ytterbium Yb 70 [Xe]4f'46s? 0.868 0.985 173.04 - 1487
Lutetium Lu 71 [Xe]4f'45d! 652 0.861 0.977 174.967 1.27 1659
Scandium Sc 21 [Ar]3d'4s? 0.745 0.870 44955910 1.36 1659
Yttrium Y 39 [Kr]4d'5s? 0.900 1.019 88.90585 1.22 1659
Eu?t — — 1.17 1.25 — — —
Ce*t — — 0.87 0.97 — — —

Note: 50% oxide condensation temperatures are for REE oxide solid solution in pure compounds hibonite (CaAl;;0,9) + Ca-titanate (CaTiOs;

Ca4Ti3 O](); Ca3Ti207) + feldspar (CaAlzsizog).ls

values (on a logarithmic scale) versus atomic number
or reverse-order ionic radius (on a linear scale), termed
Coryell-Masuda plots (Figure 2). On such diagrams, REE
in rocks and minerals tend to follow smooth patterns (but
with important exceptions discussed below). The two most
commonly used data sets for normalization are average
CI chondritic meteorites (usually on a volatile-free basis),
reflecting solar and bulk Earth abundances, and average
shale reflecting upper continental crust abundances (see
below). Commonly used values for these two normalization
sets are provided in the data tables discussed in more
detail below. It should be noted that there are several
different sets of chondrite values in use that differ by up
to about 15% in absolute abundances (but with negligible
differences in relative abundances) and so some care
must be taken when comparing diagrams among different
workers.

In addition to these normalization standards, it is not
uncommon to normalize REE data to other compositions that
are especially relevant to a specific problem. For example,
in an igneous rock suite, it might be useful to normalize
samples to the least petrologically evolved magmatic rock in
the series. When studying weathering processes, it might be
useful to normalize weathered samples to the unweathered
parent rock. For authigenic minerals, insight might be gained
by normalizing the mineral to the fluid from which they
precipitated.

3.3 Europium and Cerium Redox Geochemistry

The existence of europium and cerium in other than
trivalent states (Eu>*/3+, Ce3*/4%) is of considerable impor-
tance to geochemistry. Reduction of europium occurs under
highly reducing conditions. Such conditions typically exist
only within certain magmatic or hydrothermal environments
but rarely if ever in environments found at the surface of
the Earth. The ionic radius of Eu'! is about 17% larger than
Eu!!! and essentially identical to Sr'! (Figure 1). Accordingly,
its substitution behavior differs greatly from the trivalent
REE, resulting in anomalous REE patterns (Eu anomalies;
see below). The most important geological example is that
europium becomes highly concentrated in plagioclase feldspar
(substituting into the calcium site). Plagioclase is only stable
to about 10 kbars pressure or 40 km depth on Earth and so
anomalous europium behavior in magmatic rocks is a clear
sign of relatively shallow igneous partial melting or fractional
crystallization processes. No example of europium reduction
at surficial conditions has been convincingly documented but
could potentially be present during diagenesis under highly
reducing, high temperature, and alkaline conditions.®

In contrast, cerium is readily converted from Ce'! to
Ce!Y under oxidizing surficial conditions. Especially notable
examples are during formation of manganese oxide particles in
the oceans and under certain surficial weathering conditions.
Ce!V is about 15% smaller than Ce'' and tends to form highly
insoluble hydroxide complexes. These processes commonly
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Figure 2 (a) Rare earth element abundance data for average shale
and chondritic meteorites illustrating the Oddo—Harkins effect.
(b) Masuda—Coryell diagram showing the average shale normalized
to average chondrites. From such normalization, it is possible to
readily observe the relative LREE enrichment and negative Eu
anomaly in the shale. Eu* is the expected value for Eu on a smooth
chondrite-normalized pattern and used to quantify the size of the
Eu anomaly. A similar formulation can be used to characterize Ce
anomalies

lead to separation of cerium from the other trivalent REE,
again resulting in anomalous REE patterns (Ce anomalies).
The anomalous depletion of cerium in seawater (see below)
as a result of manganese oxide formation is a direct reflection
of such redox controls. During most continental weathering,
cerium is readily oxidized to Ce!" and forms highly insoluble
cerium hydroxide which may be locally precipitated while
other trivalent REE are more readily mobilized. The effect
of this is that Ce anomalies may also occur in weathering
profiles.?

Anomalous europium and cerium behavior can be
quantified using the parameter Eu/Eu* and Ce/Ce*. Eu* is

the expected value for europium for a smooth chondrite-
normalized REE pattern (Figure 2), such that

Eu _ Euy
Eu* - (SmN X GdN)O'S

@

where the subscript ‘N’ refers to the chondrite-normalized
value. In the geochemical literature, arithmetic means (i.e.,
(Smy + Gdy)/2) are sometimes used to calculate Eu* but
this is incorrect because REE diagrams are plotted on a
logarithmic scale and can lead to serious error especially for
steep chondrite-normalized REE patterns. Cerium anomalies
can be similarly calculated with

Ce _ Cey
Ce* ~ (Lay x Pry)03

@

In some analytical methods, adjacent elements are
not determined (e.g., gadolinium and/or praseodymium)!’
and in these instances, they are estimated assuming smooth
chondrite-normalized REE patterns apart from europium and
cerium.

3.4 The Tetrad Effect

As the lanthanide series develops, there appears to
be increased stability (manifested by a variety of observa-
tions) associated with quarter (neodymium—praseodymium),
half (gadolinium), three-quarter (holmium—erbium), and com-
pletely (lutetium) filled 4f shells. Resulting anomalous behav-
ior in REE distribution patterns has been termed the tetrad or
double—double effect.!® The four tetrads are La—Ce—Pr—Nd,
(Pm—)Sm—-Eu-Gd, Gd—-Tb—Dy—-Ho, and Er—Tm-Yb—Lu.
The effect was first noted in liquid/liquid partition coefficients
and stability constants for organic compounds (e.g., log K
of EDTA in aqueous solutions). A number of workers have
also suggested that the effect can be seen in REE patterns
of a wide variety of geological samples, especially those that
have been influenced by aqueous interaction (e.g., seawater,
marine phases) or by late-stage magmatic fluids (e.g., peg-
matites). The observations that have been used to demonstrate
the effect are apparent discontinuities in REE patterns at the
tetrad boundaries generating either M-shaped or W-shaped
REE patterns.!® Although not directly related to the phenom-
ena, significant deviations of the Y/Ho ratio from chondritic
values are also thought to commonly accompany samples with
the tetrad effect.?

McLennan?! reviewed the geochemical literature on
the tetrad effect and concluded that many of the cited examples
could be explained as artifacts related to a variety of factors
including incomplete analyses, analytical error, inappropriate
choices for normalization, and complex mixing processes that
resulted in apparent discontinuities. In addition, for many
sample varieties (e.g., seawater, shales), the apparent effect is
observed by some laboratories but not by others. The most
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compelling examples of geological environments appear to
involve igneous rocks associated with late-stage magmatic
fluids (e.g., pegmatites, leucogranites). In our judgment, the
question of whether or not the tetrad effect is truly a significant
geochemical influence will remain clouded until there is a
careful and systematic interlaboratory comparison of the same
samples, preferably using a variety of analytical methods.

4 MINERALOGY AND GEOLOGY OF RARE
EARTH ELEMENTS

Although REE are trace elements in most rocks
and minerals, there are about 200 minerals in which
REE are essential structural constituents, forming necessary
structural cationic components of the mineral, or are major
substituting cations in the structure. Reviews of REE
mineralogy, geochemistry, and geology can be found in
several multiauthored books edited by Henderson??, Lipin
and McKay?®, Moller et al.**, and Jones et al.?®, the latter
including a comprehensive appendix of REE minerals known

to that date. Taylor and McLennan?® also provided a

comprehensive review of REE geochemistry.

Cation sites in most of the common igneous rock-
forming minerals, such as olivines, pyroxenes, iron-titanium-
oxides, feldspars, and micas, are characterized by highly vari-
able coordination number and charge but with overall cation
site conditions that are not particularly favorable to substantial
REE substitution. This, of course, is the reason why the REE
are usually incompatible elements. The abundances of REE
consequently tend to be low (mostly less than 100—200 times
CI values) but highly varied, ranging over about five orders of
magnitude, from LREE enrichment to HREE enrichment and
with highly variable Ew/Eu* (Figure 3). The major influences
on the REE patterns in such minerals are the mineral-melt
partition coefficients (K,), the bulk composition and REE
content of the parent magma, the major element chemistry
(and thus coordination of cation sites) of the mineral, and the
pressure—temperature conditions at which the mineral formed.

It is this variation and the distinctive REE abundances
and patterns in a wide variety of common rock-forming
minerals that make the REE such useful trace elements
for evaluating most igneous and metamorphic petrogenetic
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Figure 3 Chondrite-normalized REE patterns for common igneous rock-forming minerals. The igneous rock type from which the mineral
was extracted is also listed. Data from compilation provided by Taylor and McLennan.?® The extreme range of REE and the distinctive patterns
for certain minerals is one of the reasons why REE are valuable trace elements for evaluating petrogenesis
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processes. For example, Eu anomalies in magmatic rocks
commonly indicate the involvement of plagioclase feldspar
fractionation and HREE depletion commonly indicates a role
for garnet fractionation in the history of their parent magmas.
The stabilities of such minerals are sensitive to pressure,
temperature, and bulk composition and thus REE patterns in
rocks and minerals, coupled with an understanding of the
partition coefficients, can be used to quantitatively constrain
the origin and history of the magmas.

REE compounds tend to be relatively insoluble in
aqueous fluids and fluid—rock partition coefficients tend to be
very low during most fluid—rock interaction processes (e.g.,
weathering, diagenesis, hydrothermal activity). Accordingly,
REE contents of most natural waters are very low, typically
in the subpart per billion to subpart per trillion range. Only
in high temperature, low pH hydrothermal environments do
concentrations rise to near the part per million level.3!1
REE patterns of aqueous fluids are also highly variable,
reflecting among other things the ultimate crustal or mantle
sources of the dissolved REE, the nature of fluid—rock
interactions (e.g., fluid/rock ratio), redox conditions and
history, the nature of REE complexing ligands, and the
pressure—temperature-compositional history of the fluids. In
turn, minerals precipitated directly from most natural waters
(e.g., carbonates, silica, evaporites, sulfides) have very low
REE contents. REE are also particle-reactive under marine
conditions and accordingly are readily scavenged and adsorbed
onto a number of marine sedimentary particles, such as clay
minerals and iron-oxides.?’

REE are highly electropositive (Table 1) resulting
mostly in the formation of ionic compounds. REE mineral
types thus include a wide variety of silicates, carbon-
ates, oxides, phosphates, borates, halides, arsenates, sulfates,
and vanadates. Among the most significant for geochem-
istry are lanthanite [(La,Ce,Nd),(COs3);-8H,0], bastnisite
[(Ce,La)(CO;3)F], allanite [(Ce,Y,Ca), (Al Fe3);(Si04);OH],
and the phosphates florencite [(Ce,La)Al;(PO4),(OH)g], mon-
azite [(La,Ce,Th)(PO,)], rthabdophane [(La,Ce)(PO4)-H,0],
and xenotime [YPO4]. Of these, the most important REE ore
minerals include bastnaesite, monazite, xenotime, as well as a
rare form of REE-bearing clays.?

4.1 REE Ore Geology

Industrial uses of pure REE metals and compounds
have expanded greatly from the early applications in
incandescent gas light mantles, as polishing agents, and
as glass coloring to being crucial components in a wide
array modern technologies (e.g., computers, magnets, lasers,
petroleum refining, alloys).>* An underlying driver of
industrial development was the fundamental research carried
out on the REE because of their production as fission products
in the nuclear fuel cycle. The past several decades have
witnessed an explosion in industrial use, much of it having
considerable strategic importance (e.g., precision guidance

systems, stealth technology, night vision). Accordingly, the
geological processes giving rise to ore-grade concentrations
of REE are also of considerable and growing interest.

There are a number of recent reviews of the
geology, geochemistry, and origin of REE ore deposits$-35.
The most important types of REE ore deposits include
sedimentary-hosted carbonate bodies of controversial origin,
igneous carbonatite bodies, heavy mineral placer sands,
and several types of regolith deposit. REE patterns of
major REE ores are plotted in Figure 4. Minor REE ore
deposits include those related to alkaline magmatism and
to early Precambrian uraniferous/auriferous quartz-pebble
conglomerate paleoplacers.

By far, the largest REE ore body in the world is
the Bayan Obo REE-Nb—Fe deposit hosted in Early—Middle
Proterozoic carbonate rocks in north China (inner Mongolia).
The geology of the deposit is complex and there is no
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Figure 4 Chondrite-normalized REE patterns for selected REE
ores from Bayan Obo and Mountain Pass; ion absorption clay
ores from Longnan and Xunwu, China; and heavy mineral placer
concentrates (monazite from Queensland Australia and xenotime
from Malaysia)*?>35. Note that the ion absorption clay REE patterns
are normalized to 100%.
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consensus on a genetic model. The REE ore, characterized
by extreme LREE enrichment and no Eu anomalies, may be
related either to carbonatite magmatism and/or hydrothermal
activity. The dominant REE ore minerals are bastndsite, a
readily processed REE carbonate, and monazite. Ore grades
are in the range of ~5—6% REE,O3.

The Middle Proterozoic Mountain Pass LREE-Ba
deposit, located in eastern California, is the second largest
known economical deposit and has been mined semicon-
tinuously since 1954 (and currently under redevelopment).
The deposit is closely related to mantle-derived carbonatite
magmatism with the major REE ore mineral being igneous
bastnésite, with ore grades of about 9% REE,Oj; (other min-
erals in the ore include calcite, dolomite, and barite). The ore
is also extremely LREE enriched but with somewhat higher
HREE abundances than at Bayan Obo.

Placers represent the third most important REE ore
variety that has or is being mined and occur in widely dispersed
unconsolidated Neogene and Quaternary beach sands, the most
important being Ti-mineral-rich beach sands on the coasts of
both western and eastern Australia. REE are by-products of
these deposits and the main REE ore minerals are monazite
+ xenotime. Xenotime is of special interest because unlike
most other REE ore minerals that are highly LREE enriched,
xenotime is enriched in the HREE (Figure 4).

The fourth variety of REE ore includes those asso-
ciated with regoliths. One such deposit, exploited in China,
is composed of ion absorption clays forming weathering pro-
files, up to ~10m thick, on petrologically evolved igneous
rocks such as granites. Deposits may be enriched in either
LREE or HREE (and Y) and exhibit negative Eu anomalies
and negative Ce anomalies. Negative Eu anomalies indicate
an upper crustal source of REE and negative Ce anomalies
suggest ion exchange from groundwaters depleted in cerium
due to removal of insoluble Ce'V-oxides during weathering.
Although clays are enriched in REE, the overall grades are
low (<0.5% REE;03) and deposits are economical because
of the ease of extraction and HREE enrichment. Another
example is residual laterites that form on REE-rich rocks. The
Mount Weld deposit of Western Australia, a laterite formed
on a carbonatite, represents a major deposit that at the time of
writing was about to go into production.3’

5 DISTRIBUTION OF REE IN MAJOR SOLAR
SYSTEM RESERVOIRS

5.1 Solar System Abundances

The sun comprises approximately 99.87% of the
mass of the solar system and its composition is the most
direct estimate of the composition of the current solar system
and primordial solar nebula from which the planets were
derived. The REE composition of the sun can be determined

directly from spectral data for the solar atmosphere using
both photospheric absorption lines and coronal emission
lines. Concentration data are determined relative to some
standardized concentration (typically silicon = 10% atoms or
hydrogen = 10'2 atoms) and one recent estimate is given in
Table 2.36

The second approach to estimating the composition
of the solar nebula is from average Ivuna-class carbonaceous
chondritic meteorites, or CI chondrites (Type 1 carbonaceous
chondrites using older terminology). This class of meteorites
is the most volatile rich and thus considered to be the most
primitive available. CI compositions are essentially identical to
spectroscopically determined solar photosphere compositions
for a broad array of elements, from the most refractory to the
most volatile, within analytical uncertainty. Accordingly, the
REE content of average CI chondrites is taken as the best
estimate of the solid fraction (i.e., ‘‘metal’’ fraction) of the
solar nebula. Table 2 also includes an estimate of average CI
chondrites recalculated to a comparable concentration scale
as the solar photosphere by assuming identical silicon atomic
abundances. An advantage of meteorite data for determining
the composition of the solar nebula is that abundances have
been determined much more precisely than are direct spectral
measurements of the sun (compare uncertainties in Table 2).

5.2 Meteorites

REE distributions in meteorites and their mineralog-
ical—lithological components provide fundamental informa-
tion about the origin and early history of the solar system.
Reviews of meteorite chemistry, including REE chemistry,

Table 2 Log atomic concentration of rare
earth elements in the solar photosphere and

CI chondrites
Solar

abundance CI chondrite

(H=10"2) (Si = 1073")
H 12.00 8.22 + 0.04
Si 7.51 4 0.03 7.51 £ 0.01
La 1.10 £ 0.04 1.17 £ 0.02
Ce 1.58 £ 0.04 1.58 £ 0.02
Pr 0.72 4+ 0.04 0.76 £ 0.03
Nd 1.42 £ 0.04 1.45 £ 0.02
Sm 0.96 &+ 0.04 0.94 £+ 0.02
Eu 0.52 4+ 0.04 0.51 £ 0.02
Gd 1.07 £ 0.04 1.05 £ 0.02
Tb 0.30 £+ 0.10 0.32+£ 0.03
Dy 1.10 £ 0.04 1.13 £ 0.02
Ho 0.48 &+ 0.11 0.47 £ 0.03
Er 0.92 4+ 0.05 0.92 £ 0.02
Tm 0.10 £+ 0.04 0.12+ 0.03
Yb 0.84 4+ 0.11 0.92 £+ 0.02
Lu 0.10 & 0.09 0.09 £ 0.02
Sc 3.154+ 0.04 3.05 £ 0.02
Y 2.21 4 0.05 2.17 4+ 0.04
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can be found in Brearley and J. ones®’, Mittlefehldt ef al.38, and
McSween and Huss™ .

REE patterns in bulk carbonaceous chondrites are
fairly uniform, parallel to CI, and show no dependence on
volatility (e.g., no Eu or Yb anomalies). This uniformity
also applies to the ordinary (H, L, LL classes) and enstatite
(EL, EH classes) chondrite classes that show significant
loss of their moderately and highly volatile elements (e.g.,
potassium, lead) and/or variations in their metal/silicate
ratios. Accordingly, REE abundances in chondritic meteorites
indicate no substantial cosmochemical fractionation (i.e.,
volatile related; redox related) during their formation in the
early stages of solar system evolution and indicate broad
homogeneity in the solar nebula.

On the other hand, millimeter to centimeter scale
calcium—aluminum refractory inclusions (CAI) and individual
refractory mineral inclusions (e.g., hibonite (CaAl;;09) and
perovskite) from the Allende and Murchison carbonaceous
chondrites provide evidence for local heterogeneity in the early
solar nebula related to very high-temperature processes. 04!
CAls have been radiometrically dated as the oldest known
objects in the solar system (4.567 billion years old) and
exhibit highly variable REE patterns with variable Eu and
Yb anomalies, in the case of CAls, and Ce, Eu, and Yb
anomalies in the case of hibonite grains (Figure 5). Such
anomalies cannot be related to magmatic processes but instead
are due to complex evaporation—condensation processes
that fractionated the least refractory cerium, europium, and
ytterbium from the other more refractory REE (Table 1).
This veritable ‘‘zoo’” of REE patterns calls for very high
local temperatures, very complex histories of evaporation and
condensation, and local compositional heterogeneity.

Silicate-bearing differentiated meteorites from the
asteroid belt, including achondrites and stony-iron meteorites,
are thought to represent fragments from asteroidal parent
bodies that were melted very early in the history of
the solar system and differentiated into core, mantle, and
crust. REE data from these materials show significant
variations, compared to chondrites, which reflect the
magmatic histories of their parent bodies. For example, the
howardite—eucrite—diogenite (HED) meteorites appear to be
petrologically interrelated and probably are derived from the
large asteroid 4-Vesta. REE patterns of the basaltic eucrites
display variable positive and negative Eu anomalies that can
be related to partial melting histories within Vesta.

Meteorites that do not come from the asteroid belt
include the so-called SNC meteorites (for shergottites—
nakhlites—chassignites) derived from Mars and the lunar
meteorites. These were ejected from the planetary surfaces
during impact processes and their REE compositions are
highly variable, reflecting the magmatic evolution of these
planetary bodies (see below).
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Figure 5 Chondrite-normalized REE patterns for selected cal-
cium—aluminum inclusions (CAI) from the Allende carbonaceous
chondrite and refractory mineral grains (perovskite, hibonite) from
the Murchison carbonaceous chondrite.***! The highly irregular REE
patterns, including anomalies for the least refractory Ce, Eu, and Yb,
are indicative of localized very high temperatures leading to complex
REE evaporation/condensation processes

5.3 Planetary Compositions

As refractory lithophile elements, the REE play
an important role in constraining the overall composition
and history of the silicate fraction of planets, which for
the terrestrial planets is also termed their primitive mantle
(equivalent to the present-day crust plus mantle). Since there
is no evidence for significant planetary-scale fractionation of
refractory elements during the assembly and differentiation
of planetary bodies, it is widely accepted that the primitive
mantles of terrestrial planets and moon possess chondritic
proportions of the REE. As such, the absolute concentrations
of REE (and other refractory elements) in primitive mantles
provide an important constraint on the proportions of volatile
elements to refractory elements and on the oxidation state
(i.e., metal/silicate ratio) of the body. To date, the only major
planetary bodies for which REE data are directly available
are the Earth, Moon, and Mars, and Taylor and McLennan*
recently reviewed these data.

There is an enormous body of knowledge upon which
to base estimates of the composition of the primitive mantle of
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Table 3 Estimates of REE concentrations in the primitive mantles of Earth, Mars, and Moon and crusts of Mars

and Moon*?
Average Average Earth Mars Mars Moon Moon
CI volatile-free primitive primitive crust primitive highland
chondrite CI chondrite mantle mantle mantle mantle crust
La 0.245 0.367 0.546 0.480 5.5 1.10 53
Ce 0.638 0.957 1.423 1.250 13.9 2.87 13
Pr 0.0964 0.137 0.215 0.180 1.9 0.411 1.8
Nd 0.474 0.711 1.057 0.930 9.4 2.13 7.4
Sm 0.154 0.231 0.343 0.300 2.7 0.69 2.0
Eu 0.058 0.087 0.129 0.114 0.95 0.26 1.0
Gd 0.204 0.306 0.454 0.400 3.1 0.92 23
Tb 0.0375 0.058 0.084 0.076 0.55 0.17 0.35
Dy 0.254 0.381 0.566 0.500 34 1.14 23
Ho 0.0567 0.0851 0.126 0.110 0.70 0.255 0.53
Er 0.166 0.249 0.370 0.325 1.9 0.75 1.51
Tm 0.0256 0.0356 0.057 0.047 0.25 0.11 0.22
Yb 0.165 0.248 0.368 0.325 1.7 0.74 1.4
Lu 0.0254 0.0381 0.057 0.050 0.26 0.11 0.21
Sc 5.90 8.64 13.0 11.3 - 19 5
Y 1.56 2.25 3.48 2.7 18 6.3 13.4
Concentrations in parts per million (ug g~).
the Earth. There are basically two approaches: (i) those based T T T T T T T T T T T T T T T
on the composition of xenoliths and high-degree partial melts 100 1 _ N
from the upper mantle, and (ii) those based on fundamental . _O_E,lae::z g:fgm orust
cosmochemical principles. In practice, both lines of evidence —0— Lunar highld. crust 7
are employed and models differ mostly in the relative weight
. . o an
given to each. As discussed above, it is generally assumed that L
refractory elements are not fractionated from each other in the g 10k -
primitive mantles of planetary bodies. Thus, for the Earth, the S 3
REE abundances can be derived by assuming that ratios such g
as REE/Ca and REE/Al are in chondritic proportions. In turn, €
Q.
absolute abundances of refractory elements depend on the a
diluting effects of (i) amount of relatively volatile elements 1k 4
in the primitive mantle and (ii) oxidation state of the planet, ' )
. . . .- . —e— Earth prim. mantle
which controls the proportion of iron partitioned into the metal —— Mars prim. mantle
core and silicate primitive mantle. Table 3 lists estimates for Lunar prim. mantle

the REE contents of the primitive mantles of Earth, Mars,
and the Moon, and chondrite-normalized plots are given in
Figure 6.

The terrestrial planets and other large silicate-rich
planetary bodies (e.g., large asteroids, moons) typically are
differentiated into metal cores, silicate mantles, and incompat-
ible element-enriched silicate crusts. The mechanisms, scales,
and timing of this process are extremely variable.** For REE,
crust—mantle differentiation is the most important process in
controlling abundances and distributions; REE are essentially
excluded from planetary metal cores due to their lithophile
character. In Table 3 and Figure 6, estimates of the REE dis-
tributions in planetary crusts (Earth’s continental crust, lunar
highland crust, Martian crust) are also given. In the following
sections, we discuss the REE content of the Earth’s crust in
much greater detail.

1
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Figure 6 Chondrite-normalized REE patterns of the primitive
mantles and crusts of Earth, Mars, and the Moon. For the Earth,
the continental crust is shown; for the Moon, the highland crust is
shown; and for Mars, the bulk crust is shown

6 DISTRIBUTION OF REE IN TERRESTRIAL
RESERVOIRS

The major geochemical reservoirs of the Earth that
are currently in existence—inner and outer core, upper and
lower mantle, upper and lower continental crust, oceanic crust,
sedimentary shell, oceans, and atmosphere— were established
early in the planet’s history. On the other hand, the sizes
and compositions of these reservoirs have changed over
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geological time through a variety of processes and on vastly
differing timescales, but largely controlled by the history of
crust—mantle evolution associated with plate tectonics.

For example, the continental crust is mostly very old
(>2billion years old on average) but has grown and internally
differentiated (into upper and lower crust) episodically over
geological time with the greatest activity occurring in the Late
Archean (~2.5-3.2billion years ago), resulting in a major
change in composition (including for REE) at about that time.
Today, the continental crust ultimately is derived from partial
melting in the upper mantle initiated by fluids (depressing
melting temperatures) that are released from the top of the
downgoing plate during subduction. This magmatic activity
expresses itself as the large island-arc and continental-arc
volcanic chains (e.g., Japan, Andes) that form behind the great
ocean trenches that mark the sites of subduction. Once formed,
this continental crust rapidly differentiates into a relatively
felsic upper crust and relatively mafic lower crust, a process
that also causes a major fractionation of REE distributions.
Recycling of this low-density crust back into the mantle is
minimal and, accordingly, the composition of the mantle in
turn evolves largely in response to this long-term extraction of
continental crust. At present, the continents grow at ~1 km?
per year on average but crustal growth rates were more rapid
in the geological past.

The oceanic crust in contrast forms from high degrees
of partial melting of the upper mantle beneath the mid-oceanic
ridges, at the site of upwelling convecting mantle, giving rise
to mid-oceanic ridge basalts (MORB) at a rate of about 20 km?
per year. The oceanic lithosphere, comprising the oceanic crust
and its attached rigid uppermost mantle, is recycled and lost
back into the deeper mantle at subduction zones over short
timescales, with no oceanic crust being older than ~0.2 billion
years old. This continuous, geologically rapid recycling gives
rise to a largely steady-state process that over geological time
accounts for about 10% of the mantle being comprised of this
recycled oceanic crust. Compositional changes in both oceanic
crust and mantle, such as those resulting from the hydrothermal
interaction of seawater with hot ocean-floor magmas, do occur
but from the perspective of REE distributions are of second
order importance.

Oceanic crust and, to a lesser degree continental
crust, is also influenced by ‘‘intraplate’” volcanism that occurs
when relatively deep stationary plumes rise to the surface to
form basaltic volcanoes; the best example being the Hawaiian
chain of oceanic islands. Intraplate volcanism, giving rise to
what is termed oceanic island basalts (OIB), results from
a long and complex history within the mantle, giving rise
to an average composition (including REE) quite distinct
from MORB. Overall, intraplate volcanism accounts for about
1.5km? per year and accordingly, while highly visible at the
Earth’s surface, comprises <5—10% of the oceanic crust and
an even small component of the continental crust.

Although fundamentally different types of crust
characterize other planetary bodies (e.g., the lunar highland

crust and mare basalt crust of the Moon), the Earth is unique
in having a mostly ancient continental crust and a mostly
very young oceanic crust that are almost completely separated
laterally. Within our solar system, plate tectonic processes,
which gave rise to these distinct crustal types, appear to have
only taken place on Earth.

6.1 Present-Day Mantle

The primitive mantle, discussed above, provides
insight into the bulk composition of the silicate fraction of the
Earth. However, over geological time, mantle compositions
have evolved in a very complex manner due largely to plate
tectonic processes. Among those processes are extraction of
continental crust, recycling of oceanic crust back into the
mantle, recycling of sedimentary components into the mantle,
complex interactions of subducting lithosphere with the upper
mantle—lower mantle boundary (at ~660km depth), and so
forth. The overall effect is that the mantle is heterogeneous
on scales ranging from thousands of kilometers to just a few
kilometers. Thus, for REE, upper mantle is likely distinct
from lower mantle; lithospheric mantle beneath continents
is distinct from lithospheric mantle beneath oceanic crust;
mantle sources of MORB are distinct from those of OIB;
broad regions of the upper mantle, identified by geophysics,
may be distinct from other regions; and even along single
segments of mid-oceanic ridges, basalts from one volcano can
have distinct mantle REE sources from volcanoes just a few
kilometers away.

Accordingly, it is difficult to identify and quantify
the scales of significant mantle reservoirs and estimating
average compositions is equally difficult. Since the oceanic
crust is dominated by MORB, one useful concept is to define
a mantle reservoir equivalent to the depleted mantle source of
MORB (DMM). Since MORB are derived from high degrees
of partial melting and the REE are incompatible, the DMM
REE composition is roughly parallel to MORB but at lower
absolute concentrations proportional to the average degree of
partial melting. One such estimate is provided in Table 4 and
plotted in Figure 7.

6.2 Oceanic Crust

The oceanic crust varies from 0 km (where magmas
are erupting at the oceanic ridges) to >8 km thickness and
averages ~7 km well away from the ridges. It is composed of
three main parts:

1. Layer 1: sedimentary cover up to ~1km thick but
mostly <0.5km thick. The ultimate source of most
sediment is continental weathering and accordingly, the
REE signature is similar to upper continental crust
(see below). Biological activity supplies carbonate and
siliceous sediment, derived from seawater, but these
materials are very low in REE abundances.
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Table 4 REE concentrations in major oceanic crust-related geochemical reservoirs

42

Depleted mantle Mid-oceanic ridge Oceanic island Average
(DMM) basalt (MORB) basalt (OIB) pelagic clay
La 0.23 1.9 19 42
Ce 0.77 6.0 43 80
Pr 0.13 0.99 4.9 10
Nd 0.71 6.1 21 41
Sm 0.27 222 5.4 8.0
Eu 0.11 0.90 1.8 1.8
Gd 0.40 35 5.5 8.3
Tb 0.08 0.70 0.9 1.3
Dy 0.53 4.5 5.3 7.4
Ho 0.12 1.1 1.0 1.5
Er 0.37 2.6 2.7 4.1
Tm 0.06 0.42 0.3 0.57
Yb 0.40 2.7 1.9 3.8
Lu 0.06 0.40 0.3 0.55
Sc 16 44 30 19
Y 4.1 25 23 40

Concentrations in parts per million (ug g~ 1).
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Figure 7 Chondrite-normalized REE patterns of selected rocks and
reservoirs from oceanic crustal environments. Note that MORB and
DMM have parallel REE patterns, a reflection that MORB is derived
from DMM by high degrees (>10%) of partial melting. Also note that
pelagic clays have REE patterns similar to shales derived from the
upper continental crust. The slight negative Ce anomaly is significant
and reflects a small component of authigenic material derived from
seawater

2. Layer 2: MORB-type basalt and intrusive equivalents
with intercalated sediment lenses that varies in thickness,
but on average is ~2.5 km.

3. Layer 3: MORB-type basalt and intrusive equivalents of
up to about 4.5 km in thickness.

In Table 4, several relevant compositions are given,
including average MORB, OIB, and pelagic clay. Any estimate
of the bulk composition of the oceanic crust is dominated by
the MORB component. The REE patterns of MORB basalts
are typically depleted in the LREE with flat HREE patterns
(Figure 7). OIB differ from MORB, being significantly
enriched by large-ion lithophile elements, including the LREE
(Figure 7). Thus, in addition to the depleted MORB, OIB
contributes an uncertain amount of these elements to the
overall composition of the oceanic crust that is eventually
subducted back into the mantle. In addition to the OIB lavas,
an additional minor component is variable amounts of deep-
sea sediment, whose REE budget is dominated by deep-sea
clays (Table 4; Figure 7).

6.3 Continental Crust

Continental crust (referred to hereafter simply as
crust) comprises only about 0.4% of the mass of the Earth
but its geochemical importance is far greater since it contains
~30-50% of the budget of the Earth’s incompatible elements,
including LREE. The crust has an average thickness of 41 km,
ranging from 10 to 80km, and has grown episodically over
geological time with ~60% being in place by 2700 million
years ago. A major difference in the style of crustal
formation—evolution started in the Late Archean, beginning
about 3200 million years ago.*}

During the Archean, higher heat flow resulted in
partial melting of the downgoing slab at relatively shallow
depth (~50km) in subduction zones. This produces the
eruption of silica-rich magmas, leaving garnet as a residual
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Figure 8 (a) Chondrite-normalized REE patterns of selected igneous rocks from the continental crust. Note the substantial negative Eu
anomaly in K-rich granitic rocks and the very steep, HREE-depleted character of Archean Na-rich granites from the TTG suite discussed
the text. (b) Chondrite-normalized REE patterns for various averages and composites of shales and for average glacial loess. The remarkable
uniformity in these REE patterns is taken as compelling evidence that they reflect the REE pattern of the upper continental crust exposed to

weathering and erosion. (Data from compilation given in Taylor and McLennan.

phase. Garnet has REE patterns that are depleted in LREE
and enriched in HREE (Figure 3). The erupting lavas in turn
have a reciprocal pattern, enriched in LREE and depleted
in HREE (Figure 8a), typically with no Eu anomaly. During
the Late Archean (3.2—2.5billion years ago), modern-style
plate tectonics became established and oceanic crust was
older and colder by the time it reached subduction zones.
Under these conditions, the downgoing slab does not melt but
does release fluids into the overlying mantle, which in turn
partially melts to produce the present subduction-zone island-
arc and continental-arc magma suite, which is added to the
crust. Within 50— 100 million years of crust formation, further
partial melting within the crust results from high abundances
of radioactive elements (potassium, thorium, uranium) and
intrusions of basaltic plumes at the base of the crust. Partial
melts produced in the lower crust rise and generate an upper
crust dominated by granodiorites and granites (Figure 8a).

In summary, continental crust has grown in an
episodic manner through geological time with a major increase
in growth rate during the Late Archean. At present, the
crust continues to grow by island-arc and continental-arc
magmatism, followed by episodes of intracrustal melting that
differentiates the upper from lower crust.

The average REE abundances of the bulk continental
crust is model dependent and can be determined from the
average composition of modern island-arc magmas and
the composition of distinctive Archean igneous suites (see
Refs 42 and 43 for details). The composition, so determined,

43)

is characterized by modest LREE enrichment and no Eu
anomalies (Table 5; Figure 6).

For the wupper continental crust, roughly the
upper 10—12km, highly reliable estimates of the average
REE composition can be determined from sediments and
sedimentary rocks. From the earliest days of REE analyses,
the remarkable uniformity in sedimentary REE patterns
throughout the post-Archean has been noted (Figure 8b) and
this has been interpreted to reflect the average composition
of the upper continental crust that erodes to produce clastic
sediment. Such an interpretation is also consistent with the
very low levels of REE in natural waters (see Section 6.4) and
in chemical sediments precipitated from water (carbonates,
evaporites). A major advantage of this approach is that
sedimentary rocks can be used to evaluate the evolution
of the upper crustal REE composition over geological time
(see below).

Accordingly, REE in average shale (for this work,
based on PAAS, post-Archean average Australian shale) is
equated to the upper continental crust after a minor adjustment
in total REE to account for low REE abundance sediments
(sandstones, limestones). The derived pattern (Figure. 8b)
differs from the bulk crust in having higher REE abundances,
greater LREE enrichment, and a distinctive negative Eu
anomaly (see Figure 9 for comparison). Elevated levels of
the most incompatible LREE are consistent with intracrustal
partial melting. The Eu anomaly indicates that partial melting
to form the upper crust resulted in plagioclase being a stable
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Table 5 REE concentrations in the major continental crust-related geochemical reservoirs

42

Average Upper Bulk Lower Archean Archean
shale continental continental continental upper bulk
(PAAS) crust crust crust crust crust
La 38.2 30 16 11 20 15
Ce 79.6 64 33 23 42 31
Pr 8.83 7.1 3.9 2.8 4.9 37
Nd 33.9 26 16 12.7 20 16
Sm 5.55 4.5 3.5 3.17 4.0 34
Eu 1.08 0.88 1.1 1.17 1.2 1.1
Gd 4.66 3.8 33 3.13 34 32
Tb 0.774 0.64 0.60 0.59 0.57 0.59
Dy 4.68 35 3.7 3.6 34 3.6
Ho 0.991 0.80 0.78 0.77 0.74 0.77
Er 2.85 2.3 2.2 2.2 2.1 2.2
Tm 0.405 0.33 0.32 0.32 0.30 0.32
Yb 2.82 2.2 2.2 2.2 2.0 2.2
Lu 0.433 0.32 0.30 0.29 0.31 0.33
Sc 16 13.6 30 35 14 30
Y 27 22 20 19 18 19
Concentrations in parts per million (ug g~ 1).
residual phase that sequestered europium into the lower crustal T T T T T
residue. Since plagioclase is only stable to depths of 40 km (@ o Upper crust
on Earth, the negative Eu anomaly provides compelling w 100 E
evidence that the crust differentiated through intracrustal £ —O— Bulkorust
(shallow) partial melting processes. This REE pattern is g Lower crust
observed in virtually all sedimentary rocks dating back to the G
Archan—post-Archean boundary, at which time sedimentary £
patterns change (see below). E’ A\

The simplest method for estimating the REE & 1ol 0 g
composition of the lower crust is through the mass balance of )
subtracting 25% of upper crustal composition from the bulk
crust (Table 5; Figure 9). This composition is characterized " (-b.) HE S EEmmEERSSEEAReEEEREEes
by the complementary positive Eu anomaly. Although the
upper crustal negative Eu anomaly indicates the importance E
of intracrustal partial melting in governing the composition E
of the lower crust, xenoliths and granulite facies rocks g 1r
provide additional constraints. Lower crustal xenoliths are =
commonly mafic in composition, and frequently show a S —&—  Upper crust/bulk crust
relative enrichment in Eu. However, this enrichment is mostly —0O— Lower crust/bulk crust
related to the accumulation of cumulate phases rather than P R S R S S S S S S S N

being due to residual phases from partial melts and so these
rocks may represent basaltic magmas that were later added to
the base of the crust. Granulite facies regions also commonly
possess positive Eu anomalies, but these are in the more felsic
rocks rather than mafic rocks that could represent residues after
partial melting. Many such terranes appear, on compositional
grounds, to be upper crust that has been buried in Himalayan-
type continental collisions, and so many regional granulites
likely formed in mid-crust regions and are not a good model
on which to base lower crustal compositions. In summary,
the lower crust appears to be essentially the mafic residue left
after extraction of the granodioritic upper crust together with
additions from underplating by basaltic magmas.
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Figure 9 (a) Chondrite-normalized REE patterns for the upper,
bulk, and lower continental crust reservoirs. (b) Upper and
lower continental crust normalized to the bulk continental crust,
highlighting the fractionation of europium and the more incompatible
LREE during intracrustal differentiation

How far back in geological time can these crustal
compositions be traced? The sedimentary record provides
the most insight. Sedimentary REE patterns remain constant
throughout the post-Archean; however, an abrupt change
takes place at the Archean—Proterozoic boundary. Archean
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sedimentary rocks, though more variable, have REE patterns
that on average differ fundamentally from post-Archean
sediments, being less enriched in LREE and lacking the
negative Eu anomaly (Figure 10). This change reflects an
episodic change in upper crustal composition and is related to
large-scale emplacement of K-rich granitic rocks, depleted in
europium, in the upper crust toward the close of the Archean.
This process, termed cratonization, produces large volumes of
granites derived from massive intracrustal melting, transfers
heat-producing elements to the upper crust, and fundamentally
“‘stabilizes’” the crust. The changes in both upper crustal
compositions and the REE patterns of derived sediment were
nonsynchronous over the globe, and extended over several
hundred million years.

This change is also consistent with the Archean
igneous record. In the Archean, igneous rocks characteristic
of modern island-arc magmatism are scarce and instead, a
“‘bimodal suite’’ of Na-rich felsic igneous rocks (tonalites,
trondhjemites, granodiorites or the ‘“TTG suite’” and their
volcanic equivalents) and basaltic rocks dominate. Archean
basalts typically have flat REE patterns, whereas the TTG suite
is characterized by very steep REE patterns (see Figure 8a).
Mixtures of these rocks bear a superficial resemblance to the
REE patterns of island-arc magmatic rocks such as andesites.
On average, the Archean bulk crust was probably similar to
but slightly less LREE enriched than the post-Archean bulk
continental crust, but this similarity in average REE patterns
belies the very different geological processes that gave rise to
Archean and post-Archean continental crust.

The Archean crust probably consisted of many small
fast-spreading plates. As described above, the TTG suite
was produced by subduction of young, warm basaltic crust.

100 - ]
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Figure 10 Comparison of chondrite-normalized REE patterns for
the Archean and post-Archean upper continental crust, estimated from
the sedimentary rock data. The absence of a negative Eu anomaly
in the Archean upper crust indicates that intracrustal differentiation
processes were not widespread at that time

The steep REE patterns indicate that garnet was in the residue
during partial melting, indicating a mantle origin since garnet is
only stable in mafic—ultramafic systems at depths below about
40 km. The Archean crust thus formed as a mixture of piled-
up basalts and related volcanic rocks and TTG intrusions and
extrusives. Only minor intracrustal melting appears to have
occurred in the earlier part of the Archean, since negative Eu
anomalies are rare, and areas of the crust that underwent such
melting (i.e., generating upper crustal negative Eu anomalies)
formed only localized cratonic regions of limited global extent.

6.4 The Hydrosphere

Oceans comprise 96.8% of the Earth’s near-surface
water and accordingly, completely dominate the REE mass
balance in the global hydrosphere. A thorough review of the
geochemistry of REE in natural waters can be found in Byrne
and Sholkovitz.” Most REE in both terrestrial and marine
waters are derived ultimately from the upper continental
crust and accordingly, normalization to average shale is most
informative. One notable exception is that REE in marine
hydrothermal fluids are derived ultimately from interactions
with oceanic basalts.

The abundances of REE in ocean water are
vanishingly low, in the part per trillion range, due to their
low solubility in natural waters and efficient scavenging by
sediment particles (Table 6; Figure 11). For perspective, a
column of ocean water of average depth (~4km) contains
about the same content of REE as 1 mm of clay-rich sediment
on the seafloor. Relative to shales, the average ocean water
REE pattern is characterized by a negative Ce anomaly and
a trend of HREE enrichment. This pattern results from a
variety of complex processes involving surface chemistry on
sedimentary particles and solution chemistry. Ce anomalies
form through a coupling with manganese redox chemistry. In
the marine environment, Mn" oxidizes to Mn" and forms Mn-
oxide particles that sink; the process is biologically mediated.
On Mn-oxide particles, cerium oxidation takes place and
Ce!V is adsorbed onto the particle surfaces and preferentially
removed from the water column compared to the trivalent
REE. One important sink for Ce'V is in diagenetically formed
Mn nodules in seafloor sediment. Enrichment of HREE results
from the fact that stability constants for many REE complexes
(mainly carbonate complexes in seawater) increase with
increasing atomic number and accordingly, the LREE are
preferentially scavenged by sediment particles.

In detail, REE abundances in marine waters are
heterogeneous both laterally and vertically. This is largely
a result of complex scavenging by particles as they sink
through the ocean column and the low residence times of
REE in seawater, ranging from about 50years for cerium,
240-500years for the LREE, and 520—-2900 years for the
HREE (Table 6). These residence times are less than or
comparable to the ~1000 year mixing times of the oceans.
It is this heterogeneity, especially for the LREE, which
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Table 6 REE concentrations in selected natural waters and residence time in seawater®*3-46
River Marine Continental Continental
Average Residence water hydrothermal high pH low pH
seawater time (Luce R)) water hydrothermal hydrothermal
La 4.17 500 59.0 — — —
Ce 0.631 50 84.2 325 52 46 000
Pr 0.535 240 — — — —
Nd 2.88 400 52.6 175 214 32000
Sm 0.601 400 12.1 39 53 8400
Eu 0.152 410 3.15 158 0.6 1700
Gd 0.739 520 13.1 32 32 8170
Tb 0.175 570 — — — —
Dy 1.06 740 15.9 22 2.8 6500
Ho 0.330 1820 — — — —
Er 1.09 2420 10.8 8.0 1.7 2570
Tm 0.169 2430 — — — —
Yb 1.12 2440 8.95 6.0 1.3 2700
Lu 0.227 2890 — — — —
Sc 0.84 8000 — — — —
Y 19.6 1670 — — — —
Concentrations in parts per trillion (pgg™!).
L R B B L B R makes the use of the 'Y7Sm='%Nd isotope system very
L i § useful for paleoceanography because it is possible to trace
100 et T distinctive water masses on the basis of their neodymium
: ; isotopic composition (143*Nd/"*4Nd).
C e Low-pH continental | . .
r hydrothermal water ] The REE contents in river waters are about an
- 1 order of magnitude greater than in seawater but are also
I ] variable in detail (Figure 11). Patterns are mostly HREE
104 ,"‘ 4 enriched relative to average upper continental crust (and
3 ! Marine ] average shale) and the degree of fractionation and absolute
L 0 hyd;f,’;?grr mal ] concentrations are pH dependent such that higher pH results in
I ! lower absolute concentrations and more fractionated (HREE-
° enriched) patterns. Accordingly, the major controls on REE
‘;_:, 105 E distributions in river waters are the upper crustal sources
g of REE coupled with preferential scavenging of LREE by
g [ 1 particles and colloids (especially Fe colloids). Ce anomalies,
g L - where present, are more muted than those observed in
& . seawater.
§ 107 3 E The final natural waters to be considered are
E High-pH continental ©TTrss. hydrothermal waters that form by the circulation of warm
L hydrothermal water 1 surface waters (e.g., ocean water, groundwater) into the
- 1 subsurface due to deep heat sources, such as magma chambers.
107L i In the marine setting, hydrothermal waters are mostly derived
. Seawater 3 from the circulation of seawater through the oceanic crust in
C ] the vicinity of the ridges. These waters are surprisingly uniform
I ] from place to place and characterized by very large positive
I ] Eu anomalies (Figure 11) thought to reflect the dominance of
108 ¢ E plagioclase alteration in the subsurface basalt. Once vented
onto the seafloor, the REE are rapidly scavenged and deposited
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

LaCe PrNd SmEuGd Tb DyHo Er Tm Yb Lu

Figure 11 Chondrite-normalized REE patterns of selected natural
waters

in the sediment around the ridges. In terrestrial settings,
hydrothermal waters commonly have relatively flat shale-
normalized REE patterns, reflecting the upper crustal sources,
with absolute abundances being pH dependent (Figure 11).
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7 CONCLUSIONS

From the earliest foundations of geochemistry and
cosmochemistry, the REE have proven to be crucial for
understanding a myriad of processes that have influenced
the origin and evolution of the solar system and Earth. REE
data provided new and important constraints on wide-ranging
topics as broad as constraining the earliest history of the solar
system using refractory inclusions in meteorites to tracing
the evolution of the Earth’s crust using sedimentary rocks
to understanding paleoceanography using ancient marine
authigenic phases. After 50 years of concerted effort, REE
geochemistry is now a fairly mature research field. For
example, high-quality REE determinations in geological
materials, once considered a major analytical challenge,
can now be obtained fairly routinely mainly using argon
plasma mass spectrometry. Most available geological and
cosmochemical reservoirs and processes have now been
evaluated at some significant level of understanding for their
REE geochemistry.

Although high-quality data can now be relatively
easily obtained, there are still issues with poor data that pass
peer review and gets published, and data quality remains a
lessening but still significant issue. Although there are many
international standards available for comparisons (probably
too many!), anomalous samples for which data quality may
still be an issue (e.g., the tetrad effect) would benefit from
international interlaboratory comparisons.

Research that is in need of increased attention by
geologists and geochemists is in the field of the economic
geology of REE. Increased use of REE in strategically
sensitive applications, coupled with limited occurrences of ore
deposits—in terms of both numbers and locations—indicates
a need for further research in at least two areas. The first is
better understanding of the geological relationships leading to
ore-grade REE occurrences (e.g., the origin of the largest REE
ore deposit on Earth remains controversial) and the second is
to further study the fundamental geochemistry of REE, using
experimental methods, to better understand processes that may
lead to such occurrences.

8 GLOSSARY

Archean Eon: The period of time between the occurrence
of the oldest rocks on the Earth (around 4000 million years
ago; prior to which is called the Hadean Eon) and the base of
the Proterozoic eon at about 2500 million years ago.

Authigenic: A mineral or other sedimentary rock
component that forms in place, rather than having been
transported. May form either at the time the sedimentary rock
was deposited or sometime after deposition by diagenetic
processes.

Carbonaceous Chondrites:  Type of stony meteorite,
characterized by the presence of hydrated, clay-type silicate
minerals and abundant organic matter. They represent among
the most primitive material known in the solar system, and
are thought to approximate the bulk composition of the
accreting solar nebula.

Carbonatite: A carbonate rock (calcite- and/or
dolomite-rich) of magmatic origin typically associated with
alkaline igneous rocks and kimberlites.

Crystal Fractionation:  Separation of mineral crystals from
a magma, typically by settling or flotation due to density
differences, resulting in magmatic differentiation.

Diagenesis: Chemical, physical, mineralogical, and
biological transformations undergone by a sediment between
time of initial deposition and metamorphism.

Granulites: Metamorphic rocks, commonly with coarse
grains and gneissic textures, formed at very high pressure and
temperatures, typical of lower continental crust.

Leucogranite: A type of highly evolved granite
characterized by light color due to a low content of dark
mafic minerals.

Lithosphere: Cool outer rigid layer of the Earth, including
crust and uppermost mantle. Separated from deeper
convecting layers of the mantle by the asthenosphere, a
relatively weak zone. Thickness varies from zero at active
mid-ocean ridges to as much as 200 km or more beneath
continents.

Partial Melting: Incomplete melting of a rock mass. The
magma commonly separates from the site of melting.

Pegmatite: A very coarse grained igneous rock, typically of
granitic composition, that forms during the latest stages of
magma crystallization when volatile contents are high.

Placer and Paleoplacer: Mineral deposits resulting from
mechanical concentration of mineral particles by sorting
according to density during sedimentary transport (placer
deposit), which may also be preserved in ancient sedimentary
rock sequences (paleoplacer).

Primitive Mantle: The mantle of a planet prior to the
extraction of any crust. Mostly used as a geochemical
concept that is the sum of the present-day mantle and crust
(but excluding the core) of a planet.

Proterozoic Eon: The period in Earth history between the
Archean and the Phanerozoic eons (2500—542 million years

ago).
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Regolith:

The general term for fragmental, unconsolidated

material that forms a cover over more coherent bedrock. May
be either a residual or transported deposit.

Solar Photosphere:

The bright visible surface of the sun,

resulting from a layer of strongly ionized gases.

Xenolith:

An inclusion within an igneous rock that is

genetically unrelated to the enclosing rock.
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the Lanthanides; Variable Valency.

10 ABBREVIATIONS AND ACRONYMS

Ce/Ce*

CI

CN

DMM

EH

EL

Eu/Eu*

HED

HREE

The ratio of measured Ce divided by the expected
Ce assuming a smooth chondrite-normalized REE
pattern (Ce*). Values deviating significantly from
1.0 are termed positive Ce anomalies (Ce/Ce*>1)
and negative Ce anomalies (Ce/Ce*<1).

Refers to the family of carbonaceous chondritic
meteroites named after the Ivuna meteorite. CI
chondrites are volatile rich and chemically the
most primitive known with compositions nearly
identical to the solar photosphere for the nongaseous
elements.

Coordination number.

Bulk solid-melt partition coefficient, which is the
ratio of the element concentration in the bulk rock
divided by the concentration in the coexisting melt.
Depleted mantle source of mid-oceanic ridge basalts
(MORB).

The class of enstatite chondrites with relatively high
enstatite content.

The class of enstatite chondrites with relatively low
enstatite content.

The ratio of measured Eu divided by the expected
Eu assuming a smooth chondrite-normalized REE
pattern (Eu*). Values deviating significantly from
1.0 are termed positive Eu anomalies (Euw/Eu*>1)
and negative Eu anomalies (Eu/Eu*<1).

Refers to H-type (high iron) ordinary chondrites.
The meteorite association comprising howardite,
eucrite, and diogenite types of meteorites thought to
be derived from the asteroid 4-Vesta.

Heavy rare earth elements—Gd—Lu.

Ky Mineral-melt partition coefficient, which is the ratio
of the element concentration in a mineral divided by
the concentration in the coexisting melt.

L Refers to L-type (low iron) ordinary chondrites.

LL Refers to LL-type (low iron, low metal) ordinary
chondrites.

LREE Light rare earth elements—La—Sm.

MORB Mid-ocean ridge basalts.

N Subscript ‘““N’’ refers to a chondrite-normalized
value.

OIB Oceanic island basalts.

PAAS  Post-Archean Australian shale

REE Rare earth element—in geochemistry nomencla-
ture, this refers to La—Lu, typically also including
Y, but excluding Sc.

SNC The meteorite association comprising shergottite,
nakhlite, and chassignite types of meteorites thought
to be derived from the planet Mars.

TTG Sodium-rich granitic rocks, including tonalites,
trondhjemites, and granodiorites, typically present
in Archean terrains (and in contrast with potassium-
rich granitic rocks).
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1 SUMMARY

Modern society has come to rely on the incredible
technological utility of rare earth elements (REEs). Many
products and applications are based on the unique electronic,
optical, and magnetic properties of REE. They are used
in manufacturing, medicine and catalysis, and provide the
foundation for many clean energy technologies. REEs are
critically important in military components and therefore
considered *‘strategic’’ with regards to national defense.

However, the widespread use of rare earths has
developed with two false assumptions: (i) REEs will always
be available, regardless of their location and the environmental
costs associated with their extraction and (ii) rare earth
resources are sufficiently vast that the elements can be
incorporated into single-use commodities. Unfortunately, REE
resources are finite and access to REE supplies is uncertain.
If the current standards of living are to be maintained, and
the ability of future generations to enjoy a similar quality
of life is to be ensured, REEs need to be produced and
used in a sustainable manner. This should involve reducing
the amount of REEs in single-use products, recycling and
reusing REEs that are currently being produced, and finding
sustainable REE substitutes whenever possible. Ultimately,

products containing REEs should be designed in a ‘‘cradle-to-
cradle’’! manner, which is cost-effective and environmentally
benign, and ensures a supply of REEs for future generations.

2 INTRODUCTION

Modern society, at the national and individual levels,
has come to rely on the unique electronic ( The Elec-
tronic Structure of the Lanthanides), optical, luminescent
(Lanthanides: Luminescence Applications, Luminescence),
magnetic (Magnetism), and catalytic (Homogeneous Cataly-
sis, Heterogeneous Catalysis) properties of the REEs. REEs,
the 17 lanthanoid elements, along with scandium (Sc) and
yttrium (Y) are used in catalysts, metal alloys, and magnets,
which accounts for about 60% of global REE consumption
(approximately evenly divided among the three applications).?
They are also used in glass, polishing, phosphors and pig-
ments, ceramics, and other products and applications. REEs
are also important in medicine, albeit in relatively small
amounts, as shift reagents (Lanthanide Shift Reagents) and
magnetic resonance imaging (Lanthanides: Magnetic Reso-
nance Imaging). Significantly, REEs are essential in clean

The Rare Earth Elements. Edited by David A. Atwood. © 2012 John Wiley & Sons, Ltd. ISBN 978-1-119-95097-4
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energy technologies for wind turbine generators, low-energy
lighting, fuel cells, magnetic refrigeration, and rechargeable
batteries in hybrid electric vehicles (HEV).® Furthermore,
REEs are used in majority of military components and there-
fore considered ‘‘strategic’’ with regard to national defense.
It has been noted that ‘It is easier to find a defense system
that has rare earths in it than to find one that does not use
them.””? The use of REEs in this new, broad range of prod-
ucts and applications has increased significantly over the past
decade and is expected to continue to increase in the coming
decades.

The widespread use of rare earths has developed with
two dangerous assumptions: (i) REEs will always be available,
regardless of their location and the geopolitical implications
and (ii) REE resources are sufficiently vast that the elements
can be used indefinitely in products designed to be used only
once.

This chapter does not address the political aspects
of rare earth resources embodied in the first assumption.
This is a complicated subject that includes how indigenous
resources are managed by the countries where they are found
and the environmental regulations associated with the mining
and isolation of REEs. In addition, this chapter does not
describe the substantial human impacts of REE extraction and
use. Instead, it outlines the problems and potential solutions
associated with the use of the earth’s limited REE resources
in products and applications.

3 ENDANGERED ELEMENTS

Essentially, all metal use is currently unsustainable,
with the possible exception of those such as iron, aluminum,
and silicon that comprise a significant fraction of the earth’s
crust (if the energy costs of their extraction and isolation
are not considered). Warnings about the dwindling supplies
are summarized for the REEs and other elements in an
‘‘endangered elements periodic table’” (Figure 1).*° Elements
become ‘‘endangered’’ because of (i) limited supplies, (ii) use
in dispersive technologies, (iii) rapid growth in use, (iv)
environmental effects being sufficiently damaging to preclude
extraction, (v) geopolitical limits to the resource, and (vi) the
absence of recycling. On the basis of these criteria REEs
are considered, at the least, as ‘‘having limited availability
with a future risk to the supply,”” and europium (Eu), terbium
(Tb), dysprosium (Dy), and ytterbium (Yb) are listed as
“*seriously threatened in the next 100 years.”’* A complicating
factor unique to REEs by comparison to other metals is
that REEs are not mined as separate elements but as groups
of elements. Increased production for a group of elements,
such as dysprosium, praseodymium, and neodymium used in
magnets, will lead to increased production of most of the other
REEs. Ironically, the move to address climate change and
create sustainable energy with HEV and wind turbines will
result in increased ‘‘endangerment’’ of praseodymium (Pr),
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Figure 1 The ‘‘endangered elements periodic table’’ created by Mike Pitts, the sustainability manager for Chemistry Innovation. The periodic
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neodymium (Nd), and Dy since these elements are used in
wind turbine generators and HEV rechargeable batteries.

4 RESOURCES AND CONSUMPTION

REE:s are classified as lithophiles and are partitioned
into the earth’s crust and mantle. The name ‘‘rare earths’’
originated over a century ago when the elements were
first identified in minerals that, at the time, were ‘‘rare.”’
The elements are actually distributed widely over the earth
and relatively accessible on the earth’s surface. For a
comprehensive description of REE geology, geochemistry,
and natural abundances, see Geology, Geochemistry, and
Natural Abundances of the Rare Earth Elements. In 2010,
the United States Geological Survey (USGS) estimated that
there were REE reserves of 110 million metric tons (mt).®
The static depletion index, the ratio of reserves to present-day
production, for REEs is approximately 870 years.” Thus, the
primary immediate consideration is whether REE production
can match demand, and particularly whether it will be possible
to increase the use of dysprosium and neodymium in wind
turbines and the batteries of electric vehicles.

In 2008, the global production of rare earth oxides
(REOs) was 129000 mt, which corresponds to 109 000 mt
of metallic elements. Global demand for REEs has been
increasing over the past few years, and the demand
has exceeded the amount that China was able to export
(Table 1).

5 MARKETS, PRODUCTS, APPLICATIONS

The markets for REEs can be divided into those
that are mature and those that are based on more recent
technological advances and high growth.® Mature markets,
accounting for ~60% of global consumption, include
the use of REEs in catalysts, glassmaking, lighting, and
metallurgy. High-growth markets, accounting for ~40% of
global consumption, include battery alloys, ceramics, and
permanent magnets (for use in electronics, for example).

Some examples discussed below demonstrate the scale of REE
consumption.

In 2008, automotive catalytic convertors utilized
6840mt CeO,, 380mt of Lay,Osz, and 228 mt of Nd,Os.
However, more cerium was used as a glass additive and in
glass polishing. The predominant use of La, O3, at 17 800 mt,
is the refining of petroleum into lighter hydrocarbon fractions
(called fluid catalytic cracking). The Prius nickel metal-
hydride (NiMH) battery contains 22 kg of La and Ce. The
“metal’” in NiMH is lanthanum. Cerium and lanthanum
accounted for about 63% of the total consumption of REEs
in 2008. The Prius has 10 different components that contain,
collectively, La, Ce, Eu, Y, Nd, Pr, Dy, and Tb.® Neodymium,
and lesser amounts of Pr, Dy, and Gd, is the basis of the
strong, permanent, and lightweight magnets that are a critical
component of a wide variety of products such as wind turbine
generators, electric motors, and cell phones. For example,
a 3.5-MW wind turbine incorporates 600 kg of REEs. Each
Prius HEV contains 22 kg. In 2008, the consumption of Nd, O3
was 23 900 mt. This makes Nd the third most consumed REE
after cerium (Ce) and lanthanum (La).

6 REDUCED USE AND RECYCLING

In response to the recent high REE prices,
manufacturers have begun reducing the amounts of the
elements in their products. General Electric has reduced the
amount of REEs used in the motors that power windmills.
Toyota and other car manufacturers are exploring the
possibility of replacing REE-containing magnetic motors
with the induction motor used by Tesla motors. However,
issues such as the increased weight of the induction motor in
comparison to magnetic motors remain to be addressed.

Only about 20 of the 60 most economically valuable
metals are currently being recycled at rates >50%. REEs are
essentially not being recycled at all, with a recycling rate
<1%.1%!1" The majority of the recycling that takes place is
the recovery and reuse of material from the production of
new magnets. However, Shin-Etsu plans to begin reclaiming
the rare earths from used magnets.”> New chemical and
engineering technologies will be needed to recover and recycle

Table 1 Comparison of Chinese and world REE production and demand

2008®@ 2009 2010 2011 2012®
Global demand 124 85 120 105 123
Production: China 125 120 109 98 na
Consumption: China 68 60 71 70 80
Export quota 56 50 30 30 30
Rest of world demand 56 25 49 35 45

@ Amounts in 100 000 mt.
® Anticipated as of May 2012.
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REEs already in circulation, if the use of REE resources is to
eventually become sustainable. This is both a necessity and
an opportunity.

7 FATE AND DISPOSITION

The absence of reuse, recovery, or recycling of REEs
led to the majority, 58 700 mt, being ultimately disposed
in landfills in 2008. Construction aggregate accounted for
21000 mt. However, 38 800 mt remained in the ‘‘consumer
product reservoir,”” meaning that a significant fraction of 2008
production remained in durable products.

8 CONCLUSIONS

Future updates to this chapter will include separate
sections to describe recent advances in material reduction,
reuse, and recycling in mature markets (catalysts, glass
industry, metallurgy, and phosphors) and developing markets
(ceramics, Nd magnets, and battery alloys). Intense research
and development is on to explore the possibility of replacing
REEs with other elements and compounds.

Making REEs a sustainable resource will require a
careful consideration of the economic, environmental, and
societal implications of REE extraction and use. Sustainable
practices in the REE industry must be instituted not only to
preserve the quality of life in our current society but also to
ensure that future generations may enjoy a similar quality of
life.

In the words of Mike Pitts, the sustainability manager
for Chemistry Innovation:!3

The real problem is the way we obtain, use and discard
rare earth elements. In our linear economy, getting hold of
them depends on finding sufficiently concentrated sources. We
then smash the ores of the ground, expend huge amounts
of energy purifying them, use them and then discard them.
The concentration of rare earth elements and other precious
metals in our waste streams is often higher than in the ore.
Ultimately, the scarcity of rare earth elements comes down
to our own short-sightedness and the apparent low cost of
business as usual—dig it up, use it, discard it. If we value
modern society and want to build a better future, business
as usual is no longer an option. We must treasure our rare
resources.

9 FUTURE OUTLOOK

The many new possibilities for REEs, and those that
are sure to be discovered, are likely to be unrealized unless the

elements can be produced and used in a sustainable manner.
REEs should follow the example provided by industries using
the platinum group metals (PGMs—Ru, Rh, Pd, Os, Ir, Pt),
where recycling and reuse have been integrated into the
applications. The cost of the PGMs has motivated this more
sustainable approach. The PGMs are predominantly used as
catalysts, which makes their isolation more cost-effective
and relatively easier in comparison to the REEs that are
predominantly used as components in complicated products.
Nevertheless, availability and cost are likely to provide the
motivation for similar strategies with the REEs. One potential
advantage for REEs is that they will be, in effect, more
“‘concentrated’’ in easily identified products compared to
their mineral forms. There are significant possibilities for the
development of new chemical and engineering technologies
to isolate REEs and other ‘‘endangered elements’’ from the
products that form the foundation of modern society. These
must be developed given the impending scarcity of such
critical elements. Otherwise, at some point in the not-so-
distant future our massive landfills will become the next
“‘mine-sites’’ to obtain the REEs.

10 GLOSSARY

Lithophiles: Elements located in the earth’s crust and
mantle that typically form ionic bonds and have a high
affinity for oxygen. REEs are lithophiles, as are Na, K, Mg,
Ca, Fe, and Al

Sustainable resource: A resource where the rate of
consumption is balanced by the rate at which the resource is
replenished. An example is products made from wood when
the rate at which the trees are harvested matches the rate at
which new trees mature. Minerals are not a sustainable
resource.

11 END NOTES

2 The role of REE in clean energy technology was
the subject of a recent U.S. Senate Hearing: Rare Earths,
hearing before the Subcommittee on Energy of the Committee
on Energy and Natural Resources, United States Senate, 111"
Congress, 2" Session, to examine the role of strategic minerals
in clean energy technologies and other applications, as well as
a legislation to address the issue, including S. 3521, The Rare
Earths Supply Technology and Resources Transformation Act
of 2010; September 30, 2010 (62—707 PDF).
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1 SUMMARY

This chapter covers the electronic configuration
of the lanthanides as elements and as ions. The valence
configurations of these elements are influenced by attractive
interactions between the positively charged nucleus and the
negatively charged electrons, and by repulsive interactions
between negatively charged electrons. The configuration is
further influenced by the mutual interaction of the angular
momenta of each electron as well as interactions of these
electrons with ligands surrounding the atom.

2 INTRODUCTION

The lanthanide ions are the first row of the f-block
in the periodic table, often also called the inner transition
elements, due to their placement between the s- and the
d-block. In agreement with the Aufbau principle and
Madelung’s energy ordering rule,'? it is for these elements
that the 4f orbitals starting being filled. The filling order
of the orbitals is greatly influenced by relativistic effects,
as addressed below.3 The 4f orbitals, while part of the
valence configuration, are shielded from the coordination

environment by the filled 5s and 5p orbitals, and that is the
case for lanthanides in their atomic state as well as higher
oxidation states, as shown in Figure 1. This greatly influences
the chemistry as well as the spectroscopic and magnetic
properties of these elements.*~’

3 VALENCE CONFIGURATION OF THE METALS

Owing to relativistic and nonrelativistic increased
nuclear attraction, atoms with heavy nuclei, starting with the
third row of the periodic table, experience contraction of the s
and p orbitals, while the d and f orbitals, already diffuse and
less penetrating, further expand owing to increased shielding
from the nucleus.>!%1! This leads to an electron configuration
in which all 15 lanthanide elements share the xenon core, [Xe],
corresponding to 15%2s22p®3s23p%3d'94s24p®4d'°5s25p°. The
remaining electrons, the valence electrons, are then placed
in the 6s orbital and, with exception of La, Ce, Gd, and
Lu, in the 4f orbital, since the energy difference between
the 4f and 5d orbitals is large. Nonetheless, La, Gd, and Lu
place one electron in the 5d orbital, a configuration which
is favorable as it leads to an empty 4f° (La), a half-filled
4f7 (Gd), and a fully filled 4f'* (Lu) orbital and is further
supported by relativistic considerations, which also explains

The Rare Earth Elements. Edited by David A. Atwood. © 2012 John Wiley & Sons, Ltd. ISBN 978-1-119-95097-4
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Figure 1 Radial charge density of the valence orbitals of Gd* (a) (This figure was published in Ref. 8, Copyright Elsevier (2003)) and Pr**

(b). (Redrawn from B. G. Wybourne, Ref. 9)

the configuration of cerium.>® However, it is found that for
metallic lanthanides, the gas phase electronic configuration is
4f+1652.7 The valence configurations for the metallic atoms
are summarized in Table 1.

In these elements, the 4f electrons are highly
localized, as the 5s and Sp are higher in energy and the
orbitals are more spatially extended. Thus, while the 4f
electrons convey the atoms and ions interesting magnetic and

spectroscopic properties, in the metallic state, their chemical
and physical behavior is dictated by the 5d and 6s valence
electrons.®’ These electrons form the conduction band, along
with some contribution from a 4f electron, with the remaining
electrons forming the localized +I11I core. However, europium
and ytterbium only donate two electrons to the conduction
band, and therefore in the metallic state, a core with +II

oxidation state exists for these two elements.”113
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Table 1 Valence electron configurations of the lanthanides La—Lu in the oxidation states 0, +II, 4+III, and +IV and corresponding term

symbols

Atomic Element symbol Valence Term symbol Valence Term symbol Valence Valence

number and name configuration of element configuration of L' configuration configuration
of element of L™ of Ln!! of Ln'V

57 La—lanthanum [Xe]5d!6s? Ds)n [Xe] ISy [Xe]5d! [Kr]4d'05s%5p°

58 Ce—cerium [Xel4f'sd'6s>  3Hy [Xel4f! 2F5/2 [Xe]4f? [Xe]

59 Pr—praseodymium  [Xe]4f>6s> o2 [Xel4f2 3H, [Xel4f? [Xe]4f!

60 Nd—neodymium [Xel4f*6s> 31y [Xel4f? o/ [Xel4f* [Xe]4f>

61 Pm—promethium [Xe]4f> 65 Hs), [Xe]4f* 31, [Xe]4f [Xel4f?

62 Sm—samarium [Xe]4f°6s? "Fy [Xel4f °H; 2 [Xe]4f® [Xel4f*

63 Eu—europium [Xe]4f? 6s2 83, 2 [Xe]4f® "Fy [Xe]4f [Xel4f

64 Gd—gadolinium [Xel4t’5d'6s>  °D, [Xe]4f 8S7/2 [Xel4f75d! [Xe]4f®

65 Tb—terbium [Xe]4f65? H;s» [Xe]4f Fg [Xe]4f [Xel4f’

66 Dy— dysprosium [Xe]4f!06s? Slg [Xe]4f Hs) [Xe]4f!0 [Xe]4fd

67 Ho—holmium [Xel4f!!6s? 4115/2 [Xe]4fl® 3Tg [Xe]4f!! [Xel4f

68 Er—erbium [Xe]4f!26s? 3Hg [Xel4f!! Misp [Xel4f'? [Xe]4f!0

69 Tm—thulium [Xe]4f136s? 2Fip [Xe]4f!? SHe [Xe]4f!3 [Xe]4f!!

70 Yb—ytterbium [Xe]4f!46s? 'S, [Xe]4f!3 2F1) [Xe]af!4 [Xe]4f'2

71 Lu—lutetium [Xe]4f!45d! 652 2D5/2 [Xe]4f!4 ISy [Xel4fi46s! [Xe]4f'?

4 TERM SYMBOLS

The electronic configuration of a polyelectronic atom
in its ground or an excited state is given by the term symbol
25+11,;, where 28 + 1 is the spin multiplicity, S the total spin
quantum number (S = ) _; s;, with s; the spin quantum number
of electron i), and L is the total angular momentum quantum
number (L = ), I; with /; the angular momentum quantum
number of electron i). Instead of numbers, L is indicated
by the letters S, P, D, F, G, H, etc., for L =0, 1, 2, 3, 4,
5, etc. J is the total spin—orbit coupling quantum number
(J=L+S,...|[L—S]) and is defined for elements in
which spin—orbit coupling, also known as Russell—Saunders
coupling, is valid, which is the case for the heavy lanthanides.’
In Table 1, the ground state term symbols for the elemental
lanthanides are indicated. The reader is referred to additional
references for methods to determine the term symbols for
ground and excited states. 415

5 VALENCE CONFIGURATIONS OF THE IONS

Despite the presence of the 6s” electrons in addition
to the 4f and the Xe core for most lanthanides, the most
common oxidation state is +III and not +1I, as is seen for the
alkaline-earth metals which have a similar configuration. The
electronic configurations for this oxidation state, along with
the corresponding term symbols, are summarized in Table 1.
In the oxidation state +III, the configuration is [Xe]4f" for
all of the ions, with n =0 for La' to n = 14 for Lu'll.
The more common +III state is justified by the additional
stabilization gained in interactions of the triply charged

instead of doubly charged ions, which offsets the energy
expended for the removal of an f electron.!® For example,
the hydration energies AG® of the divalent lanthanide ions
average 1402 + 68 k] mol~!, while for the trivalent lanthanide
ions, the average is 3362 & 126 kJ mol~'.!” Nonetheless, an
oxidation state of +1I is frequently attained by europium and
ytterbium, since these ions will have configurations with half-
filled and fully filled 4f shells, which translate, for example,
into relatively mild reduction potentials of —0.34and —1.18 V,
respectively.!” Similarly, samarium easily reaches the +II
oxidation state, and its reduction potential is 1.50 V.7 The
extra stability of the half-filled and fully filled shells is seen
for terbium and cerium, both of which are encountered in
the +IV oxidation state, with reduction potentials of 1.7 and
3.3 V, respectively.!® More recently, the unusual oxidation
states, most notably +II, have been reported for several
other lanthanides in organometallic compounds,'®~?! despite
the large reduction potentials (<—2.22 V).!7 The +IV states,
especially of terbium, are more frequently seen in solid-state
inorganic compounds.?2~24

6 GROUND AND EXCITED STATE
CONFIGURATIONS OF THE +III OXIDATION
STATES

The ground state electronic configurations summa-
rized in Table 1 are indicated with their corresponding term
symbols. In addition to the ground state, every lanthanide has
excited states. The total degeneracy or number of microstates
(D) for a given electronic configuration for an element with a
4f" configuration, for which the angular momentum quantum
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Figure 2 Observed energy levels of the Ln™

number [ = 3, is given by equation (1).

@+ Al
T @A42-min! T (14—n)n!

6]

This degeneracy is lifted when electron—electron
interactions are considered, as well as spin—orbit coupling,

aqueous ions with term symbols

27-32

leading to a large number of nondegenerate levels for each
lanthanide. Energies of these states can be calculated, and
are also observed in absorption spectra of the atoms and
ions.?® The energy levels observed in absorption spectra of the
Ln*" ) ions are displayed in Figure 2. The large number of
levels further splits when the ions are placed in a crystal field.



THE ELECTRONIC STRUCTURE OF THE LANTHANIDES 31

Table 2 Number of new M, sublevels for a parent J term in a given group symmetry’

8,33

Symmetry Integer J

0 1 2 3 4 5 6
Icosahedral I, 1 1 1 2 2 3 4
Cubic Oy, O, Ty, Ty, T 1 1 2 3 4 4 6
Hexagonal Dgn, Ds, Csv, Cons D3n, Can, D3d, D3, Csy, S¢, C3 1 2 3 5 6 7 9
Pentagonal Dsy, Csp, Csy, Cs, Ds 1 2 3 4 5 7 8
Tetragonal D4h, D4, C4V, C4h, C4, D2d, S4 1 2 4 5 7 8 10
Low Dap, D, Cyy, Cop, Cs, Cs, Sz, Cy 1 3 5 7 9 11 13

Half-integer J

1/2 32 52 72 9/2 1172 13/2 15/2 17/2
Cubic 1 1 2 3 3 4 5 6 6
Other symmetries 1 2 3 4 5 6 7 8 9
The crystal field has a similar effect on the f elements as on the interaction’ is given by equation (3d).8’9’34_36
transition metals, leading to symmetry-dependent splitting,
but in the case of the f elements, the observed splittings are o 26: FE Ga)
much smaller. While a d-block element experiences crystal c = *
field splitting energies in the range of 15 000 to 25 000 cm ™', o —
. . A 0 = ar S X L (3b)
in the case of the lanthanides, the splitting is in the range
100-500cm~"2% In a crystal field, lifting of the 2J + 1 He =) By(Cy); (3¢)
degenerate J levels leads to up to 2J + 1 new Stark levels, b
as summarized in Table 2, depending on the point group H,=gBBxJ Gd)

symmetry of the lanthanide ion.

These new states are assigned additional quantum
numbers M;.3* A similar lifting of the degeneracy is seen
when the ions are placed in a magnetic field and the Zeeman
levels are observed.”3*

7 LIFTING OF DEGENERACIES OF GROUND AND
EXCITED STATES

The behavior of the electrons in the atom or ion
is given by a wave function, which is a solution of the
Hamiltonian for the system. In the case of the lanthanides, the
Hamiltonian H is given in equation (2).

H = H, + Hee + Hy, + Her + H, 2)

H, is the contribution to the Hamiltonian from
the kinetic energy of all the electrons and their Coulomb
interaction with the nucleus. The effect of H, is equal on all
electrons, not leading to a lifting of the degeneracy of the
levels and can therefore be taken as a constant. H.. is the
contribution from electron—electron Coulomb interactions,
given by equation (3a), H, is the contribution from the
coupling of the spin and orbital angular momentum of the
electron, given by equation (3b). H. is the contribution
from the crystal field, given by equation (3¢c), and H,, the
Hamiltonian due to the Zeeman effect or magnetic field

F are Slater’s radial integrals with coefficients f*
and k an even integer. The radial integrals can be fit to
experimentally observed energy levels, and representative
values are shown in Table 3. &4, the spin—orbit coupling
constant, is a radial integral. It is a constant for any states with
the same configuration and can be fit experimentally; its values
range from approximately 600 to 3000 cm~!, depending on
the number of electrons in the 4f shell, as shown in Table 3.°

S, L, and J are the quantum numbers defined above,
qu is a tensor operator, with the same symmetry properties
as the angular integrals, and qu its expansion coefficient or
crystal field parameter, g is Landé’s value, B the external

Table 3 Parameters (cm™') for energy levels of solution absorption
spectra of Ln™ with f' configuration®3¢

Ln'! n F Fy Fs Gag
Ce — — — — 644
Pr 2 304.7 50.82 5.16 714.5
Nd 3 333.6 48.06 5.450 874.1
Pm 4 351.0 47.70 5.9300 1030
Sm 5 371.8 54.02 6.027 1171
Eu 6 470.6 70.91 4,953 1297
Gd 7 488.4 46.28 6.219 1454
Tb 8 486.7 69.17 5.859 1681
Dy 9 420.0 58.00 6.346 1900
Ho 10 415.0 68.80 7.270 2163
Er 11 4332 667.10 7.360 2393
Tm 12 447.6 67.12 7.336 2652
Yb 13 — — — 2882.7
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Table 4 Nonvanishing crystal field parameters qu for various symmetries?

6

Crystal symmetry Site symmetry

Monoclinic
Rhombic
Trigonal

Cs> CZ, Czh

Cay, D2, Doy

Cs, Se

Csy, D3, D3g

Cy4, S4, Cyp

Dy, Cy4y, D2g, Dap

Cs, Can, Con, Ds, Cey, D3n, Den
T, Tq, Ty, O, Oy

Tetragonal

Hexagonal
Cubic

B, Re(B?), BY, BS, B}, B, B¢

BY, Re(BZ, B3, BS, B}, BS, BY)

BS, Re(BY), BY, B¢

Bi, By, B{,Re(B3,BS, BY)

BY, Re(BY), B!

BY, Re(B], BY)

o-  Bos Re(B)

Bj, B§,Re(B}, BS) (B =5//70 B}, BS = —/(7/2)BY)

. M=+2-2  +1/5 B}
sm——sSSISSoC —=M=+1-1 11083

3 - _ 2
P2 - M;=0 -1/5 B2

E (arb.un.)

M,=0 +1/5 B3
-110 B3
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Figure 3 Effects of the electron—electron interaction, spin—orbit
coupling (indicated by the spin—orbit constant 1), a spherical crystal
field, and a crystal field of D3, symmetry (indicated by the crystal
field parameters Bg) on the energy levels of the 3P term of Pr3+8: 36

magnetic field, and 8 is Bohr’s magneton. For a 4f system,
k has the values 2, 4, and 6, while |¢g| < k.3 The qu
crystal field parameters can also be fit experimentally.?535-36
Their sign and magnitude depend on the symmetry of the
crystal field around the lanthanide ion and equation (4), which
includes an imaginary crystal field parameter, represents the
crystal field Hamiltonian for trigonal Csj, symmetry.*’

He = B2C2 + BiCl + BSCS + BS(CS + CO) +iB'S(CO — C&) (4)

Table 4 summarizes which qu parameters are
nonvanishing for other symmetries.

A many-electron spin—orbit constant for a 4{" ion,
the parameter X, can be defined and is related to {4s as shown
in equation (5).8

_ b
n

A 6]

Landé’s interval rule specifies that the energy of two
neighboring levels with quantum numbers J and J — 1 is
proportional to J by the parameter 1, as discussed below.

Considering a central field approximation, in which
the electrons move independently in a spherically symmetric
potential, it is possible to determine the energies of the
different electronic configurations and inspect the lifting of
the degeneracy through the electron—electron interactions, the
spin—orbit coupling, as well as the crystal field effect. How
these perturbations affect a given lanthanide ion is shown in
Figure 3 for the 3P level of Pr3* in an environment of Ds;,
symmetry. The electron—electron interactions and spin—orbit
coupling lead to the splitting of the P level into *Py, 3P, and
3P,. In the presence of a spherically symmetric crystal field,
the energies of these levels are raised, but it is only in the
presence of a different symmetry field, such as Ds;, that the
splitting into Stark levels is observed.

8 CONCLUSIONS

The properties of the f elements are strongly
influenced by the core nature of the 4f electrons. In the metallic
state, in addition to the 4f electrons, the valence configuration
contains 6s and, in some cases, 5d electrons. As ions, the
oxidation state commonly seen is the +III state. The valence
electron configuration then is composed only of 4f electrons.
These f electrons display a large number of degenerate states
in the absence of any interactions. However, perturbations
such as electron—electron interactions, spin—orbit coupling,
an external crystal field, or external magnetic field lead to
lifting of the degeneracy and the appearance of numerous
nondegenerate levels.
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9 GLOSSARY

Coulomb interactions: Electrostatic interactions between
charged particles. These interactions are attractive in the case
of differently charged particles and repulsive for equally
charged particles.

Crystal field: The static electric field generated by a group
of ligands modeled as point charges surrounding a central
atom or ion and which contributes to a differentiation of the
energies of initially degenerate orbitals.

Degenerate levels: Levels with the same energy.

Relativistic effects:  Difference in calculated properties

of a system with electrons when considering and without
considering relativity theory. In heavy atoms with highly
positive nuclear charges, electrons near the nucleus are
accelerated to close to the speed of light to avoid collapsing
into the nucleus. As a result of the increased speed, they
experience a relativistic mass increase and a relativistic
contraction of the radius of their ‘‘orbit’” around the nucleus.

Spin—orbit coupling: Interaction of the spin of the electron
with its angular momentum of movement around the nucleus.

Stark effect:  Lifting of the degeneracy of levels due to an
external electric field.

Zeeman effect:  Lifting of the degeneracy of levels due to an
external magnetic field.

10 ABBREVIATIONS AND ACRONYMS

8+, term symbol of ground or excited
state

285 +1 spin multiplicity

S = o;s; total spin quantum number

S spin quantum number of electron i

L = o;l; total angular momentum quantum
number

l; angular momentum quantum num-

ber of electron i

J=L+S,...,|L — S| spin —orbit coupling quantum num-

ber

D total degeneracy of a state; number
of microstates

l one-electron angular momentum

quantum number
principal quantum number
Hamiltonian

) contribution to Hamiltonian from
kinetic energy of all electrons and

=

= 0o

11

© N o w»

10.

11.
12.
13.

14.

their Coulomb interaction with the
nucleus

contribution to Hamiltonian from
electron—electron Coulomb inter-
actions

contribution to Hamiltonian from
spin—orbit coupling

contribution to Hamiltonian from
crystal field

contribution to Hamiltonian due to
interaction with magnetic field
Slater’s radial integrals

coefficient to Slater’s radial inte-
grals, k is even integer

spin-orbit coupling constant, a
radial integral

many-electron spin—orbit constant
tensor operator

expansion coefficient of tensor
operator; also, crystal field parameter
Lande’s value

external magnetic field

Bohr’s magneton
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1 SUMMARY

The most stable oxidation state for all lanthanide
elements is the +3 state. This primarily arises as a result of
the lack of covalent overlap, which stabilizes low and high
oxidation states in the d-block metals by the formation of ©
bonds. While some zero-valent complexes are known, only the
+2 and +4 oxidation states have an extensive chemistry and
even this is restricted to a few of the elements. The reasons for
the existence of compounds in the +4 and +2 oxidations states
can be found in an analysis of the thermodynamics of their
formation and decomposition reactions. For example, while
the formation of all LnF4 and LnX is favorable with respect
to the elements, there are favorable decomposition routes to
Ln"!' for the majority of them. As a result, relatively few
are known as stable compounds. Thus LnX4 decomposition
to LnX;3 and X, is generally favorable, while most LnX,
are unstable with respect to disproportionation to LnX; and
Ln.

In aqueous solution, all Ln’* ions are stable
and the observation of Ln'Y and Ln" species is only
possible as decomposition by either oxidation or reduction
of water is, in some cases, slow, e.g., in Ce!V and Eu’*.
The redox potentials of Ce!V are dependent, to some
extent, on the ligands bonded to the ion and this may
account for the existence of a few compounds with readily
oxidizable groups bound to Ce** such as chloride and even
iodide.

2 INTRODUCTION

The term variable valency is normally applied to
transition metals and p-block elements where interconversions
from one oxidation state to another are often easily achieved
and several oxidation states of an element are readily
accessible. For example, Fe'! and Fe' are conveniently
interconverted by use of mild oxidizing and reducing agents
and many p-block elements have a large range of available
oxidation states, e.g., S~ to SV and C17! to CIVII!,

For lanthanide metals, the situation is very different
and the +3 oxidation state is by far the most stable in
aqueous solution and in the solid state and the oxidation
and reduction of the Ln3* ion is usually very difficult. With
the possible exceptions of cerium and europium transitions
between oxidation states require forcing conditions. The
products of these oxidations and reductions are almost always
unstable with respect to the +3 oxidation state.

For lanthanide metals, the range of oxidation states
is thus very limited and for many of the metals, the +3 state
is the only significant one.

This limited range of oxidation states can be
explained by the lack of covalent bonding, which plays a major
role in the stabilization of transition metal compounds in both
low and high oxidation states. For instance, in metal carbonyl
complexes, such as Fe(CO)s, the high electron density at the
metal center is reduced by overlap between the filled metal d
orbitals and the empty CO 1* orbitals (Figure 1a). Similarly,

The Rare Earth Elements. Edited by David A. Atwood. © 2012 John Wiley & Sons, Ltd. ISBN 978-1-119-95097-4
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Figure 1 The nt bonding in (a) low valent and (b) high valent transition metal complexes
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Figure 2 The shapes of the f orbitals

in high oxidation state complexes such as MnO4~, prn—dn
bonding increases electron density at the MnY!! center by
donation of electron density from the filled oxygen 2p orbital
into empty metal d orbitals as illustrated in Figure 1b.

The valence 4f orbitals on lanthanides do not possess
the correct symmetry for such overlap as can be seen in the
boundary surfaces shown in Figure 2. In addition to this, they
are effectively embedded within the 5s and 5p core and do
not extend to the bonding region on the periphery of the

Table 1 The distribution of oxidation states of lanthanides

atom. Thus, covalent overlap and the stabilization it brings to
high and low oxidation states are not possible for lanthanides,
where bonding is essentially electrostatic in nature.

3 ZERO OXIDATION STATE COMPOUNDS

Compounds in the zero oxidation state! are
represented mainly by a number of unstable carbonyl
complexes that decompose well below room temperature and
some better characterized zero-valent complexes with bulky
aromatic hydrocarbons. Their stability depends in part on the
low 4f — 5d promotion energies, which allow the formation
of covalent bonds. Their synthesis requires special conditions
and they are not further discussed here.

4 DISTRIBUTION OF OXIDATION STATES

While the +3 oxidation state is the most stable for
all lanthanide elements, some do show a significant chemistry
in +2 and +4 oxidation states as indicated in Table 1.

Simple thermodynamics in the form of thermochem-
ical cycles can often shed light on the changes in stability of
the +2 and +4 states.

4.1 The +4 Oxidation State: Solid State

The existence of compounds in the +4 oxidation
states can be correlated to the relatively low ionization energies

+4 v N N
+3 La Ce Pr Nd Pm Sm Eu

2 - = =y =

v v
Gd Tb Dy Ho Er Tm Yb Lu
— VA
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I+l 13+,

Lng)

AH,

sub

Ln(s) + 2X2

Figure 3 A thermochemical cycle for the formation of LnX4

associated with the production of Ln**, e.g., when the Ln*+
ion has an especially stable electronic configuration as in Ce**+
(4f %) and Tb** (4f”). However, this does not fully explain
the observation of +4 oxidation states for other lanthanides,
some of which have a limited range of compounds in the +4
oxidation state without a stabilizing electronic configuration.
Thus Pr'V, Nd"V, and Dy'"V can all be prepared albeit with
some difficulty.

The accessibility of the +4 oxidation state can be
examined by use of thermochemical cycles. For solid-state
compounds, the enthalpy of formation of tetrahalides, LnXy,
can give an insight into the factors that influence the variation
in the stability of oxidation states. A cycle for the estimation
of the enthalpy of formation of LnXy is shown in Figure 3.

From this, the enthalpy of formation is as shown in
equation (1)

AHy = AHap + (L + L + 5 + 1) + Us(LnXy) + ¢ (D)

where [, refers to the respective ionization energies (/; for
Lng) — Ln" ) + e etc.) and U,(LnX4) is the lattice energy
of the tetrahalide and ‘‘c’’ is a constant that depends only
on the properties of the halogen and thus does not affect the
variation in stability of LnX4 with lanthanide. The values for
this constant are all exothermic with the value for fluorine,
at about —994 kJ mol~!, being considerably more so than the
others. Not surprisingly, this means that of all the tetrahalides,
LnF4 would be expected to be the most stable.

On inspecting the lanthanide-dependent terms, it can
be seen that AHy is governed primarily by the difference in
two large quantities. The lattice energy of LnX4 makes a large
exothermic contribution to AH; and the sum of the first four
ionization energies a large endothermic contribution. The sum
of ionization energies is known for all lanthanides and while

4 _
Ln® (g +4X"(g)

Uo(LnXy)

AH

LnX4(S)

LnF, are unknown for most Ln, a reasonable estimation of the
lattice energy can be made from those of similar compounds.
As the magnitude of AHgy, is in the order of hundreds of
kJmol~!, it might be expected to have relatively little impact
on the stability of LnX4. However, in equation (1), AHy can
be seen to result from a potentially small difference between
two large terms and so the influence of lower magnitude
contributions such as AHg,;, may well help to explain the
observed stability of the +4 oxidation state for some of the
lanthanides.

As the sum of ionization energies makes an
endothermic contribution to AHf of LnX4, it would be
expected that stable compounds are most likely to be found
where these values are low or at a minimum.

The values of the sum of the first four ionization
energies are shown in Figure 4 and from this, it can be seen
that the minimum values correspond to Ce and Tb for which
stable tetrafluorides are known. Relatively low values for Pr
and Nd mean that the 44 oxidation state is at least accessible
in the solid state for these elements. The fact that stable
compounds of Tb and Dy can be made when the sum of
ionization energies is higher than Pr and Nd is possibly due
to their lattice energies. These would be expected to be higher
in magnitude because of the smaller ionic radii of Tb** and
Dy** compared to Ce*t, Pr*t, and Nd**. In the case of
dysprosium, the observation of a +4 state also corresponds to
a local minimum in the enthalpy of sublimation of the metal
(see Group Trends) which would be expected to make a small
endothermic contribution to the stability of Dy'Y compared to
Ho'V.

To estimate the heat of formation of LaF,, the
lattice energy can be taken as being similar to the
value for the known CeF, for which U, = —8391 kI mol~!
and the sum of ionization energies, I} + L+ I3+ I4 =
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Figure 4 The sum of the first four ionization potentials
Table 2 Estimated values of Ln3*/Ln?* reduction potentials (V)
Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Thermochemical 1.76 3.9 4.9 5.4 5.2 6.2 7.4 — 4.5 5.7 5.7 5.6 6.8 8.1
Spectroscopic 1.8 32 5.0 4.9 5.2 6.4 7.9 3.1 5.2 6.2 6.1 6.1 7.1 8.5

8274 kImol~!, which with a AHgy of 402kJmol~!, gives
AH; = —709 kJ mol~!. This strongly exothermic value occurs
despite the sum of ionization energies being higher for La than
any of the other lanthanides and at first glance, it might be
expected that this and all the other tetrafluorides would thus be
stable. A more complete analysis should, of course, consider
possible decomposition routes and for LnX4, the reduction to
the 43 oxidation state is the most likely decomposition route
(equation 2)

LnXy ——LnX5+1/2X, 2)

The enthalpy change for this reaction can easily be
estimated if the heats of formation of LnX, and LnXj5 are
known or can be estimated.

A compilation of the relevant values has been made?
from which it can be seen that only CeF4 and TbF, would be
expected to be stable to this reaction with PrF4 possibly having
marginal stability. This analysis ignores entropy changes but
these in any case will favor the forward reaction due to the
formation of X,. These calculations agree well with the exper-
imental observations as CeF4 and TbF, are the only thermo-
dynamically stable tetrafluorides. Stable compounds do exist
in which Ln"Y is present as complex ions such as [LnF]3~.

4.2 The 44 Oxidation State: Solution

In aqueous solution, the most convenient way of
judging the stability of oxidation states is by analysis

of reduction potentials. For the +4 oxidation state, the
relevant reduction potential is for Ln*",q) 4+ €~ — Ln*T
for which there is little experimental data. Thermochemical
measurements based on Gibbs free energies of formation for
Ln*" g and Ln** . and spectroscopic measurements allow
estimates to be made of the Ln**/Ln3* reduction potentials.?
Data are shown in Table 2.

The experimental data that exists confirms that the
range of LnlV species is very limited. Given that the potential
for the oxidation of water is —1.23 V, it would be expected
that all of the tetravalent lanthanide ions should be unstable to
reduction by water.

4Ln*t 4+ 2H;0" —— 4Ln® + O, + 6HT

Only Ce'Y has any stability in aqueous acidic solution
and this must therefore be of kinetic origin and a number of
its salts are stable in aqueous solution as a result. Here, they
act as powerful oxidants but are of sufficient kinetic stability
to find use as analytical reagents.

Cerium(IV) is a strong Lewis acid (see Group
Trends) and readily forms complexes in aqueous solution.
In a manner similar to some transition metals, the formation
of complexes can have an appreciable effect on the oxidizing
ability of the ion. For example, Co’*/Co?* has reduction
potentials ranging from 1.83 V to —0.8 V depending on the
ligands attached. While the range of reduction potentials for
Ce!V is not as great as this, the values do depend strongly
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Table 3 Reduction potentials of Ce*t/Ce** as a function of the
nature of the acid and its concentration

E°V
Acid concentration/M 1 2 4 8
HCIO, 1.70 1.71 1.75 1.87
HNO; 1.61 1.62 1.61
H,S0,4 1.44 1.44 1.43 1.42

HC1 1.28 — — —

Figure 5 A stable Ce'V iodide complex

on the nature of the acid and the complexes formed and, to a
lesser extent, on the concentration of acid as shown in Table 3.

In perchloric acid, the complex formation is likely to
be weak and the Ce' species present will be [Ce(OH,),]** or
possibly [Ce(OH,),,0C103]**, while in other solutions, strong
complexes such as [Ce(SO4)]>* are known to exist.

The kinetic stability of Ce' complexes is seen in
cases such as the CeClg”~ ion which is readily isolated in the

solid state and by the remarkable example of a Ce' iodide
complex (Figure 5).4 The kinetic stability is probably a result
of using bulky R groups, ‘BuMe,Si in this case, with the
possibility that the Ce'V/Ce' reduction potential is lowered
on complex formation.

Redox potentials for many elements are known to
be pH dependent and electrochemical or ozone oxidation of
Pr'™ and Tb™ in alkaline conditions has been reported to
give tetravalent species in the presence of carbonate ions.’
Presumably, these Ln'V species are carbonate complexes.
Other complexes of Tb'Y have been reported with tellurate
and periodate (both of which would be oxidation-resistant
ligands) in both solution and solid state.%’

5 THE +3 OXIDATION STATE

This is the most stable oxidation state for all
lanthanides and a vast number of stable simple salts are
known. The reduction potentials for Ln**/Ln are all negative,
reflecting stability of the trivalent state as shown in Table 4.

In general, the Ln** ions can be considered to
be essentially redox inactive under most conditions. Half-
wave potentials are available in nonaqueous solvents and,
as can be seen in Table 5, they are significantly solvent
dependent.® The half-wave potentials are directly proportional
to the reduction potential. The values are quoted relative to
bis(biphenylchromium(I))/(0) as this can be used as an internal
standard that eliminates problems with unknown junction
potentials in systems where the reference electrode is in a
different solvent.

The metals are strongly reducing in these solvents
with a general trend of lower reducing ability in acetonitrile
and acetone.

The data for reduction to Ln?>* are shown in Table 9
for Sm, Eu, and Yb where the relative oxidizing abilities of
Ln3* are Eu>Yb>Sm in all solvents as might be expected
from the relative stabilities of the respective Ln?* ions.

Table 4 Reduction potentials (V) for Ln3*/Ln in acidic aqueous solution

La Ce Pr Nd Pm Sm Eu

Tb Dy Ho Er Tm Yb Lu

—-238 =234 -235 =232 =229 =230 -—-1.99

—2.28

-231 =229 233 232 232 =222 =230

Table 5 The solvent dependence of the half-wave potentials (V) for Ln**/Ln relative to bis(biphenylchromium(I))/(0) with 0.1 M Et;NCIO,

supporting electrolyte

Solvent La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb
DMSO -159 -157 —-153 —-1.53 —-142 -1.01 -149 -152 —-141 —-142 —-142 — —1.30
DMF -137 -137 -137 -—-137 -—-128 —-091 —-146 —-146 —-158 —1.5 -1.51 — —1.19
Acetone — — -0.81 -0.83 —-0.8 —-0.54 -0.83 -0.72 -0.78 -0.78 —-0.77 —-0.78 —0.72
CH;CN  —-0.7 — -0.7 -0.7 -0.72 -0.28 —0.7 — — — — — —0.53
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5.1 The +2 Oxidation State: Solid State

As can be seen from Table 1, occurrence of the +2
oxidation state varies in an irregular manner similar to the +4
state. In the solid state, the relative stability of representative
compounds such as the dihalides, LnXj, can be assessed by
thermochemical cycles. A reasonable decomposition route for
LnXj; is disproportionation to LnX3 and Ln (equation (3)). The
thermochemical cycle for this reaction is shown in Figure 6.
This leads to the expression for AH for the disproportionation
reaction shown in equation (4)

3 LIIXZ(S) — Ln(s) + 2LnX3(5> (3)
AH = 2U,(LnXs) — 3Us(LnXa) — (I + ) + 215 — AHg (4

Inspection of equation (4) leads to the expectation
that high values of /5 will tend to make AH less exothermic
and thus favor the stability of LnX;. Intuitively, this might be
expected as high values for I5 indicate that Ln* is formed
with more difficulty. The plot of /5 for the metals is shown in

2 2 —
Ln +(g) + 2Ln +(g) +6X (9)
—(ly+1y) 2ly
-3Uy(LnX5)
3 _
Ln 2Ln +(g) + 6X (@)
((¢)}
3LnXp(s) A —AHgp 2Up(LnX5)
\ Lne) + 2LnXy(s)

Figure 6 A thermochemical cycle to assess the stability of
lanthanide dihalides with respect to disproportionation

Figure 7. Peaks are found at Eu and Yb corresponding to the
break up of stable 4f7 and 4f'* configurations involved in the
production of Ln3*.

Similarly, high values are found for Sm and Tm and
all four of these elements have significant chemistry in the
+2 oxidation state. It is also worth noting that I3 for Dy is
at a local maximum and DyX, might be expected to be more
stable than TbX, and HoX; again in accord with observation.
Equation (4) also implies that low values of AHgy, should also
favor the divalent state. The plot of AHgy, (see Group Trends)
shows that Sm, Eu, Tm, and Yb all have low enthalpies of
sublimation, which will further contribute to the stability of
Ln!. Similarly, the value for Dy lies at a local minimum
imparting some stability to Dy'! compounds compared to the
adjacent elements.

A more detailed analysis taking into account the
lattice energy terms in equation (4) has been carried out* and
leads to the prediction that the order of stability of LnCl,
is Eu>Yb>Sm>Tm>Nd~Pm>Dy>Ho~Pr>Er>Tb>Ce>
Gd>La>Lu.

This sequence matches well with the observed order
of stabilities with dysprosium representing the limit for the
formation of LnCl,. (PmCl, has not been observed because of
the radioactivity of all Pm isotopes.)

Values of the enthalpies of formation of all LnX, have
been estimated’ and are shown schematically in Figure 8.

These values together with the known AHy for LnXj3
have been used to assess the stability of the dihalides with
respect to disproportionation. The results are summarized in
Table 6 as enthalpies of disproportionation. Only the values
for the endothermic reactions are quoted as these imply
stable LnX,. The data in Table 6 broadly agree with the
predictions of stability quoted above for LnCl, based on lattice
energies.?

2500

2000

Iy / kdmol™

1500

La Ce Pr

Figure 7 I3 (kJ mol~") for lanthanide metals

Nd PM Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Lanthanide
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Figure 8 Enthalpies of formation of LnX, (X = F, CL, Br, I)
Table 6 Enthalpies of disproportionation (kJ mol~!) for the stable LnX,
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb
F — — — — — 47 132 — — — — — — 125
Cl — — — 13 9 119 200 — — 33 8 — 49 161
Br — — — 21 43 153 226 — — 16 — — 10 97
I — — — 11 27 137 229 — — 15 — — 35 146

5.2 The 42 Oxidation State: Solution

The existence of Ln** in aqueous solution is limited
by the tendency of Ln>* to reduce water as follows:

2Ln? 4+ 2HY —— 2Ln** + H,

Thermochemical and spectroscopic measurements
have been used to give estimates of the Ln3*/Ln?* reduction
potentials for all Ln (Table 7).3

Available experimental reduction potential data
shown in Table 8 agree well with these values and indicate
that all Ln?>" are unstable with respect to this reaction. Only
solutions of Eu** have significant kinetic stability in water
while Sm" and Yb' can be fleetingly observed.

There is little information about the variation of
Ln3*+/Ln** potential on complex formation. Variations in the
value for Eu**/Eu?* between different laboratories have been
explained as being due to complex formation with formate

Table 8 Reduction potentials (V) for Ln3*/Ln** in
aqueous solution

Sm Eu Yb

EOLn3*+/Ln?* —1.50 —0.34 —1.05

ion.3 In liquid ammonia, both Eu and Yb dissolve to give
blue solutions of 2e~, again illustrating the stability of the
+2 oxidation state for these metals. There are limited data
available for the reduction of Ln** to Ln?* in nonaqueous
solvents, restricted to Sm, Eu, and Yb.® Data for selected
solvents are shown in Table 9.

The reducing ability of the Ln?>* ion as a
function of solvent generally decreases along the series
DMSO>DMF=>acetone>CH3CN and hence it might be
anticipated that acetonitrile would be the best solvent for
the preparation of Ln!! species.

Table 7 Estimated Ln>*/Ln?* reduction potentials in aqueous acidic solution

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb
Thermochemical —3.7 —-3.76 —-3.03 -2.62 —-2.67 —1.57 —-0.35 -3.82 —-3.47 —-242 -280 —-296 -—-227 —1.04
Spectroscopic -31 -32 -27 -26 -26 -16 -03 -39 -37 -26 -29 -31 -=-23 -1.1
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Table 9 Solvent-dependent half-wave potentials (V) for Ln3*/
Ln?* relative to bis(biphenylchromium(I))/(0) with 0.1 M
Et4NClO4 supporting electrolyte

Sm Eu Yb
DMSO —1.35 —0.143 —0.81
DMF —-1.17 0.002 —0.69
Acetone —0.47 0.63 —0.05
CH;CN —0.84 0.93 0.21

6 CONCLUSION

The occurrence of Ln'Y and Ln"' seems to be well
understood in both solid state and solution. In both cases, a
balance between energetically unfavorable ionization energies
and favorable lattice and hydration energies can rationalize the
experimental observations and provide indications of where
further study may prove fruitful.

While the stability of Ln means that access to
compounds in higher and lower oxidation states will always
be difficult, it appears that there may be scope for extending
the range of compounds by suitable choice of ligand and/or
solvent system. The existence of a Ce'V—I complex makes
the prospect of stabilizing Pr'V by judicial choice of ligands
seem enticing. Similarly, while many lanthanides form solid-
state compounds in the +2 oxidation state, there is scope for
increasing the range of compounds again perhaps by the use
of stabilizing ligands.

7 GLOSSARY

Half-wave potential, E;j:  Ei; = E° + RTIny,y Dllz/z nF

YeedDo'/? Where E° is the standard reduction potential, n the
number of electrons involved in the reduction, Yox and ;eq
the activity coefficients of the oxidized and reduced forms
and D their respective diffusion coefficients.
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1 SUMMARY

The properties of lanthanide metals and their
compounds and coordination complexes are influenced by
the size of the lanthanide ion. The normal oxidation state
for all of the metals in simple compounds is +3 and subtle
changes in ionic radius are generally responsible for the
changes in their properties. An understanding of the variation
in the stability of oxidation states other than the +3 state
can be obtained by analysis of the thermochemical properties
such as ionization energies, enthalpies of vaporization of the
metals, and hydration enthalpies, in addition to properties
such as ionic radii. Thus a knowledge and understanding
of these properties and how they vary across the lanthanide
series is fundamental to an understanding of the chemistry
of the 4f elements. Trends are often visualized as a
function of the variation of a given property with atomic
number but often this does not show uniform changes,
even where there is no change in oxidation state. In some
instances, good correlations can be found with the total
electronic angular momentum L of the lanthanide metal or
ion.

2 INTRODUCTION

The f-block metals form the longest continuous rows
of elements in the periodic table. The metals are chemically
very similar with the 43 oxidation state being the most stable
for all of them. The only differences lie in rather subtle effects
caused primarily by small incremental differences in the size
of the ions. Trends in the physical and chemical properties of
lanthanides are generally viewed as a function of the atomic
number of a given property, the so-called Z plots. The inherent
ease of construction and interpretation of such plots in terms
of increasing charge density/decreasing ionic radius makes
these the most popular means of presenting and analyzing
trends across the series. While many trends can readily be
rationalized in terms of Z plots, it has been noted that many
properties do not show a consistent linear relationship to
Z across the series of lanthanides, often with significant
irregularities in the trends. This effect has been variously
termed the ftetrad effect, the gadolinium break, and inner
series periodicity. Correlations of these properties with the
ground-state total orbital angular momentum quantum number
L frequently show a better relationship than correlation with

The Rare Earth Elements. Edited by David A. Atwood. © 2012 John Wiley & Sons, Ltd. ISBN 978-1-119-95097-4
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atomic number.! The resulting graphical representations are
termed inclined W plots on account of their visual appearance.

These frequently show four linear regions comprising
groups of four elements, the so-called tetrads, within which
trends are often easily interpreted as being due to changes
with atomic number or effective nuclear charge.

A general principle of lanthanide chemistry stated
by Johnson in 1980 is that in processes which do not
involve changes in the number of f electrons, the lanthanides
behave similarly.2 While this holds for many properties of the
lanthanides, there are some important exceptions where trends
are not regular. For example, trends in the formation constants
of complexes of Ln** ions often show irregularities when there
is no change in oxidation state of the metal. Many seemingly
irregular trends can be rationalized by a more detailed analysis
of the processes involved.

There are large irregularities in the trends in the
stability of Ln'Y and Ln", and hence compounds containing
these ions (see Variable Valency, The Divalent State in
Solid Rare Earth Metal Halides, and Tetravalent Chemistry:
Inorganic).

3 THE LANTHANIDE CONTRACTION

In all rows of the periodic table, the valence electrons
shield one another imperfectly from the nuclear charge and the
result is an increase in effective nuclear charge moving from
left to right. One result of this imperfect mutual shielding of the
valence f orbitals is a reduction in the atomic and ionic radii of
the lanthanides across the series, and as there are 14 elements
in the series, this cumulative effect is more pronounced than for
other rows of the periodic table. This is frequently termed the
lanthanide contraction and this leads to an overall reduction
of about 10% in the ionic radii from La to Lu. While the
increasing effective nuclear charge/orbital penetration effects
are primarily responsible for this contraction, it is thought
that relativistic effects on the outer electrons also make a
significant contribution (~10—15%) to the contraction.*> The
limited spatial extension of the 4f orbitals means that the
outer boundary of lanthanide ions, and hence their size, is
defined by their core 5s and 5p orbitals. The 5s electrons,
in particular, are subject to relativistic effects as they have
significant electron density at the nucleus. Electrons orbiting
close to a highly charged nucleus can be expected to do so
at high velocities and as these approach the speed of light,
a significant increase in mass above the rest mass will occur
according to equation (1)

Mo

T /A=) M

n,

where m, is the relativistic mass at velocity v, m, is the rest
mass, and c is the velocity of light.

As the binding energy of the electron to a nucleus is
directly proportional to its mass, the overall effect is to bind
it more strongly and hence reduce the size of the ions further
than might be expected from the increase in effective nuclear
charge/orbital penetration effects alone.

The lack of spatial extension of the 4f orbitals
means that they are not available to overlap with
orbitals of surrounding ligands unlike the d-block metals
where the d orbitals form the boundary surface of the
ions (see Lanthanides: ‘‘Comparison to 3d Metals”’).
Thus covalent bonding in lanthanide complexes in their
normal oxidation states does not occur to any significant
extent except in zero-valent organometallic complexes with
aromatic hydrocarbons. Thus the vast majority of complexes
(see Lanthanides: Coordination Chemistry) are bonded by
ionic/electrostatic interactions with little to no covalent
interaction between the metal and bound ligands.

4 TRENDS IN THE PROPERTIES OF THE METALS

4.1 Metallic Radii

Most of the metals have Ln®* ions in the lattice with
a 4f" configuration with three electrons in the conduction
band. The variation of the atomic radii as measured by the
lanthanide—lanthanide distance in the solid metals, shown
in Figure 1, displays the expected gradual decrease with
increasing atomic number because of the increase in effective
nuclear charge. The seemingly anomalously high values for
europium and ytterbium are due to the presence of the larger
divalent ions in the metal lattice resulting from the stability
associated with the half-filled 4f” and filled 4f'* electronic
configurations for Eu?* and Yb** respectively.

When metallic radii derived from metals with the
same crystal structure are plotted against L, the results fall
into four clearly distinguished lines as shown in Figure 2 (the
points for Ce, Eu, and Yb are not included as these have
different crystal structures, face-centered cubic (Ce and Yb),
and body-centered cubic (Eu), while the other metals are
hexagonal close packed).!

Within each tetrad, a trend of decreasing radius with
increasing effective nuclear charge can be seen. For example,
La—Nd and Gd—Ho show a decrease in radius, while the
Gd—Pm and Lu-Er lines have a positive gradient. Thus it is
possible that many irregular trends in properties of the lan-
thanides are due to the fact that the effect of electronic config-
uration is superimposed on that of the effective nuclear charge.

The metallic radii have significance in the chemistry
of the bulk metals themselves—and in their chemistry in the
gas phase—for instance, in the production of zero-valent
complexes where synthesis involves atomic lanthanides.
Generally, metallic radii do not directly influence the
chemistry of the lanthanides.
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Figure 2 The plot of metallic radius vs L

4.2 Trends in Chemical Reactivity of the Metals

The rate of reaction with air seems to vary with
atomic size—the lighter metals generally being more reactive
than the heavier ones, which show no appreciable reaction
with air at room temperature. The exceptions to this trend
are Eu and Yb, which have the largest metallic radii and
are considerably more reactive. At higher temperatures, most
of the metals react with air to give the oxides Ln,Os. The
exceptions are where the tetravalent state has reasonable
stability (see Variable Valency and Tetravalent Chemistry:
Inorganic) and here oxides such as CeO, and mixed III/IV
oxides PrgO;; and TbsO7 are formed.

The elements themselves are all electropositive
metals as would be expected from their position in the periodic
table. Their values of electronegativity range from 1.10 (La)
to 1.27 (Lu) on the Pauling scale and reduction potentials for
Ln3*/Ln have E° values between —2.0 and —2.3 V, which are
all consistent with high reducing ability.

As might be expected, they all react vigorously with
halogens to give the expected LnX3 (or LnF4 for Ce and Tb).

All the metals react with hydrogen at elevated
temperatures to produce LnH; and under high pressure, LnHj.
These are best formulated as Ln™-2H™-e~ with the electron
in a conduction band, and salt-like Ln".3H™ respectively.

4.3 Enthalpy of Vaporization of the Metals

The enthalpy of vaporization of the metals refers
to the process Ln) — Lng,). This has an influence in the
stability of oxidation states of the lanthanides (see Variable
Valency, The Divalent State in Solid Rare Earth Metal
Halides, and Tetravalent Chemistry: Inorganic) and the
variation of AH,,, across the series is shown in Figure 3.

The general trend of a decrease from La to Eu
is repeated from Gd to Lu. This could be associated with
an increasingly stronger binding of the 4f electrons with
increasing atomic number, making their promotion into the
conduction band of the metals less favorable and reducing
the overall cohesive forces within the metal. The minima at
Eu and Yb and low values for Sm and Tm are generally
associated with the presence of Ln>* in the metallic lattice
leading to weaker binding between the lanthanide ion and
electrons in the conduction band. The irregularities in the
trend are due to differences in the energies of the atomic
lanthanides produced. Their energies differ as a result of
differing electronic configurations of the atoms and when
these are taken into account, a smooth trend as a function of
atomic number is found.?

4.4 JIonization Energies of the Metals

The magnitude of ionization energies has an obvious
influence on the ease of formation of various oxidation states.
The trends for those of chemical significance are shown in
Figure 4.

These trends show the expected increase in ionization
energy with increasing atomic number. The breaks in the trends
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Figure 4 Trends in the first four ionization energies of the lanthanides

are as a result of particularly stable electron configurations
associated with filled and half-filled 4f orbitals. These are
particularly important for the third ionization energies where
the high values due to the loss of stable 4f7 (Eu’") and
4f14(Yb%*) help explain the occurrence of the +2 oxidation
state from these metals (see Variable Valency). The lower
values at Gd and Lu are due to the 4f” and 4f'* configurations,
which are attained on the formation of Ln3*. Similarly, the
local minima found in 14 are due to formation of the 4f° and
4f7 configurations for Ce** and Tb**, respectively, with the
peak at Gd being explained by the relatively less favorable
4f7 — 4f° change on going from Gd** to Gd**.

5 TRENDS IN IONIC RADIT AND THEIR EFFECT
ON COMPOUNDS AND COMPLEXES

The ionic radii play an important role in determining
the chemical properties of lanthanide compounds, as it is the

Lanthanide

small differences in these that are exploited in the separation
of the metals and are responsible for gradual changes in other
properties of families of lanthanide compounds. The plots of
ionic radii of the +3 oxidation states for different coordination
numbers determined from crystallographic data are shown in
Figure 5(a). These are the so-called Shannon—Prewitt radii ®
which are derived from crystal structures of halides and
chalcogenides and have been considered as the definitive ionic
radii for lanthanide and other ions for a number of years. More
recently, other compilations of radii have included solution
data from EXAFS as these are free from crystal packing
effects.” One set of such data are shown in Figure 5(b).
The two series of values do differ, with the later values
being significantly smaller than the original Shannon—Prewitt
values. However, both sets of data show essentially the same
trends with a more or less linear decrease with increasing
atomic number of the metal. This is readily explained by the
progressively increasing effective nuclear charge on the Ln3*
ions. The increase in ionic radius with coordination number
is due to the increased steric congestion around the metal ion
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Figure 5 Ionic radii as a function of coordination number for Ln**. (a) Shannon ionic radii for lanthanide (III) ions. (b) Ionic radii according

to Ref. 8

when more ligands are bonded to it. This effectively means
that groups bonded to the metal move further away from each
other and hence from the ion to reduce steric repulsions. This
leads to an increase in the measured size of the ion. Regardless
of the coordination number, the trend remains a smooth one.
The changes in ionic radii influence the structures of
both simple salts and coordination complexes. For instance, in
simple anhydrous salts such as the halides LnX; (X = halide)
the coordination numbers of the metal ions decrease from
La to Lu as a consequence of the lanthanide contraction:
X=F from 11 to 9, X=Cl, Br from 9 to 6, X =1
from 8 to 6. In more complex systems (see Lanthanides:
Coordination Chemistry), such as the hydrated nitrates,
the coordination numbers of the metal ions decrease from
11 to 9 with a reduction in the number of coordinated
water molecules. In the hydrated lanthanide nitrates, the
structures Ln(O,NO)3;(OH;), have been established by X-ray
crystallography.” For Ln=La, Ce, the metals are 11-
coordinate Ln(O,NO)3;(OH;)s with each nitrate acting as a
bidentate ligand. For Ln = Pr to YD, the metal coordination
number is reduced to 10 in Ln(O,NO);(OH;)4, while for
Ln = Lu, a further water molecule is ejected from the primary

coordination sphere to give Lu(O,NO);3(OH,);. In other nitrate
complexes, the increasing steric congestion caused as a result
of the decrease in ionic radius is minimized by changes in
the nitrate coordination mode from the normal bidentate to
monodentate as in Ln(NO3)3(OPCy3); (Cy = cyclohexyl).!?
Here for Ln = La—Eu, the complexes are nine-coordinate with
all three nitrates acting as bidentate ligands. The Er complex
has two molecules in the unit cell, one with a nine-coordinate
metal and the other with eight-coordination due to one of
the nitrates being monodentate. The Tm and Yb complexes
are likewise eight-coordinate with two bidentate and one
monodentate nitrate. Another response to the reduction in
ionic radius is removal of one of the nitrates from the
primary coordination sphere by ionization. This is found
in the series of complexes Ln(NO;3);(OPPh;); where the
coordination number changes from nine (two bidentate and
one monodentate nitrate) to eight (two bidentate and one ionic
nitrate).!!

Changes in the composition of complexes formed
can also occur as a result of the lanthanide con-
traction. For example, lanthanide nitrate complexes
of (MeO),P(O)CH,C(=CH;)P(O)(OMe), =L form two
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Figure 6 The change in structure of lanthanide nitrate complexes of (MeO),P(O)CH,C(=CH,)P(O)(OMe), Pr complex (a), Yb complex

(b). (C and H atoms omitted for clarity)

(a)

(b)

Figure 7 Schematic representations of [frans-LnBr,(OPPh;3)4] . (2) Ln = Nd, (b) Ln = Yb. (C and H atoms omitted for clarity)

distinct series: Ln(NOs);L, for the larger lanthanide
ions (La—Eu) with a coordination number of 10 and
LLn(NO3)3(uL)Ln(NO;3);L for the smaller ions where the
coordination number is reduced to nine with one L bridging
between two metal centers.'> The structures are shown in
Figure 6.

Changes in the peripheral structure of coordination
complexes also appear to be influenced by the lanthanide con-
traction. For instance, the complexes of lanthanide bromides
with triphenylphosphine oxide all have the structure [trans-
LnBr,(OPPh;3),]* [Br]~.'3 The structures differ between the
lighter and heavier lanthanides in the Ln—O—P angles. These
are essentially linear for Ln = La—Gd, and probably reflect
the minimization of electrostatic repulsions between the pos-
itively charged lanthanide ion and phosphorus atom in the
Ln3*—0% —P%* arrangement. By the end of the lanthanide
series, however, these angles are significantly smaller than
180°. As the lanthanide ion becomes smaller, the unfavorable
steric interactions between the phenyl groups on the adjacent
ligands increase and by Yb, the Ln—O-P angle decreases to
reduce the interactions between the mutually cis ligands. This
is indicated schematically in Figure 7.

There are analogous changes in ionic radii for
compounds in the +2 and +4 oxidation states with similar
effects being apparent with changes in coordination number,
but here the number of lanthanides which have accessible +2

and +4 oxidation states is more restricted and hence the data
are much more limited.

6 FORMATION CONSTANTS OF COMPLEXES

It might also be anticipated that as the bonding in
coordination complexes is predominantly either ion—ion or
ion—dipole (see Lanthanides: Coordination Chemistry), their
thermodynamic stability will be related to the effective nuclear
charge of the lanthanide ion. There have been many studies
of the stability of lanthanide complexes, the stability being
measured by formation constants or free energy of formation.
The interpretation of data is often not straightforward as
observed trends in data are subject to the exact nature of the
starting material in the chosen reaction solvent, particularly in
poor donor solvents’.

A study of the formation constants of complexes
between Ln** and C1~ in dimethylformamide (DMF) showed
that a series of complexes are formed according to the
equilibrium in equation (2).

Ln** +nCl- LnC13—m+ )
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The distribution of species is strongly dependent on  simple dependence between reaction enthalpies or entropies
the lanthanide with heavier elements favoring the formation and atomic number of the lanthanide.™
of the less sterically crowded LnCls~ ion compared to Other properties of the ions are also affected in
species such as [LnCI(DMF), ]** and [LnCl,(DMF), ]* which the same manner as a result of the lanthanide contraction.
predominate for lighter lanthanides. There was, however, no The formation constants of complexes between Ln** and
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Figure 8 Formation constants of Ln** with some aminocarboxylic acids. DCTA, 1,2-diaminocyclohexanetetraacetic acid; EDTA,
ethylenediaminetetraacetic acid; EGTA, 1,2-bis(di(carboxymethyl)aminoethoxy)ethane
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Figure 9 Examples of a Z plot (a) and an inclined W plot (b) for log K for lanthanide complexes with propionate
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aminocarboxylic acids such as EDTA increase consistently
from La to Lu as shown in Figure 8. This general trend is again
readily explained by the increasing electrostatic attraction of
the ligand to ions of increasing charge density.

For other complexes, the trends are not so uniform.
Formation constants for Ln** with carboxylic acids increase
from lanthanum to a maximum in the region of europium
followed by a decrease in stability to lutetium.! While
there is no simple correlation between the atomic number
of the lanthanide and the stability of the complexes, linear
correlations are found with the orbital angular momentum.
For example, the trend in the formation constants (as log K)
for complexes of lanthanide ions with propionate is shown as
a traditional Z plot in Figure 9(a) and an inclined W plot in
Figure 9(b). There is no simple dependence of the stability of
the complexes as a function of Z, which shows an increase
between La and Nd as might be expected from the increase
in effective nuclear charge, but a decrease from Sm to Er
followed by a slight rise from Er to Lu. The plot of log K vs
L in Figure 9(b) shows four linear regions for the individual
tetrads.

The tripositive lanthanide ions would be expected
to be relatively acidic because of inductive effects on the
coordinated water molecules with the equilibrium shown in
equation (3) occurring to some extent.

[Ln—OH,]** + H,0 [Ln—OHJ** + H;0* 3)

However, owing to their large size, this effect is
much smaller than that observed in transition metal ions such
as Fe’T, which are significantly acidic in aqueous solution
(see Lanthanides: ‘‘Comparison to 3d Metals’’). The pK,
values for Ln** decrease more or less uniformly from 9.33
(La) to 8.17 (Lu) as expected from the decrease in ionic radii
and consequent increase in charge density on the Ln3* ion.
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There is an apparent break in the trend at Gd, which has a
slightly higher value than Eu or Sm.

7 HYDRATION ENTHALPIES OF Ln3* IONS

The hydration enthalpies, defined by equation (4),
play an important role in determining the solution properties
of the ions and the compounds that contain them.

Ln”(g) — Ln”(aq) AH = AHHydr 4)

The trend is shown in Figure 10 and shows a smooth
increase in the exothermic nature of AHpy from La to
Lu. The Ln*",, ions are, of course, simply another class
of lanthanide complex and the observed trend in AHpyq,
is entirely as expected from the increase in charge density
on the ions, which dominates the trend in the stability of
aminocarboxylate complexes noted earlier.

8 ENTROPY OF HYDRATION OF Ln**

The trend in partial molal entropies of hydration of
Ln** is shown in Figure 11. The entropies of hydration are a
balance between two competing factors. The ordering effect
of water binding to the highly charged positive ion tends to
decrease the entropy of the system, while the presence of a
solute ion will disrupt the local structure of the bulk solvent
thus increasing entropy. For highly charged ions, the solvation
effect always dominates and the result is an overall decrease
in entropy for the hydration process.

La Ce Pr

Figure 10 Enthalpies of hydration —AHyyq, of Ln3+

Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Lanthanide
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Figure 11 Partial molal entropies of hydration of Ln>*

9 ENTHALPIES OF FORMATION OF HALIDES,
OXIDES, AND Ln** g

The enthalpies of formation of LnX; (X = Cl, Br, I)
have been reviewed and recommended values derived from
the available data.!S These show the expected dependence on
the halide with order of stability being LnCl; > LnBr; > Lnls
(Figure 12).

Across the series of compounds, the trend in AH;® is
of a decrease in exothermic nature from LaX3 to LuX; with
AHg varying from —1071.6 kI mol~! (La) to —987.1 kJ mol !
(Lu). Simple thermochemical cycles for AH¢® for LnX3 lead
to the expression shown in equation (5).

AHf = AHyp+ L1 + L+ L+ Up+ K ©)

Where AH,q, is the enthalpy of vaporization of the
metal, I, the ionization energy, U, the lattice energy of LnX3,

Lanthanide

and K a constant dependent on the halogen only. Breaks in
the trend occur at Eu and Yb, which have less stable LnX;
than those of the adjacent elements for all X. The reason for
this is that the high values of I5 for these metals (see Figure 4)
increase the endothermic contribution to AH®. Indeed this
feature is seen in all the plots of enthalpy of formation of
lanthanide(III) species (see below).

The trend observed for the enthalpies of formation of
Ln, 03¢ shows a general increase in the exothermic nature of
the oxides with atomic number as shown in Figure 13. Again,
the large breaks in the overall trend at Eu and Yb reflect the
high values of /3 for these metals.

The gradual trend of increasing stability of Lny O3
across the series is the opposite of that noted for LnX; with
values of AHg(Ln,Os3) ranging from —1791kJmol~! (La)
to —1877kJmol~! (Lu) although the trend is not entirely
uniform even taking into account the expected low values for
Eu and Yb. The fact that the underlying trends in enthalpy

1200

1100 —

—AH; LnX3/kJ mol™!

500 —

LnCls
1000 — \\M
900
LnBrg
800
700
Ln|3
600

400

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 12 Enthalpies of formation of LnX3

Lanthanide



52 THE RARE EARTH ELEMENTS

1950
1900 —
1850 —
1800 —
1750
1700 —
1650 —

—AH; LnyO4/ kJ mol™!

1600 —
1550 —

1500

La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 13 Enthalpies of formation of Ln, O3

Lanthanide

720
700 —
680 —
660 —
640 —
620 —

600 —

—AH(Ln%* ,)/kJ mol ™!

580 —

560 —

540
La Ce Pr

Figure 14 Enthalpies of formation Ln*"

of formation are different for LnX3 and Ln,O; can, in part,
be explained by the balance between the lattice energies!’,
enthalpy of vaporization, and sum of the first three ionization
energies across the respective series. For LnXj3, this sum
becomes less exothermic with values of —377 kImol~! (La)
to —313kJmol™' (Yb) compared with an increase in its
exothermic nature for the oxides, —4680kJmol~! (La) to
—4994 kJmol~! (Lu).

A similar trend is seen for the enthalpy of formation
of Ln** (,9)!® which shows more or less constant values for
all Ln** ions except Eu and Yb. The trend as a function of
lanthanide is shown in Figure 14, which contrasts with the
rather smoother trend seen in the enthalpy of hydration of the
ions seen in Figure 10.

Nd Pm Sm Eu

Gd Tb Dy Ho Er Tm Yb Lu

Lanthanide

10 CONCLUSION

Trends in the properties of lanthanides are usually
visualized as Z plots although in some cases, plots against
orbital angular momentum show linear relationships where
the more traditional Z plots are difficult to interpret. The
thermodynamic parameters required for a firm underpinning
of much of lanthanide chemistry are now in place and
most of the important quantities have been determined or
reliably estimated. Revised ionic radii are now available
and it will be interesting to see whether these replace the
““‘classical”” Shannon—Prewitt radii which have been used for
over 30 years.
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11 GLOSSARY

Coordination number: The number of atoms directly
bonded to another atom or ion.

Coordination sphere: The environment surrounding an
atom or ion. This normally comprises atoms or groups of
atoms immediately bonded to a central atom or ion and
others in successive shells less strongly bonded to it.

Enthalpy change: The heat given to or taken from the
surroundings during a process. Commonly applied to
chemical processes. The unit is kJ mol .

Enthalpy of formation: The heat change on forming one
mole of substance from the elements in their standard states.
The unit is kT mol~".

Entropy: A measure of the disorder or randomness of a
system. The unit is JK~! mol~!.

Formation constant: The equilibrium constant for the
formation of a complex.

lonization energy: The energy required to remove an
electron from one mole of a gaseous atom or ion.

Molality:  The number of moles of solute per kilogram of
solvent.

Orbital penetration: The tendency of the outer electrons to
be found closer to the nucleus than the core electrons. The
greater the probability of this the more pronounced the
effect.
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1 SUMMARY

As understanding of the chemistry of the lanthanides
has grown, so have their applications in areas such as
medicine and technology. Simple lanthanide complexes are
often very soluble in water, and are very labile species, so
the understanding of their speciation that relates to possible
environmental impact becomes vital. Both diffraction and
spectroscopic probes have been applied to the study of
their coordination sphere, as the coordination number is
not immediately apparent from the color of the aqua ion.
Diffraction studies have been carried out on crystalline salts
and more recently upon solutions; at present, knowledge is
largely limited to the first coordination sphere. In aqueous
solution, nine-coordinate [Ln(OHz)g]3+ ions predominate for
the early lanthanides and eight-coordinate [Ln(OH,)g]** ions
for yttrium and the later lanthanides. The scandium aqua ion
has a coordination number greater than 6, either seven or
eight. Several analogous ions present in nonaqueous solvents,
such as [Ln(dmf)s]’t and [Ln(dmso)s]*T, are also now
recognized.

2 INTRODUCTION

The coordination chemistry of the lanthanides® (Ln)
is a relatively recent development in chemistry since the
laborious methods! required for separation of the elements
available prior to these developed as part of the World War
I Manhattan Project and made widely available only in the
1950s? severely restricted their study before the second half of
the twentieth century. The many remarkable properties of both
the elements themselves and their compounds now known®*
have led to the lanthanides being of considerable industrial, >
technological,>7 (bio)analytical,®® medical,® economic,>!!
and even political>!! importance. One reflection of this is the
anthropogenically induced increase in first-world countries in
environmental levels of elements such as lanthanum!? and
gadolinium,'® due in these particular cases to their use in
catalyst systems>~!> and magnetic resonance imaging!'®!3
agents, respectively. Underlying these developments, as
indeed it did the earliest chemistry concerning separation
of the elements by fractional crystallisation of their salts,! is
the increasingly sophisticated coordination chemistry of the
lanthanides.

The Rare Earth Elements. Edited by David A. Atwood. © 2012 John Wiley & Sons, Ltd. ISBN 978-1-119-95097-4
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A fundamental aspect of the discussion of the
coordination chemistry of the lanthanides is to define exactly
what is meant by the term ‘‘coordination chemistry.”’!4
Commonly, this is taken to be the chemistry associated
with changes in the immediate environment of a metal
(ion), this environment being considered to be composed
of various (donor) atoms, which may be part of larger
molecules. The high solubility of many lanthanide metal
salts in water, however, is a factor favorable to the study
of metal ion speciation in solution by X-ray diffraction!517
and such work has been important in establishing a model
of metal ion coordination in terms of multiple ‘‘coordination
spheres’’ expanded about the metal ion as center.'® While
such studies are relatively readily conducted on highly
soluble materials, they are not generally applicable, so that
in most instances very little is known about secondary and
higher coordination spheres, and ‘‘coordination chemistry’’
in practice is interpreted in terms just of changes in the
primary coordination sphere (nonetheless not always easily
defined!®??). It is possible to perform sophisticated theoretical
calculations, at least for simple species (ligands), such as
water, found in proximity to a metal ion and so to define the
structure of its extended environment.?! For hydrated Ln™
species,?! such calculations have shown that the primary
coordination sphere consists of 8 or 9 water molecules
surrounded by a secondary sphere of 12 water molecules, in
essential agreement with experiment.!>1® Higher coordination
spheres presumably exist, though exchange between them
must occur at diffusion-limited rates and it is only exchange
between the primary coordination sphere and ‘‘bulk’’ solvent
that is measurably slower.?%%3

As indicated by the preceding remarks, the oxidation
state +3 is important in lanthanide chemistry and is indeed
so important that it is considered to typify the behavior
of the elements, even though there are some very familiar
examples of the chemistry of other oxidation states, such as
+4 for Ce and +2 for Sm, Eu, and Yb.3* A very well-known
characteristic of many Ln'"" species, though it is not one limited
to this oxidation state, is that they may show very pale colors
because of absorption arising from what are conventionally
considered as f—f transitions.?* These weak absorptions are
very different to those described as d—d absorptions of
transition metal ions in that they show little or no sensitivity to
the nature of the donor atoms bound to the Ln center, meaning
that a given color, such as pale green for Pr'!', is typical of
all compounds of a given element and, unlike transition metal
complexes, the structure of lanthanide ion complexes cannot
generally be readily deduced by electronic absorption (or
emission) spectroscopy (although, in certain instances, notably
for Eu'll, both their donor atom sphere and its symmetry may
be defined in detail by high-resolution measurements).®*5 For
this reason, characterization of the coordination chemistry of
the lanthanides in the solid state by X-ray diffraction studies
is particularly important. Interestingly, the perceived colors
of many lanthanide complexes may be strongly influenced

by emission,”® so that Nd"™' complexes, for example, are

sometimes described as pale blue and sometimes as violet,
and many Ho"' complexes show strikingly different colors
under solar irradiation (pale yellow) and fluorescent lighting
(bright pink).

3 LANTHANIDEII) IONS IN AQUEOUS
MEDIA—OVERVIEW

The aqua-Ln'!" cations may be considered reference

species in several regards?’ and for [Ln(OH,), ]** complexes,
measurements of water molecule exchange between the
primary coordination sphere and the ‘‘bulk,”” based largely
on NMR measurements,?2?3 have established that all are
extremely labile species, with exchange half-lives in the
micro- to nanosecond range. Various measurements?2-2328-37
have established that, in aqueous solution, [Ln(OH,)e]** (1)
is the dominant species for Ln = La—Nd and [Ln(OH,)s]**
and (2) for Ln = Gd—Lu, while for Ln = Pm—Eu a mixture of

O(prism)

O(cap)

«

both species is present. For the ‘‘extra’’ elements considered
in this discussion, the primary coordination spheres in
aqueous solutions of Sc"8 and Y''3® contain, respectively,
seven or eight water molecules. Consistent with the facile
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interconversion between eight- and nine-coordinate species in
the Pm—Eu group, the rates of water exchange are greatest
there (though not greatly different from that for Gd).?*»?3 The
great lability of all the lanthanide aqua ions means that their
complex formation reactions are expected to be controlled by
thermodynamic factors although, as with all metal ions, the
use of multidentate and, in particular, macrocyclic ligands*’
can dramatically modify the kinetics of complexation and
rates of exchange of aqua coligands.?

In the solid state, single crystal X-ray crystallog-
raphy has been used to characterize [Ln(OH,),]** species
in hexaqua-octahedral,*! octa-aqua-square-antiprismatic (and
octa-aqua-bicapped-trigonal-prismatic),*>*® and nona-aqua-
tricapped-trigonal-prismatic**~56 forms. When seen in detail,?’
it is clear that H-bonding to the associated anion has a sig-
nificant effect on the Ln—O bond lengths and indeed upon
the primary coordination number of the metal ion (given
that, for example, with La'" the octahedral species seen in
the solid state with perchlorate anion becomes nine coordi-
nate in solution®®). Theoretical calculations also indicate that
the nature of the primary coordination sphere depends upon
that of the secondary coordination sphere.?! That both eight-
and nine-coordinate aqua complexes have been isolated for
several Ln"" species and that both may indeed be present
within one lattice®®* is consistent with the solution evidence
for both species being present in equilibrium and supports
the postulate?® of an I, mechanism for water exchange on
all Ln™,

The lanthanide(Ill) aqua ions are weak acids with
pK, values in the range 7—93 and this is one factor limiting
the coordination chemistry observable in aqueous media
since with basic ligands, such as amines, formation and
precipitation of the rather insoluble hydroxides can occur
to the exclusion of complexation. Even where this is not so,
complexation may be accompanied by partial deprotonation
of water ligands leading to the formation of hydroxo-bridged,
oligomeric species, such as are found with amino acids.?’
Nonetheless, there are many systems involving multidentate
ligands for which relatively simple complexation equilibria
have been characterized, rather well-known examples being
those involving EDTA (ethylenediaminetetra-acetate)’® and
dipicolinate (pyridine-2,6-dicarboxylate = dipic).%° Note that
the stability constants for the EDTA complexes show
significant and consistent differences between consecutive
pairs of Ln" ions, with an overall difference (La—Lu)
of approximately 10°, explaining the utility of EDTA
complexation in ion-exchange chromatographic separation
of the lanthanides.? Some of the differences may be explained
in part by changes in the coordination number (8 or 9) of the
lanthanide ion depending upon the number of bound water
molecules®! but in general a major factor favoring binding of
EDTA is the entropy of reaction,>® consistent with the ligand
displacing a large number of bound solvent (water) molecules.
The elimination of water from the primary coordination sphere
in complexes such as the [Ln(dipic);]>~ anions, in which

the Ln™ has N30O¢ nine-coordination, in turn eliminates one
mechanism of excited state deactivation®’ and results in certain
species, such as those where Ln = Eu and Tb, showing bright
visible luminescence under ultraviolet illumination.®?-%4 Note
that such complexes of very widely employed ligands involve
five-membered chelate rings, but the principle that larger metal
ions should prefer smaller chelate rings® is nicely illustrated
by the lanthanides in their ready formation of nitrato and
carbonato chelates.* Simple unidentate ligands (e.g., CI7),
in contrast, especially as most are rather well solvated
by water, form only exceedingly weak Ln™ complexes in
water. 56

4 INDIVIDUAL AQUA SPECIES AND THEIR SALTS

4.1 Scandium

In the periodic table, scandium immediately precedes
the 3d transition elements Ti—Cu. Since these elements form
octahedral [M(H,0)]"" (n = 2, 3) aqua ions, it was assumed
for many years that scandium also formed a [Sc(H,0)s]>*+
in aqueous solution. This assumption neglected the facts
that the ionic radius of the Sc3* ion (0.885 A) is interme-
diate between those of Ti** (0.810A) and the lanthanide
ions (La*t = 1.172 A; Lu** = 1.001 A; all values quoted for
six coordination). Thus, simply on steric grounds, a coor-
dination number between 6 and 8 or 9 would be expected.
Scandium forms a variety of hydrated salts, which in turn
contain a variety of hydrated scandium ions, many of which
have only been fully characterized in recent years. Of the
perchlorates, Sc(ClO4)3;-nH,O (n = 6, 7), the hexahydrate
is isostructural with the lanthanide analogs, and so con-
tains octahedral [Sc(H,0)s]°" ions, which are also found in
[Sc(H,0)61[Sc(CH3S05)], with Sc—0 2.085 A.¢7 If aqueous
HC(SO,CF3); is refluxed with scandium oxide, it forms the
triflide salt [Sc(OH,)7] (C(SO,CF3)3)3, whose [Sc(OH,)7]**
ion is found in other salts;* recrystallizing scandium halides
from acidified aqueous solution (to prevent hydrolysis)
gives ScX3-7H,0 (X = Cl, Br) and Scl3-8H;0. All contain
[Sc(OH;);]** ions; in the chloride and bromide, the coordi-
nation geometry is pentagonal bipyramidal.®® Under different
conditions, scandium chloride crystallizes as ScCl;- 6H,0,
which is trans-[ScCly(H,0)4] C1-2H,0.%° The very soluble
scandium triflate is isostructural with the lanthanide analogs
Ln(O3SCF3)3-9H,0, but crystalline [Sc(H,0)5](CF3SO03)s3
actually contains eight-coordinated scandium with a dis-
torted bicapped trigonal prismatic coordinating geome-
try. Hydrated scandium nitrate molecules are present
as eight-coordinate [Sc(NO3);(H,0),] and nine-coordinate
[Sc(NO3)3(H,0)3] in crown ether complexes, but crys-
talline Sc(NOs3)3-5H,0 is [SC(NO3)2(H20)4]+ NO37-H20.69
Other salts containing coordinated anions include the sul-
fate Sc,(SO4)3-5H,0, with six-coordinate scandium, and the
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tosylate ( p-toluenesulfonate) Sc(tosylate);- 6H, O, which con-
tains six-coordinate [Sc(H,0)4(tosylate),]" ions. The oxalate
Scy(C204)3-6H,O has dodecahedral coordination of scan-
dium by two water molecules and six oxygens from bridging
oxalates.

Partial hydrolysis of the aqua ion produces a
bridged dimeric species, the [(H,0)sSc(OH),;Sc(H,0)s]**
ion, which has been found in three salts, [(H,O)sSc(u-
OH),Sc(H;0)5] X4.2H,0 (X = Cl, Br), and also a benzene
sulfonate [(H20)5Sc(y,-OH)ZSc(HZO)5] (C6H5803)4~4H20.
In view of the tendency of many of the hydrated lanthanide
halides to contain coordinated halide ions, the chlorides in
particular, the absence of halide from the coordination sphere
of scandium in these compounds is remarkable.

Raman spectra of solutions and glasses of Sc*
(aq) proved quite different from those of the octahedral
[AL(H,0)6]** ion, implying that the aqua ion of scandium was
not a hexaqua species, and diffraction studies on both solutions
and crystalline hydrates have settled the matter. The fact that
six-, seven-, and eight-coordinate aqua ions [Sc(OH,),]**
(x =6, 7, 8) can be isolated in different salts suggests
that it is the solubility of a particular salt that determines
which compound crystallizes out from aqueous solution,
and the data from reference compounds enables solution
diffraction data to be interpreted. X-ray diffraction data for
scandium perchlorate solutions indicated a Sc—O distance of
2.180(7) A, with a coordination number of 7.4(4), and X-ray
absorption fine structure (XAFS) data from scandium triflate
solutions also indicate a Sc—O distance of 2.18(2) A.”® More
recently, XAFS and large-angle X-ray scattering (LAXS)
measurements showed that strongly acidic solutions of Sc3+
(aq) contain eight-coordinate [Sc(H,0)s]** in a distorted
bicapped trigonal prismatic arrangement similar to that in
the crystalline triflate, with a mean Sc—O bond distance
to the six waters at the angles of the trigonal prism of
2.17(1) A, and two more capping oxygens at 2.32(4) and
2.5A.%7 The aqua complexes of scandium are exceptional;
otherwise six coordination is found for species such as
[Sc(dmso)s P+ (3).

4.2 Yttrium and the Lanthanides

Reaction of lanthanide oxides or carbonates with
acids gives a range of hydrated salts readily crystallized from
solution. It was established® as early as 1939 that hydrated
neodymium bromate was [Nd(H,O)¢] (BrOs);, containing
[Nd(H,0)9]** ions. More recently, the tricapped trigonal
prismatic (TTP) nonaaqua ion has been shown to occur in
a wide range of salts, complete series [Ln(OH;)9]X5 (X,
e.g., bromate, triflate, ethylsulphate; Ln = La—Lu) as well
as two incomplete series, the toluene p-sulfonates (tosy-
lates) [Ln(OH;)¢](p-MeC¢H4SO3); (Ln = La—Nd) and the
iodides [Ln(OH,)9] I3 (Ln = La—Ho). For the smaller later
lanthanide ions, the tosylates Ln(p-MeCgH4S0O3)3-9H,0 con-
tain [Ln(OHy)s(p-MeCgH4SO3),]" ions (Ln = Sm, Gd, Dy,
Ho, Er, Yb, Y) in distorted dodecahedral eight coordination,3*
while for the heavier lanthanides, Lnl;- 10H,O (Ln = Er—Lu)
contain square antiprismatic [Ln(OH,)s]** ions.*? In a more
striking example of the influence of the counter ion, the per-
chlorates Ln(ClO4)3-6H,0 contain octahedral [Ln(H,0)¢]>+
ions in the solid state (Ln, e.g., La, Er, Tb). Thus, even when
anions do not enter the coordination sphere, they affect the
structure of the hydrated lanthanide ion isolated in the crys-
talline form, presumably the least soluble species crystallizing.
Some remarkably complicated solid-state structures incorpo-
rating lanthanide aqua ions are obtained when crystallized with
calixarene sulfonates as the counteranions.>” When anions do
enter the coordination sphere, a range of structures is obtained.
Thus, the chlorides LnCl;-7H,O (Ln = La, Ce) are dimeric
[(H20)7LH(M-CI)QLH(OH2)7] C14, and LIlC13~ 6H20 (Ln =
Nd-Lu) contain antiprismatic [LnCl,(H,O)s]" cations. The
two lightest bromides, LnBr;-7H,0, resemble the chlo-
rides in being dimeric [(H,0);Ln(u-Br),Ln(OH;);] Bry;
LnBr;- 6H,0 (Ln = Pr—Dy) are again similar to some chlo-
rides in being [LnBr,(H,0)¢]Br, while LnBr;-8H,0 (Ln =
Ho-Lu) resemble the heavy iodides in being [Ln(H,0)g]
Br;. Nitrates have a variety of structures, but in all of
them the nitrates are coordinated in a bidentate manner,
and the coordination number decreases with decreasing ionic
radius. Among Ln(NO3)3-6H,0, the La and Ce compounds
are [Ln(NO;);-(H,0)5]-H,O (Ln = La, Ce; CN = 11), while
the others are [Ln(NOs3);-(H,0)4]- 2H,O (Ln = Pr-Dy,
Y; CN = 10). Ln(NOs);-5H,0O (Ln = Eu, Dy-Yb) have
[Ln(NOs3)3-(H,0)4] molecules (CN = 10). Ln(NO3);-4H,0
and Ln(NO;3);-3H,O both contain [Lu(NOj3)3-(H,0);3]
(CN =9).

Again, it has been X-ray diffraction data on
crystalline solid salts that has provided models for the species
present in solution. Nd** is a lanthanide(III) ion whose 4f—4f
absorption spectrum has spectral features sensitive to changes
in coordination environment (‘‘hypersensitivity’’), and this
was applied to studying the Nd** (aq) ion (1968). In the
hypersensitive region of the spectrum around 8000 A, the
spectra of solid [Nd(H,0)9] (BrO3); and of dilute aqueous
solutions of Nd** are very similar; the spectrum of Nd** in
concentrated HCI solution is quite different, resembling the
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eight-coordinate Nd in solid NdCl;-8H,0, which contains
[NdC1,(H,0)]* ions.”! This influential report has been
followed by a number of studies, involving both spectroscopy
and diffraction. A luminescence study of lanthanide complexes
showed a linear correlation between the decay constant and the
number of coordinated water molecules, which afforded first
coordination sphere hydration numbers of 9.0, 9.1, 8.3, and
8.4 for Sm**, Eu 3*, Tb’*, and Dy>", respectively. Another
study that employed laser-induced fluorescence spectroscopy
showed that the hydration number decreased from 9 to 8 in the
Eu—Tb region of the series. A neutron diffraction study of the
Ln* (aq) gave hydration numbers of 9.0 and 8.5 for Pr3* and
Sm>T, respectively, and 7.9 for Dy3* and Lu**, suggesting
that both eight- and nine-coordinate species are present for
samarium. Extended X-ray absorption fine structure (EXAFS)
spectra of aqueous solutions of lanthanum perchlorate are very
similar to those of solid [Ln(H,0O)y] (CF3S03)3, implying a
coordination number of 9 for La’* (aq), and incidentally
showing that the six-coordinate species present in the
crystalline perchlorate are not significant in solution. An
EXAFS study of chloride complexation by Ln** (aq) also
gave evidence of a drop in coordination number across the
series, with hydration numbers being 9.2 (La); 9.3 (Ce); 9.5
(Nd); 9.3 (Eu); 8.7 (Yb); and 9.7 (Y). X-ray absorption near-
edge structure (XANES) spectroscopy has been applied to
this. The early lanthanides form TTP [Ln(H,0)9]** ions;
on crossing the series, two waters become more weakly
bound until eventually one leaves the hydration sphere,
forming distorted bicapped trigonal prismatic [Ln(H,0)g]>*
ions.”?

Overall, then, the nature of the hydrated lanthanide
ion in solution now appears to be well understood. In sum-
mary, the coordination number of [Ln(H,0),]’* (aq) is
believed to be 9 for the early lanthanides (La—Nd or Sm)
and 8 for the later metals (Dy—Lu, Y), with the intermedi-
ate metals exhibiting a mixture of eight- and nine-coordinate
species. The nine-coordinate species are assigned TTP struc-
tures and the eight-coordinate species square antiprismatic
coordination.

5 LANTHANIDE(II) IONS IN NONAQUEOUS
MEDIA

While the coordination chemistry of lanthanide ions
in water is extensive, it is of course not limited to this solvent.
In the 1970s, considerable interest developed in the synthesis
of lanthanide ion complexes soluble in apolar solvents for their
use as ‘‘lanthanide shift reagents’” in NMR spectroscopy.”
Typically, such complexes were neutral and based on chelating
1,3-diketonate ligands, one of their attractive features being
that not only did they cause normally overlapping resonances
to be spread out and resolved but that they could readily
be prepared from optically active ligands and thus used to

distinguish enantiomers. The degree of shifting observed
could also be used to deduce molecular structure. Such
applications have, however, been largely surpassed by modern
developments in NMR spectroscopy. In contrast, the effects
of paramagnetic lanthanide(III) ions on the nuclear properties
of other elements have become of increasing importance in
medical diagnosis,”* as discussed in detail in Lanthanides:
Magnetic Resonance Imaging.

As for water, homoleptic solvento complexes can
be regarded as reference species for the formation of
complexes in nonaqueous media and there is a substantial
body of thermodynamic data relating to this topic.”
Chloride ion complexes, for example, are readily formed
in dimethylformamide (dmf), with [LnCl,]®~™% n = 1-4,
detectable for all Ln'", though K, has only a value close
to 10° that varies but slightly across the Ln series. The
poor anion solvating ability of dmf is considered one of
the primary reasons for the enhanced stability relative to
that in aqueous systems. Since dipolar, aprotic solvents do
not protonate amines (to produce the conjugate base of
the solvent), it is possible to study amine complexation of
Ln™ and in dimethylsulfoxide (dmso) reactions between
[Ln(dmso)s]** (obtained by dissolution of Ln(CF3S03)3) and
various polyamines of different denticity give complexes of
moderate stability. Data summarized in Ref. 81 show that
log K, varies from 1.48 for 1,2-diaminoethane to 4.13 for
triethylenetetramine, for example, with evidence for some
of the higher species formed that the ligands may be
hypodentate.

Very extensive studies have been made of crown
ether complexation of the lanthanides (again carefully sum-
marized in Ref. 81) in relatively weakly polar, aprotic solvents
such as acetonitrile (MeCN) and propylene carbonate, and a
problem recognized in this work is that in such solvents the
Ln'" reactant, for example, Ln(NO3)3;, may be incompletely
dissociated. This may explain why crystal structure determina-
tions on the products of these reactions*® show stoichiometries
such as [Ln(crown)(NOs3),]3[Ln(NO3)¢], which in turn indi-
cates that the speciation in solutions from which the crystals
deposit may be somewhat more complicated than is com-
monly assumed. As noted above, anion binding is in part a
reflection of the strength of anion solvation by the solvent and
it is only for weakly coordinating anions such as perchlorate,
triflate, and iodide and strongly coordinating solvents such
as dmso and dmf that there is definitive and wide-ranging
evidence for the formation of homoleptic solvento species
on dissolution.?®7® Note that studies in mixed solvents’’
and of solvent transfer thermodynamics’® have shown that
water is not the most strongly bound simple solvent on Ln!!,
with an affinity order proposed for some common solvents
being dmso > dmf ~H,0 > CH3;OH > (CHj3),CO > THF
(tetrahydrofuran) > MeCN.

Again as for water, various lines of evidence’
indicate that the energy difference between various forms
of solvento complexes may be small and that more than one

5
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species may therefore be present in solution. For the solid state,
X-ray structural studies have defined both [Ln(MeCN)g]**
(4) and [Ln(MeCN)o>T7*8" as well as [La(dmf)z]** (5)
and [La(dmf)e]**81-33 although for all other characterized
dmf solvates,?”8* as for dmso solvates (6),2”-%% only square-
antiprismatic [Ln(solvent)s]** species have been found. In the
interesting mixed solvento-species [Nd(OH;)s(dmf);]3+,36:87
the dmf-oxygen donors occupy the capping sites of a tricapped
trigonal-prismatic unit but, unlike [Nd(OH;)9]**, bonds to
the capping atoms are shorter than those to the prismatic
site donors. Seven coordination is established for the N, N'-
dimethylpropyleneurea complexes [Ln(dmpu);]3* (7) for all
lanthanides except Lu.!”

Although measurements of solvent exchange rates
on Ln"™" solvento complexes are rather limited, it appears that
they are appreciably less labile than their aqua analogs and
may involve dissociative activation.

111

. N/\‘ 3+

The donor atoms found in lanthanide shift reagents
and in complexes stable in aqueous solution are in most cases O
and/or N,3 ysually considered as ‘hard’’ base species and thus
justifying the description of the lanthanide(III) ions as ‘‘hard”’
acids.3 This classification is of importance in, for example,
consideration of ligand design for the separation of lanthanides
from actinides present in nuclear wastes.®’ That the same donor
atom types are present in complexes soluble in both polar and
apolar solvents should not, however, be taken to mean that
the coordination chemistry of the lanthanides with ‘‘soft’
donors is particularly limited and indeed the organometallic
chemistry of the lanthanides, largely conducted in nonaqueous
solvents, is both novel and important, so important in fact that
it is discussed in Organometallic Chemistry Fundamental
Properties.

6 CONCLUSIONS

The nature of the first coordination sphere for the
lanthanide aqua ions is now well understood, and studies in
nonaqueous solvents are leading to identification of related
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species with other ligands. It is hoped that future research
will mean better knowledge of the second and further
coordination spheres, with understanding of the process of
complex formation. Clearly, there is already a considerable
choice of simple complexes that can be used as reactants to
solve particular problems arising in the synthesis of more
sophisticated lanthanide complexes. Although the discussion
above does not concern the nature of multidentate ligand
complexes, several aspects of which are discussed in other
chapters, it is worthy of note here that the lability characteristic
of simple solvento species may not be shared by such
complexes, even though there are many multidentate ligands
where the donor sites are identical with those of simple
solvents. Where the lanthanide ion and its donor sphere
can be regarded as inert, kinetic control of the reactions
of the complex can be envisaged and consequently, new
applications for the lanthanide. Finally, it may be stated
that, as a development from studies of solvento complexes
and where any applications of multidentate ligand complexes
involve solution chemistry, extended use of techniques such
as EXAFS and LAXS as complements to more conventional
spectroscopic techniques might be expected to lead to
advances in the detailed general understanding of lanthanide
ion coordination chemistry.

7 END NOTES

& In its strictest sense, the term ‘‘lanthanide’” applies
to the 14 elements following La in the periodic table, although
La itself is commonly taken to be a member of this group. The
term ‘‘rare earth,”’ especially (translated) in languages other
than English, is widely used to refer to the lanthanides and
various other elements with certain chemical similarities, and
in this chapter we adopt an intermediate posture of including
Sc, Y, and La along with the ‘‘true’’ lanthanides for the
purpose of analyzing their coordination chemistry.

8 ABBREVIATIONS AND ACRONYMS

dmpu = N, N’-dimethylpropyleneurea; dmf = dim-
ethylformamide; dmso = dimethylsulfoxide; THF = tetra-
hydrofuran.
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1 SUMMARY

Although considered as inessential elements for life,
the lanthanides are certainly biologically active and have
numerous applications of importance in biological analysis
and in both diagnosis and therapy in medicine. These
applications exploit not only the spectroscopic and magnetic
properties of various naturally occurring lanthanides but also
the activity of synthetic radioisotopes. This chapter is focused
on recent developments in such areas and on the basic
aspects of coordination chemistry, which underlie the use
of lanthanide(III) species in particular.

2 INTRODUCTION

While the lanthanides do not appear to be biologically
essential elements,!? they are certainly biologically active and
useful in many ways,> and their applications in medicine,®’
in particular, continue to expand. In a recent review®
focussed on a broad range of applications of lanthanide ion

luminescence, a detailed list is provided of the many particular
applications of lanthanide complexes in biology and medicine.
These extend from use, in the nineteenth century, of cerium
oxalate in the treatment of nausea during pregnancy to two-
photon luminescence microscopy developed in the 1990s.
One result of such work has been the demonstration that
nonradioactive lanthanide compounds are of relatively low
toxicity for human beings,"*%° though this may not be true
for other organisms.!#%1% Nonetheless, since medical use as
in magnetic resonance imaging (MRI)''~2° can involve quite
large (gram quantity) dosages, an important aspect of the
coordination chemistry of the compounds exploited (largely
Gd™ complexes) is that of ensuring that the lanthanide is not
in a form where it may be retained within the body and in
particular that it is bound to a ligand so strong that negligible
amounts of the aqua ion may be released. Heavy metal ions
are typically considered as toxic species?! and the fact that
there is an extensive coordination chemistry of the lanthanides
with sugars?*2* and aminoacids, See Ref. 25 and references
therein,6 for example, points to their capability of interacting
with biomolecules including polysaccharides and proteins. In
addition, Ln'"" species are of a similar size to Ca" and, largely

The Rare Earth Elements. Edited by David A. Atwood. © 2012 John Wiley & Sons, Ltd. ISBN 978-1-119-95097-4
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because of their higher charge, will replace calcium bound
to proteins, a property which has been exploited to produce
spectroscopically active probes of calcium sites,>~>?7*8 though
the introduction of the lanthanide is not necessarily associated
with retention of the same activity as the Ca protein (as
is also true where Ln'" is substituted for Mn'" in various
enzymes??). They will also replace Ca!' in bone, a property
which has found therapeutic applications,®*3? and the fact
that they are not biologically essential elements thus appears
to be a consequence of their relatively low natural abundance
(with respect to Ca in particular) and the highly insoluble
nature of their ores, among other factors. Monazite, one of
the more common lanthanide ores,3® is a phosphate and it
is the insolubility of LaPO4 which is in part the basis of
the successful use of La,(CO;); in treatment of phosphate
overload® (see ahead).

True problems of toxicity are associated with the
mining and treatment (including wastes disposal) of rare
earth ores (See Ref. 35 and References therein) but these are
largely due to the fact that the ores are typically contaminated
with significant levels of radioactive elements, thorium and
uranium being the most important of these.3® The lanthanide
promethium occurs only as radioisotopes of short half-life,
the longest lived being **Pm, #,/,17.7 years,” and thus
its abundance is so low that it is not considered a health
risk. Numerous radioactive lanthanide isotopes are present in
nuclear wastes and their separation and disposal have been the
subject of much research, although efforts have also been
directed at the synthesis of particular isotopes through neutron
irradiation for use in medical treatments,3*3! where indeed it
is selective toxicity which is the important issue. Here, it may
also be noted that some nonradioactive lanthanides have been
studied as models for the chemical behavior of highly toxic
actinide species present in nuclear wastes (Eu'™ for Am™3?,
Ce!V for Pu'V40),

Since a full discussion of the nature and effects of
lanthanides in living systems would pass well beyond the
limits of a single chapter, what has been done in the present
work is to focus largely on recent developments in some
of the more important fields, most of which (excluding that
of radiopharmaceuticals) are based on exploitation of the
magnetic or luminescence properties of the lanthanide ions. In
medical areas, in particular, these more recent developments
have concerned efforts to achieve more efficient targeting of
lanthanide-containing reagents to particular tissues and organs,
work which generally has required sophisticated ligand design
and careful exploitation of lanthanide coordination chemistry
in order to make the most efficient and selective use possible
of the inherent properties of the lanthanide ion centers. The
various reviews cited herein provide extensive referencing to
basic studies of lanthanide ion/biomolecule interactions and
to the foundations of current applications, as well as to earlier
substantial reviews with similar coverage.

3 LANTHANIDES IN BIOLOGICAL ANALYSIS

The first sophisticated bioanalytical application of
lanthanide ion luminescence was that of (most commonly)
Eu™ complexes in time-resolved fluoroimmunoassays.>* See
Ref. 41 and references therein. A basic requirement for any
immunoassay is that it must be possible to label in some way
an antibody or an antigen with a tag that is stable and readily
detected under the conditions of the analysis. In the case
of luminescent tags incorporating lanthanide ions,>#8:%42-49
the metal ion must be bound sufficiently strongly by a
multidentate ligand to prevent its loss by coordination to
the variety of other ligands present in (aqueous) biological
media and the ligand itself must be such as to promote
the most intense luminescence possible from the metal ion.
A particular advantage of lanthanide ions as luminescent
tags is their relatively long excited state lifetimes, enabling
time gating to be used to eliminate the effects of short-lived
background biological luminescence, although these lifetimes
can be shortened by the presence, in particular, of aqua ligands,
so thatideally the denticity of the binding ligand should be such
as to exclude the availability of a site for water (in distinction
to the situation for MRI''-2” see ahead). A further requirement
of the ligand is that it should incorporate a strongly absorbing
chromophore which can act as an ‘‘antenna’’ to transfer
excitation to the otherwise very weakly absorbing lanthanide
ions. Further still, the ligand must be functionalized in a
way that is suitable for its attachment (perhaps multiply)
to proteins (antibodies) and antigens. While a considerable
variety of ligands giving lanthanide ion complexes of high
stability in biological media are now known,*’ satisfying
all the criteria for use in an immunoassay system is not a
readily obtained objective. Nonetheless, minor deficiencies
can be tolerated and an example of a satisfactory case is
provided in the Eu™ complex of the cryptand derivative
shown in Figure 1.45 Here, the macrobicyclic nature of the
ligand inhibits access of water ligands to the metal ion center,
the heteroaromatic coordinating units absorb strongly in the
ultraviolet region and efficiently transfer their excitation to
Eu', and the external functionalization can be used for
efficient attachment to proteins.

Advances*®*? in the application of luminescent
lanthanide probes of the form just described both in the
area of immunoassays and of general bioanalysis include the
use of the lanthanide center as an excitation transfer agent
(via Forster resonant energy transfer (FRET),*S one of several
possible sensing mechanisms for fluorescent chemosensors’)
to produce emission from organic fluorophores at various
wavelengths and the use of the external functionalization for
specific reactions which “‘switch on’’ strong luminescence.*?
An example of the latter is provided in detection of singlet
oxygen by the Eu' complex of the anthracenyl-substituted
terpyridine derivative shown in Figure 2, in which deactivation
of the metal ion excited state by the anthracenyl substituent
is excluded by the reaction of this unit to form an adduct
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Functionality
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lanthanide
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“antenna”

Figure 1 An europium(IIl) cryptand complex*s
requirements for use in fluoroimmunoassays

satisfying the

Figure 2 “‘Switching on’’ of Eu™ luminescence resulting from
reaction of a pendent anthracenyl group with singlet oxygen

with the singlet oxygen.! This complex and related species
which respond to a variety of other biological substrates can
be used, through luminescence microscopy, to provide maps
of the cellular locations and transport of the substrates,*?
thus providing both qualitative and quantitative bioanalysis.
It is of course essential that the lanthanide complex used
be not only luminescent but also noncytotoxic and stable in
biological media, and there is in fact a considerable choice of
species which satisfy these criteria,®**? their innocuous nature
confirming the general supposition that toxicity is rarely likely
to be an issue in the use of lanthanide complexes. Note
that one means of enhancing the sensitivity of luminescence
measurement is to use polynuclear complexes containing
multiple emitters, even binuclear species having proved
advantageous.’

Although the visible red and green, respectively,
emissions from Eu' and Tb™ complexes are particularly
familiar due to their widespread exploitation,®4?~45 they do
occur and may be excited by absorption in spectral regions
where biological tissues and structures may absorb. Conse-
quently, considerable interest has developed in lanthanide
ions which emit in the near-infrared (NIR) region (Nd™
being long exploited, in solid state lasers, in particular,

because of this property), since, here, most biological tis-
sues are transparent.®>* Hence, both excitation and emission
may be achieved without complications associated with the
medium. A development of the capacity to irradiate efficiently
in a relatively low energy region is that of ‘‘upconversion’’
systems»3* where two absorbed NIR photons are converted
into a single emitted visible photon. This in turn has been
associated with the development of lanthanide emitters based
on nanoparticles and various other aggregates,®*¢ materials
which can also be exploited in other areas such as MRI (see
ahead).

Hydrolysis of phosphate esters by lanthanide
hydroxide gels was one of the earliest observations of metal
ion catalysis of such reactions® and this, in fact, does provide
a reason for considering that lanthanide ions might indeed
be toxic under certain conditions. What has been shown,
however, is that it is only Ce'¥ which is a particularly efficient
catalyst for hydrolysis of phosphate ester bonds in nucleic
acids (as well as of peptide bonds in proteins)**3” and this
property has been put to use in developing methods for
excising small polynucleotide units from DNA.5® Although
[NH4]2[Ce(NOs3)s] is the reagent conventionally used as the
source of Ce!V in these reactions, due to the lability and
facile hydrolysis of the [Ce(NO3)s]*~ anion, the nature of the
actual catalytically active species is somewhat obscure and
the reaction process is probably heterogeneous. Hydrolytic
oligomerization is a means of providing multiple metal centers
in close proximity to engender bimetallic catalysis.

4 LANTHANIDES IN MEDICAL DIAGNOSIS

The development of gadolinium-based relaxivity
enhancement agents to improve tissue contrast in MRI has
been a crucial aspect of the now widespread use of this imaging
technique.!’ 2" An obvious reason for the use of Gd'! is that
this ion has the greatest number of unpaired electrons of any
simple metal ion and thus is a source of strong paramagnetism
(although other Ln'!, Dy"!, and Ho'"!, in particular, have higher
magnetic moments!7). Many other issues must, however, be
considered in developing reagents suitable for medical use.
A crucial requirement is stability in a biological environment
and another the avoidance of possible toxic effects (of the
reagent itself or of gadolinium aqua ion if released from the
reagent®) by ensuring efficient elimination from the organism
(usually a human being) after use. Since the basic effect of the
reagent used is to enhance the nuclear relaxation rate of the
protons of water molecules in tissue, an efficient mechanism
for transfer of this relaxivity effect must operate and this
requires the coordination of at least one water molecule to the
metal center. The subtlety of the strategy necessary to realize
just these objectives is illustrated by the fact that although both
the macrocycle derivatives 1,4,8,11-tetra-azacyclotetradecane
tetra-acetate (TETA) and 1,4,7,10-tetra-azacyclododecane
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tetra-acetate (DOTA) (Figure 3) give Gd™' complexes of more
than sufficient stability to be injected into and recovered
intact from living tissues, only the DOTA complex is a
useful relaxivity enhancement agent because of the ability of
the bound Gd™ to pass from eight- to nine-coordination by
coordinating a water molecule as well as the macrocycle.!!
Numerous more subtle aspects of relaxivity agent
design have been subjected to close scrutiny, various
substitution patterns of the cyclen macrocycle which is the core
of DOTA having been examined, for example, with the aim of
producing just a trianionic derivative so that the Gd'! complex
would be neutral,> minimizing osmotic shock associated with
its injection. A major drawback to the use of mononuclear
Gd"" complexes (despite the fact that it is the conventional
procedure in current medical diagnosis'®!?) is that relatively
high concentrations, therefore high doses, are required to
generate useful effects. Hence, various approaches!*~1® have
been developed, for example, toward functionalization of
the complex to achieve targeting to a particular tissue, an
objective of broad importance in the application of lanthanide
ion chemistry,8! or toward formation of clusters in which
(sometimes very large) numbers of Gd'"" centers are present.
The Gd™ complex of a derivative of diethylentetramine-penta-
acetate (DTPA) known as MS-325 (Figure 4a) was designed

CO,”  70C CO,” __0,C
- Y
[ N N j [ N N j
N N
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Figure 3 Tetrakis(carboxylatomethyl) derivatives of the tetra-
azamacrocycles ‘‘cyclen”’ (1,4,7,10-tetra-azacyclododecane) and
““cyclam” (1,4,8,11-tetra-azacyclotetradecane) which form Ln™
complexes of high stability in biological media
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Figure 4 (a) The Gd™ complex termed MS-325 designed for
binding to human serum albumin'®. (b) The Gd™ complex of a
sexidentate tripodal ligand in which three readily exchanged water
molecules are also present!®

to target binding to serum albumin and has been shown
to be useful, for this reason, for blood vessel imaging.'?
Gadonanotubes are an example of a high-performance contrast
agent in which chlorogadolinium(III) clusters are encapsulated
in single-walled carbon nanotubes.!®?° Other means of
controlled aggregation such as the formation of micelles with
appropriately functionalized mononuclear complexes!#1820
are a further source of potentially useful multimetallic
agents. An alternative strategy to enhance the relaxivity of
mononuclear species is the use of a tripodal ligand occupying
six-coordination sites about Gd"! (Figure 4b), thus allowing
up to three water molecules to also be coordinated and, because
of their high exchange rates, to enhance the nuclear relaxation
rates of solvent protons considerably more effectively than
does [GA(DOTA)(OH,)] ™ or its relatives.'s Note also that the
lowered tumbling rate of a simple complex resulting from its
attachment to a biopolymer can be another important influence
on relaxivity.!315

The similarity in coordinating properties of all the
lanthanides means that, broadly speaking, all that has been
learnt about binding and targeting of Gd"' can be applied to the
other cations.®*! In the case of radioactive lanthanides, most
such applications concern therapy**$! but certainly positron-
emitting radiolanthanides®' could also be used in imagery
(PET, positron emission tomography). Indeed, the increasing
trend to use one species for both imaging and therapy®! has
led to the definition of the field of ‘‘theranostics”’®? as the
combination of these applications.

5 LANTHANIDES IN MEDICAL THERAPY

The use of radiolanthanides in both treatment and
palliation of cancer has been long established3*%3 and methods
for the production of radioisotopes with optimal properties for
different uses continue to be a matter of research interest.30-31:64
The rare earth species *°Y has also been long known for
its medical use in cancer treatment.®> In the alleviation of
the severe pain associated with bone cancer, the targeting
of bone by exchange with Cal of, for example, >3Sm™
delivered as its complex with phosphonate analogs of DOTA
(and other multidentate ligands) is a fundamental aspect of
the therapy.®® Certain nonradioactive Ln'"" complexes have
been extensively investigated for cancer treatment.3* The
Gd"™ complex of the expanded porphyrin ‘‘texaphyrin,”” for
example, having a long wavelength absorption suited to its
excitation by tissue-penetrating NIR radiation gives a species
deactivated by conversion of triplet oxygen to its cytotoxic
singlet form.%” Nonradioactive lanthanides have also proven
useful in the treatment of bone disorders such as osteoporosis,
the substitution of Ln'" for Ca'' in various enzymes enabling
modification of the imbalance between bone resorption and
bone formation.3* Here, an important aspect of the therapy
is the use of ligands bound to Ln' which overcome the
incapacity of simple Ln salts to be absorbed from the intestinal
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tract (this being in fact another reason to those noted previously
for their low toxicity).

As noted previously, therapeutic applications of Ce,
in particular, were developed in the nineteenth century®3* and
indeed the early recognition of the antibacterial properties of
both Ce™ and Ce'Y compounds led to their quite extensive
and continuing use in treatment of burn patients to avoid
infection, although it may be that their influence on the
immune response is more important than their bacteriocide
properties.>* The effect of Ln'" species, in general, on immune
function is well established but seemingly rather complicated
biochemically.3*

A fascinating illustration of the issues involved in
the development of a lanthanide-based therapeutic agent is
provided by the use of lanthanum carbonate in the treatment
of hypophosphatemia.3* This is an overload illness commonly
arising in patients with renal disease, with an apparently
simple solution being to inhibit phosphate absorption from
the gut. While various metal ions give exceedingly insoluble
phosphates, which are not absorbed, problems may arise from
absorption of any excess metal ion (for example, AI'"!, for
which toxic effects are well established) and thus the fact that
simple Ln™ species do not cross intestinal membranes makes
them of unique utility. La;(CO3); will dissolve in stomach
acid to give a species which will bind phosphate both at
low pH and at higher pH values found in other parts of the
intestine. Any excess of La'' is excreted efficiently along with
insoluble LaPOy.

6 CONCLUSIONS

Despite their inessential nature, the lanthanide ele-
ments in their compounds can be involved in and influence
the functioning of biological systems in a remarkable vari-
ety of ways. There are certainly reasons to expect that this
variety may increase, especially in the areas of medical
diagnosis and imaging.3%%2 An index of just how important
such applications have already become is the anthropogeni-
cally induced augmentation of environmental Gd levels due
to the use of MRI procedures.®® The present report pro-
vides no more than a brief glimpse of the fascinating
coordination chemistry which underlies the development of
known applications of the lanthanides, and this is chem-
istry which no doubt will further evolve in the future. Many
of the issues which are touched upon only briefly in the
present chapter are discussed in much greater detail in other
chapters of this encyclopedia, in particular Lanthanides:
Coordination Chemistry, Luminescence, Lanthanide Com-
plexes with Multidentate Ligands, Near-Infrared Materials,
Lanthanides: Magnetic Resonance Imaging, Luminescent
Bioprobes, and Sensors for Lanthanides and Actinides.

7 GLOSSARY

Multidentate ligand: A single molecule containing multiple
donor-atoms, such that it can occupy all or most of the
coordination sites of single metal ion, thus forming a
complex of high stability. Macrocyclic ligands, where several
donor atoms are found within the large ring, are a particularly
useful class of multidentate ligands for lanthanide chemistry.

Antenna ligand: A ligand containing a chromophore
capable of strong light absorption and of then transferring the
energy of excitation to a bound metal ion.

Radiolanthanide: Usually, a synthetic radioisotope of a
lanthanide produced by neutron irradiation of a stable
species, although radiolanthanides are also found as nuclear
fission products and promethium is only known in the form
of radioactive species.

Relaxivity: A measure of the effect of a paramagnetic ion,
such as gadolinium(III) on the nuclear excited state lifetime
of any adjacent nucleus, that of the proton being most
important in current applications of the lanthanides.

Luminescence: In general, the loss of the energy of an
electronic excited state by the emission of light, a particularly
important aspect of lanthanide ion behaviour being that this
energy loss occurs relatively slowly. In some cases,
luminescence can be switched “‘on’’ or ‘‘off’” by chemical
reactions of the lanthanide complex.

Imaging: Any technique making use of relaxivity effects or
luminescence to provide a three-dimensional map of the
structure of a micro- or macro-scopic system.

Immunoassay: A bioanalytical technique based on the use
of antibody—antigen interactions and where either the
antibody or the antigen can be ‘‘tagged’’ by grafting on a
luminescent or radioactive lanthanide complex.

Toxicity: Any deleterious effect of a lanthanide on the
living body, usually considered to be a result of the
lanthanide ion interfering with enzyme function.

Cancer palliation: Reduction of the pain associated with
certain cancers resulting from the targeting of
radiolanthanides to particular cells.

Hypophosphatemia: An overload illness commonly arising
in patients with renal disease, with an apparently simple
solution being to inhibit phosphate absorption from the gut.
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Ligands; Near-Infrared Materials; Lanthanides: Magnetic
Resonance Imaging; Luminescent Bioprobes; Sensors for
Lanthanides and Actinides.

9 ABBREVIATIONS

DTPA = diethylentetramine-penta-acetate; FRET =

Forster resonant energy transfer; MRI = magnetic resonance
imaging; NIR = near infra-red; PET = positron emission

tomography.
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1 SUMMARY

In their coordination chemistry, the lanthanides are
typified by complexes of Ln*, species that exhibit significant
differences from analogous transition metal ions such as
Cr’* and Co®*. Not only do they not form readily isolable
complexes with basic N-donors such as ammonia, but also
they do not have a characteristic coordination number in
their complexes. Their characteristics are shared by the much
less commonly encountered complexes of Ln?>* and Ln** ions.
Coordination numbers are determined by the size of the ligand,
either by the number of donor atoms that may pack round the
metal, or, in the case of bulky ligands, the interactions between
distant groups that decide how many ligands may bind to the
metal ion. Coordination numbers up to 8 or 9 are the norm
with monodentate ligands, though using multidentate ligands
may produce values as high as 12. Yttrium behaves in a way
similar to the later lanthanides, while scandium can behave

differently from either the lanthanides or the earlier transition
metals.

2 INTRODUCTION

Apart from simple hydrated salts, little was known
about the coordination chemistry of the lanthanides until
the 1960s. It was generally assumed that complexes of
the Ln?>* ions resembled those of the transition metals,
though there was little hard evidence to support that view,
in particular, the assumption that six-coordination would
be the norm. It was known that ligand-field effects were
weak in lanthanide chemistry, and so that, combined with
the knowledge that lanthanide ions were substantially bigger
than typical transition metals, it could have been predicted
that coordination numbers greater than 6 would be the norm.
Verification of this, however, had to wait for the renaissance
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of coordination chemistry and also for the rise in rapid crystal
structure determination.

3 CHOICE OF DONOR ATOMS

The large, highly charged, Ln3* ions are ‘‘hard”’
Lewis acids, and therefore favor ‘“hard’’ donor atoms, binding
to oxygen and nitrogen in preference to sulfur and phosphorus.
Such character is largely determined by solvation effects so
that an important factor is the high hydration energy of
the Ln®* ion, meaning that syntheses of complexes with
mono- and bidentate ligands must often be carried out
in weakly coordinating nonpolar solvents such as MeCN
to minimize competition. Complexes with the more basic
amine ligands such as ammonia or aliphatic amines are less
well known, and tend to have been prepared by reaction
in supercritical ammonia or by reactions under anhydrous
conditions involving solvento complexes, rather than by direct
reaction of a hydrated metal salt and a ligand in an organic
solvent, to avoid precipitation of the lanthanide hydroxide in
the presence of water. The high electronegativity of oxygen
and the consequent polar nature of ligands such as phosphine
oxides RyP?* = O’ is also a factor.

4 COORDINATION NUMBERS

Because of ligand-field factors, certain transition
metal ions, notably Cr’* and Co**, almost exclusively
exhibit a coordination number of six in their complexes.!™
The kinetically inert nature of Cr' and Co™ complexes,
dramatically different from that of the extremely labile
lanthanide solvento ions, facilitates the isolation of isomeric
species and was crucial in enabling Alfred Werner to formulate
the fundamental tenets of coordination chemistry. For simple
lanthanide ion complexes, their lability and the lack of
a marked sensitivity of their visually observed colors to
the nature of the coordination sphere renders Wernerian
procedures inapplicable, such that the establishment of high
and variable coordination numbers as a characteristic of
lanthanide ions has depended largely on modern spectroscopic
and crystallographic measurements.

In delineating the factors determining these coordi-
nation characteristics, chemists have introduced the concepts
of first-order and second-order steric effects.

First-order effects are those that arise from crowding
involving the ligand donor atoms in the immediate vicinity
of the metal ion, the primary coordination sphere. Interatomic
repulsions involving the donor atoms make it impossible for
more atoms to be ‘‘in contact’” with the lanthanide ion. This is
particularly applicable to ligands consisting of a single donor

such as halide (or oxide) ions, or those of small, uncongested
ions or molecules, such as H,O, NCS—, and OH™.

Second-order effects apply to situations where there
are bulky groups attached to the donor atom. The donor atom
may be small (C, N, O) but it is the repulsions between
the bulky substituent groups that determine how many ligands
may pack round the lanthanide ion, not the repulsions between
the donor atoms. Ligands of this type are exemplified by
bulky amides, notably N(SiMej3),, as well as the isoelectronic
alkyl-CH(SiMe3;), and bulky alkoxides and aryloxides. Such
ligands are associated with compounds with unusually low
coordination numbers.

So, first-order effects determine the coordination
number in species such as LnCle>~ and [Ln(H,O)o]**,
whereas bulky ligands with high second-order steric effects
lead to crowding and impose low coordination numbers in
[Ln{(CH(SiMe3)}3] and [Ln{(N(SiMe3)s ) 1.

4.1 Examples of Coordination Numbers

Despite the 1939 report of the crystal structure
of [Nd(H;0)9](BrO3);, which showed that a coordination
number of nine was possible for Ln'", it was generally believed
right into the 1960s that yttrium and the lanthanides would be
six coordinate in their complexes. A breakthrough came in the
mid-1960s, with the determination of structures of compounds
such as [Eu(terpy);](ClO4); and [La(edta)(OH,);]-5H, O (both
nine coordinate) and [La(Hedta)(OH,)4] (10 coordinate). In
fact, coordination numbers up to 12 can be obtained using
ligands such as nitrate and 1,8-naphthyridine, in [Pr(naph)g]
(Cl04); and salts of the [Ln(NO3)¢]*~ ion (Ln = La, Ce,
Pr, Nd and the Ce'V analog), where the small “‘bite angle”’
of the bidentate ligand is responsible. It was subsequently
shown that use of bulky ligands (discussed earlier) made very
low coordination numbers possible, as in three-coordinate
[Ln{N(SiMes),}3] (Ln =Y; La—Lu except Pm) and four-
coordinate [Li(thf)4]" [Lu(2,6-Me,C¢H3)4]~. Eight and nine
coordination are probably the most frequently encountered,
although in broad terms the earlier (larger) Ln!!l tend to be
associated with higher coordination numbers than the heavier
(see below).

Representative examples of each coordination num-
ber follow. Coordination numbers below six are so far
found only in o-bonded organometallics, amides, and the like,
which employ bulky ligands. Note that most precise informa-
tion on lanthanide coordination comes from crystallographic
studies, so that it is necessary to state the caveat that what is
best known concerns the solid state, even though much is also
known of solution behavior.

4.2 Coordination Number 2

The only two-coordinate compounds are the volatile
two-coordinate bent Ln' alkyls [Ln(C(SiMe3)3),] (Ln = Yb,
Eu). These contain just two Ln—C o bonds, but are bent
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(C—-Yb-C 137°) because of additional agostic Yb- - -H-C
interactions.

4.3 Coordination Number 3

This was first observed in the amides Ln{N(SiMe3 ), }3,
(1; Ln =Y, all lanthanides). These are planar in the gas phase
and in solution (they have zero dipole moment) but have
pyramidal structures in the solid state, again probably caused
by agostic interactions. The alkyls Ln{CH(SiMes),}; (e.g.,
Ln =, La, Pr, Nd, Sm, Lu) appear to be similar.

4.4 Coordination Number 4

Both organometallics [Li(thf)s] [Lu(2,6-dimethyl-
phenyl)4] and [Li(thf)4] [Ln(CH,SiMes)s] (Ln =Y, Er, Tb,
Yb), and the amides Ln[(N(SiMejs ), ]3-(Ph3PO) and [Li(thf)4]
[Ln(NPh;)4] (Ln = Er, Yb) are examples of tetrahedral
structures, as is the amide [Sm{(CsF5)(Me3Si)N};(thf)] (2).

4.5 Coordination Number 5

The few cases of trigonal bipyramidal coordination
are mainly represented by the adducts of the amides
with slender nitriles, Ln[(N(SiMe;);]3(NCMe),, and by
a few o-bonded organometallics, e.g., [ScPhs(thf),] and

[Yb(CH,Bu);(thf),]. A few complexes of bulky Schiff bases
also exhibit this coordination number (3).

¢ //k
ﬁ'\k 7 /
[

4.6 Coordination Number 6

For the transition metals, most M tris( 8-diketonate)
complexes have octahedral coordination, but for the lantha-
nides this is only realized for a few Ln(diketonate); with very
bulky ligands, e.g., [Ln(‘BuCOCHCO'Bu);] (Ln = Tb-Lu).
Other notable examples of octahedral coordination include the
alkyls [Li(L—-L)3]-[Ln(CH3)s] (L-L = MeOCH,CH,0OMe
or Me;NCH,CH,;NMe,; Ln = La—Sm, Gd—Lu, Y). Salts
Cs;LiLnClg (Ln = La—Lu) have the elpasolite structure
with [LnClg]’~ anions (4) on cubic sites; these have been
widely used to study optical properties of Ln** ions. A few
cases are known of salts with [LnCl;] 4~ ions. Some thio-
cyanate complexes (BusN); [M(NCS)s] M =Y, Pr-Yb)
have octahedral coordination, but other counterions pro-
duce seven and eight coordination with anionic thiocyanate
complexes. Similarly, while crystalline hydrated lanthanide
ion perchlorates appear to contain octahedral [Ln(OH,)s]*™,
this is not the case for the analogous bromates, triflates,
or iodides. A very few cases are known of nonocta-
hedral six coordination, with distortion to trigonal pris-
matic because of steric interactions between ligands in
[Ln(S;P(cyclohexyl),)s].
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4.7 Coordination Number 7

Among simple complexes, the best examples are thf
complexes of the type Ln(thf)4X; (X = halogen (5), NCS)
with pentagonal bipyramidal geometries, while many adducts
of the B-diketonate complexes of the type Ln(diketonate)s-L
(L = Lewis base, e.g., H,O, py) also have seven—coordinate
structures. Capped trigonal prismatic [EuCl;]*~ ions are found
in Ba,EuCl;.

4.8 Coordination Number 8

Again, two geometries predominate here, dodecahe-
dral or square antiprismatic, with the choice of geometry
often dictated by minor factors, as with dodecahedral
(PhsAs)[Ln(S,PEt;)4], and square antiprismatic (PhsP)
[Pr(S;PMe;)4]. Dodecahedral coordination is also illustrated
by the [Gd(catecholate)4]°~ ion (6).

L-\

4.9 Coordination Number 9

Several classic examples of tricapped trigonal pris-
matic geometry can be noted in the chloride LnCl; (Ln =
La—Gd) and bromides LnBr; (Ln = La—Pr), as well as
in the aqua ions [Ln(H,O)y]** ions and the complexes
[Ln(terpy);]’* (e.g., Ln=Eu) and [Ln(dipic);]*~ (e.g.,
Ln = Gd (7)).

4.10 Coordination Numbers 10-12

Because of interligand repulsions, it is hard to get
coordination numbers greater than nine with monodentate
ligands. Interdonor atom repulsions (‘‘first-order’’ effects)
can be minimized with donor atoms in the first short period,
such as oxygen or nitrogen, and there are bidentate ligands
such as nitrate or 2,2’-bipyridyl that do take up relatively little
space in the coordination sphere—they are often referred to
as having a small ‘‘bite angle.”” Multidentate crown ether
ligands also tend to be associated with high coordination
numbers. Polyhedra in these high coordination numbers
are often necessarily irregular, but when all the ligands
are identical, near-icosahedral geometries occur for the 12-
coordinate complexes. Examples of such high coordination
numbers are, for 10 coordinate: (PhyAs), [Eu(NOs3)s],
Ln(bipy)>(NO3)s (Ln = La—Lu, Y), Ln(terpy)(NOs);(H,0)
(Ln = Ce—Ho); 11 coordinate: Eu(15-crown-5)(NO3); (Ln =
Nd—Lu); 12 coordinate: Ln(18-crown-6)(NO3); (Ln = La,
Nd); [Pr(naph)s] (ClO4); and [Ln(NO3)¢]>~ ions (Ln = La
(8), Ce, Pr, Nd) in crystalline salts. Counter-ions can be
influential as 11-coordinate [Pr(O,NO)s(ONO,)]>~ ions can
also be obtained (9).
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Pr

5 THE LANTHANIDE CONTRACTION AND
COORDINATION NUMBERS

On crossing the lanthanide series from La to Lu, there
is a 16% decrease in the ionic radius of the La3* ion for a fixed
coordination number. If coordination numbers were purely
determined by the packing of spheres round a central ion,
then a decrease in coordination number would be expected
on crossing the series. This expectation is realized in the
halides; thus for the fluorides, the coordination number (CN)
decreases from 11 to 9; in both the chlorides and bromides,
the CN decreases from 9 to 6; and in the iodides, the CN
decreases from 8§ to 6.

In those cases where it has been possible to make
a study across the whole series for a family of com-
plexes involving the same ligands, a similar situation
often arises. Thus, for the complexes of the terdentate
ligand 2,2":6',2"-terpyridyl, it is the heaviest and small-
est lanthanide ions that form water-free nine-coordinate
[Lo(terpy)(NO3);] (Ln = Ho—Lu (10)), the slightly larger lan-
thanides form 10-coordinate [Ln(terpy)(NO3);(H,0)] (Ln =
Ce—Dy) and only the largest, lanthanum, forms 11-coordinate

[La(terpy)(NO3)3(H20);].

There are, however, a few cases where the coordi-
nation number remains constant, possibly because the ligands
““mesh.”” Thus, using the bidentate ligands 2,2’-bipyridyl
and 1,10-phenanthroline, the complexes [Ln(bipy),(NO3)3]

((11), Ln = La) and [Ln(phen),(NO3);] (Ln = La—Lu, Y) are
obtained in isomorphous and isostructural series. Both series
have 10-coordinate lanthanides with all nitrates present as
bidentate ligands. A few other cases are known. Thus, a fam-
ily of isostructural eight-coordinate lanthanide complexes [Ln
(TREN-1,2-HOIQO)] (Ln = La—Lu, except Pm), utilizing a
hexadentate tripod ligand based on hydroxamic acid donors,
has shown them to be isostructural.?

The same phenomenon appears to exist in the
alkylamides [Ln((N(SiMes),);] (Ln = La—Lu) and alkyls
[Ln((CH(SiMe3),)3] (Ln = Y, La—Lu), which are all believed
to have three-coordinate trigonal pyramidal structures in the
solid state. Here, however, the constant coordination number
is probably due to the ‘‘second-order effects’’ of the bulky
ligands’; this factor may also be the cause of isostructurality in
the neopentoxides Ln(ONp); (Ln = Sc (12), Y, La—Lu except
Pm), where the tetrameric structure [{Ln(@-ONp),(ONp)}4] is
maintained in toluene solution.*

6 THE NEED FOR X-RAY DIFFRACTION STUDIES

As already noted, for the lanthanides, there is no
characteristic coordination number as there is for transition
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metals. Furthermore, coordination numbers can generally
not be deduced from the color of the compound, or even
the absorption spectrum, as a majority of the Ln3* ions
are colorless to the eye and have very weak absorption
spectra, which are scarcely influenced by their environment.
Exceptions do arise in the case of Eu'!!, for example, where
the narrowness of the absorption lines in its visible absorption
spectrum can allow detailed information on the coordination
sphere to be extracted from high resolution measurements.’
Nonetheless, X-ray diffraction studies are often the only way
of determining which ligands form the coordination sphere of
the metal.

Among many examples that could be given, two types
of complex of the terdentate ligand 2,2':6',2”-terpyridyl
may be cited. Reaction of lanthanide chlorides with terpy
in ethanolic solution gives complexes such as Ln(terpy)
Cl;-xH,O (e.g., Ln=La-Nd, x =28). They contain
[Ln(terpy)Cl(H,0),]** ions (Ln=1La-Nd, n=5; Ln=
Sm—Lu, n = 4), and there was no way of predicting this
or indeed obtaining it from any spectroscopic measurement.®
Reaction of hydrated lanthanide nitrates with terpy in ethanol
affords Ln(terpy)(NO;3);-C;HsOH (Ln = Dy—Lu, Y). These
have nine-coordinate lanthanides, with two bidentate nitrates,
one monodentate nitrate, and a coordinated ethanol. Again,
neither the denticity of the nitrates nor the coordination of
the ethanol molecule could easily have been foreseen.” In
another example, X-ray diffraction revealed that the complex
Nd(NOs3)3-3 bipy (bipy = 2, 2'-bipyridyl) had the structure
[Nd(bipy)>(NO3)s]-bipy.

The counterion can also affect coordination num-
bers; for example, in the edta complexes M[Ln(edta)(H,O);,],
nine-coordinate [Ho(edta)(H,O);]™ ions are found in the crys-
tal when M = K, while eight-coordinate [Ho(edta)(H,O),]~
ions are found when M = Cs. Similarly, a wide range of
simple thiocyanate complexes have been isolated, again
showing dependence upon the cation and solvent employed
as well as the ionic radius of the metal. Examples are
(BuyN);.[M(NCS)s] (M =Y, Pr—YDb; octahedral); (Et;N)4
[M(NCS)7]-benzene (M = La, Pr: capped trigonal pris-
matic) and (Me4sN)y [M(NCS);]-benzene (M = Dy, Er, Tb:
pentagonal bipyramidal) and (MesN)s [M(NCS)g]-benzene
(M = La-Dy: intermediate between square antiprism and
cubic).

Sometimes, small differences in stoichiometry that
would not readily be detected by analysis are revealed
by crystallography. For example, crystals of two lan-
thanum nitrate complexes of the terdentate 4-amino-
bis(2,6-(2-pyridyl))-1,3,5-triazine, 10- and 11-coordinate
[La(abptz)(NO3)3(H,0),] (n = 1, 2), can be isolated from
the same reaction mixture, evidently because of similar sol-
ubilities. This subtle difference in stoichiometry leads to
significant differences in the molecular geometry. Thus, the
increase in coordination number of the lanthanum from
10 to 11 is accompanied by a sharp increase in La—O

(water) distance from 2.483 (5)A to 2.589 (4)and 2.610
(4)AS8

7 COMPLEXES WITH SIMPLE MONODENTATE
O-DONOR LIGANDS

7.1 Simple Scandium Complexes

It might be expected that, since the Sc3* ion has
a considerably greater crystal radius than the corresponding
tripositive ions of the 3d metals (compare Sc*t at 0.885 A
with Ti**, Cr**, and Fe’* at 0.810, 0.755, and 0.785A,
respectively), coordination numbers greater than six might be
common in scandium complexes. With the exception of the
aqua ion (and nitrate complexes), this has not been realized,
but studies of scandium chemistry are still relatively rare
(partly on account of cost). Aqua complexes and simple
hydrates have been discussed in Solvento Complexes of the
Lanthanide Ions.

The widest range of complexes to have been studied
is with monodentate O-donor ligands (e.g., dmso, hmpa,
R3PO, pyO). Complexes isolated typically fall into two types:
ScL3 X3 (where X is a coordinating anion such as chloride) and
ScL¢X3 (with noncoordinating anions such as perchlorate).
In addition, nitrate complexes exhibit higher coordination
numbers because of the small ‘‘bite angle’” of bidentate
nitrate. Even with the small O-donor ligand dimethylsulfoxide,
scandium is six coordinate in [Sc(dmso)s](ClO4); and in
[Sc(dmso)g]l;; X-ray diffraction studies on crystals and
extended X-ray absorption fine structure (EXAFS) studies
on solutions indicate similar Sc—O distances (2.069(3) A and
2.09(1) A, respectively).>1?

It is possible for six of the sterically rel-
atively undemanding phosphine and arsine oxide lig-
ands Me;PO and MesAsO to coordinate to scandium,
whereas for Ph;PO the maximum is four. Of the many
compounds reported: [ScCl(Me3;PO)s] Cly; [Sc(MesPO)s]
X3 (X =Br, I); [ScX,(Ph;PO)4] X (X=Cl, Br, I);
[ScX5(Ph3AsO)4] X; [Sc(Me3AsO)s] X3 (X =Cl, Br, I);
[ScCl3(Ph,MePO);]; and [ScBr,(Ph,MePO)4] Br (13), struc-
tures have been determined for [ScBry(Ph3;PO)4] Br,
[ScCly(Ph3As0O)4] Cl, and [Sc(Me3;AsO)gs] Br;. Me;PO
and Me3;AsO are both likewise capable of completely
displacing nitrate from the coordination sphere, in the
octahedral [Sc(Me;PO)s](NO3); and [Sc(Me3AsO)s](NO3)3.
This is not found for the lanthanides. Nitrate coordina-
tion is found in the eight-coordinate [Sc(abptz)(NO;3);3]
(14; one nitrate monodentate), [Sc(NOj3);(Ph3PO),] and
[Sc(NO3),(Ph,MePO)4] (NO3) as well as in the seven-
coordinate [Sc(NO3)2(Ph3AsO);] NOs. The triflate complex
Sc(CF3S03)3(Ph3PO)4 has two monodentate triflates, and is
trans-[Sc(CF3S03),(Ph3;PO),] CF3S05.1112
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7.2 Complexes of Yttrium and the Lanthanides with
Simple Ligands

The Y3+ ion is comparable in size with heavier lan-
thanides, and its coordination chemistry therefore resembles
them. Aqua complexes and simple hydrates have been dis-
cussed in Solvento Complexes of the Lanthanide Ions. Fewer
solution studies of solvated species with other donors have
been made for these metals, but an examination of the Y>*
ion in O-donor solvents using X-ray absorption fine structure
(XAFS) and large angle X-ray scattering shows that the metal
is eight coordinate in dimethylformamide and dimethylsul-
foxide, but seven coordinate in N, N’-dimethylpropyleneurea
(dmpu), as are other lanthanides. It should be noted that in the
solid state, six-coordinate [Ln(dmpu)s]l; (Ln = La, Pr, Nd,
Gd, Tb, Er, Yb, Lu) are isolated.!314

In the solid state, lanthanides form [Ln(dmso)g]ls
with noncoordinating ions (X = I, CF; S05)'3, but nitrate can

coordinate. The earlier metals (La—Sm) form 10-coordinate
[Ln(dmso)4(NO3)3] complexes, while smaller metal ions
(Eu-Lu, Y) form nine-coordinate [Ln(dmso);(NO3)3;] com-
plexes, in both cases with all nitrates bidentate.!®

The best known complexes are those of ligands
such as phosphine and arsine oxides, where the high electro-
negativity of oxygen and consequent polarity of the molecule
(R3P** = 0°7) make them good donors.!” The most system-
atic results are with yttrium halides, where complexes isolated
include [Y(Me;PO)s]X; (X = Cl, Br, I); [YX,(Ph3PO)4]Z
(X =Cl, Br, or I; Z =X or PFg); [YX3(Ph,MePO);]; and
[Y(Me3AsO)s]Cls. Although the bulk of the ligand affects
the number of phosphine oxides coordinating it is not the
only one responsible for the stoichiometry of the complex
isolated. Ph,MePO is less bulky than Ph3;PO, and yet only
three of these molecules coordinate in the presence of halide,
but in the presence of NHyPFs, [YCIy(PhyMePO)4]PFg
was isolated (and in other circumstances [YCI(Ph;PO)s]
(SbClg); can be made). Solubility is important too. Less
systematic study has been made with lanthanide halides,
but compounds reported and characterized in the solid
state include mer-[LnCl3(Ph3P0O);]-0.5Me,CO (Ln = La,
Ce); trans-[LnCl,(Ph3PO)4]Cl-xEtOH (Ln = Tb, Yb); trans-
[LnBr,(Ph3;PO)4]Br (Ln = Pr, Nd, Gd, Tb, Er, Yb, Lu)'$; and
trans-[Lnl;(Ph3PO)4]I, Ln = La, Ce, Nd).

A good deal more is known about nitrate complexes;
3'P NMR studies on solutions show that several species
often coexist, and complexes with different stoichiometries
can be isolated by changing the reaction conditions.
Thus, [Y(NO3)3(Ph3PO)2(EtOH)], [Y(NO3)3(Ph3PO)3], and
[Y(NO3)2(Ph3PO)4]NO;3 can all be isolated from the
reaction of yttrium nitrate with Ph;PO by changing
solvent and temperature. [Y(NO;3);3;(R3PO);] is the most
common stoichiometry, but with the less bulky Ph,MePO,
10-coordinate [La(n?-NO3)3(Ph,MePO),] has all nitrates
bidentate. With the bulky tricyclohexylphosphine oxide,
periodic trends are clearly illustrated in [Ln(NO3);(Cy3;PO);].
For La—Eu, there are three bidentate nitrates; in the Tm and
Yb complexes, one nitrate is monodentate. The Er complex
displays an interesting example of isomerism, as one molecule
present in the crystal has three bidentate nitrates and another
has two bidentate and one monodentate nitrate.!® Similarly,
in the complexes of Ph;PO with the lanthanide triflates, they
all have the structure [Ln(OTf),(Ph3PO)4]OTf. While the Sc,
Er, and Lu complexes all have two monodentate triflates
completing octahedral six coordination, the complexes of the
larger La and Nd have seven coordination with one triflate
being bidentate.

In the case of hexamethylphosphoramide
((Me;N);PO), a maximum of six of these ligands coordinate to
a lanthanide, as in [Ln(hmpa)s] X3 (Ln = La—Lu; X = ClOy,
BrO4, ReOy4). The most interesting hmpa complexes are
the chlorides, where both fac- and mer-[LnCl;(hmpa);] can
be isolated; they isomerize in solution by an associative
mechanism.?® [La(hmpa);(NOs);] is nine coordinate and
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[Ln(hmpa)4(NCS)s] is seven coordinate, while La(hmpa)4Br;
is six-coordinate [LaBr,(hmpa),]Br.*!

Tetrahydrofuran complexes of the lanthanide chlo-
rides have been intensively studied for two reasons. They
are essentially soluble forms of the anhydrous chlorides,
and as such are very useful starting materials in the
synthesis of compounds such as alkoxides, aryloxides,
alkylamides, and organometallic compounds in general.
Second, six different types of structure have been
reported for these compounds, with formulae LnCl;(thf),
(e.g., x =2, 2.5, 3, 3.5, 4) representing a decrease in
coordination number across the lanthanide series from
8 (La) to 6 (Lu). [LaCls(thf);] is a single-stranded
polymer - - -La(u-Cl);(thf),La(u-Cl)s(thf),La- - - with eight-
coordinate La, while [LnCls(thf),] (Ce—Nd) have seven-
coordinate metals in ...LaCl(thf),(u-Cl),LaCl(thf),(u-Cl),
---chains. Nd-Gd form 4:1 complexes, monomeric
[LnCl;5(thf)4]; [LnCls(thf); 5], found for Gd—Tm, are ‘‘self-
ionized”” [LnCly(thf)s]t [LnCly(thf),]~, with seven and
six coordination. [YbCl;(thf),] is a six-coordinate dimer,
[Cly(thf), Yb(u-Cl), Yb(thf),Cl;], and  mer-[LnCls(thf);]
(Ln = Yb, Lu) resemble the Sc analog.?? The bromide
complexes [LnBrs(thf);] (Ln=La2? Pr* Nd>2?® Sm?),
[EuBr;3(thf); 5],2* and [YbBr3(thf);]*, as well as the iodide
complexes [Prl3(thf)4] (5), [Lnls(thf); 5] (Ln = Nd, Gd, Y)*¢
and [Ybl3(thf);]*7 have structures analogous to chlorides of
corresponding formulae. In contrast, only one stoichiometry is
observed for the thiocyanates, [Ln(NCS);(thf),], where the Yb
complex is a pentagonal bipyramidal monomer. With larger
metals, however, these units associate via Ln---SNC-Ln
bridges to produce dimers with eight-coordinate square
antiprismatic coordination.®

8 CONCLUSIONS

Our knowledge of simple lanthanide complexes has
blossomed over the past half-century, but there are still many
opportunities for its development. More still needs to be
known about scandium chemistry; it is still too often regarded
as a 3d transition metal, even though it is now clear that it is
quite unlike 3+ transition metal species. For reasons of size,
it would be expected that coordination numbers greater than
six should occur in simple scandium complexes, but at present
this is confined to the aqua ion. Now that crystal structure
determination has become a routine and very rapid technique
(far faster than ‘‘sporting methods’’) it is to be hoped that
many more studies will be made where a whole family of
complexes right across the lanthanide series is studied. This
will give an idea of the host of often subtle factors at work in
determining coordination number, deciding the point at which
a discontinuity may occur. Enough studies have now been
made to show that the coordination number can depend on
factors such as solvent, solubility, and counter ion, as well as

the coordination number not being the same in solution as in
the solid state. Assumptions were made over half a century
ago by assuming that the lanthanides would resemble the
3d transition metals; different assumptions remain and have
to be challenged. There is of course a vast and expanding
coordination chemistry of the lanthanides and scandium with
highly sophisticated multidentate ligands that depends for its
full interpretation upon the detailed understanding of simple
systems as presently surveyed.

9 RELATED ARTICLES

Solvento Complexes of the Lanthanide Ions.

10 ABBREVIATIONS AND ACRONYMS

abptz = 4-amino-bis(2,6-(2-pyridyl))-1,3,5-triazine;
bipy = 2,2'-bipyridyl; dipic = 2,6-pyridinedicarboxylate;
dmpu = N, N’-dimethylpropyleneurea; dmf = dimethylfor-
mamide; dmso = dimethylsulfoxide; edta = ethylenediam-
inetetraacetic  acid; hmpa = hexamethylphosphoramide;
naph = 1,8-naphthyridine; phen = 1,10-phenanthroline;
terpy = 2,2:6',2"-terpyridyl; pyO = pyridine  N-oxide;
thf = tetrahydrofuran.
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1 SUMMARY

This chapter describes the fundamental properties
of organometallic rare earth chemistry. The history and
importance of the field are described from its tentative
inception in 1902 to its firm establishment in 1954 and
continuance to the present day. The bonding in this area
is outlined with reference to (i) the covalency observed in
zero-valent compounds; (ii) the highly ionic bonding in
the more common rare earth(Il) and (III) complexes; (iii)
the general dearth of m-acid derivatives such as carbonyls
and olefins and the known rare earth carbonyl chemistry
in matrix isolation experiments; (iv) the general paucity
of rare earth—ligand multiple bond linkages and advances
made in that area. The basic physicochemical properties
of the area are discussed in terms of (i) thermodynamic
and kinetic considerations which show that rare earth
organometallic linkages are not inherently weak but the
ionic bonding renders them labile; (ii) salvation at vacant
coordination sites by ethers; (iii) salt occlusion of lithium
salts; (iv) aggregation as a result of the electron-deficient
nature of the rare earths. The stability of organometallic
rare earth complexes is detailed in terms of (i) handling
and utilizing inert atmosphere techniques; (ii) elimination
reactions and design features of commonly employed

hydrocarbyl ligands; (iii) saturation of the coordination sphere
through ligand design; (iv) the use of donor-functionalized
ligands. Methods of preparation and reaction types are
surveyed including (i) salt elimination; (ii) metathesis; (iii)
oxidation and transmetallation; (iv) acid—base chemistry;
(v) metal vapor synthesis; (vi) donor cleavage and adduct
formation; (vii) o-bond metathesis; (viii) classical reactivity
patterns including the lack of oxidative addition and
reductive elimination chemistry; (ix) one-electron redox
chemistry.

2 INTRODUCTION

The first hint of organometallic rare earth (RE)
chemistry to appear in the literature was the attempted
synthesis of trimethyl cerium which appeared as a footnote in a
paper in 1902 concerned with the reactivity of metallic cerium
and lanthanum toward hydrogen and ethylene.! Following
subsequent attempts reported in 1935 to prepare RE alkyls
through the exposure of a lanthanum mirror to methyl
radicals,? triethyl scandium and yttrium were claimed in
1938.3 However, this was before the advent of the seminal

The Rare Earth Elements. Edited by David A. Atwood. © 2012 John Wiley & Sons, Ltd. ISBN 978-1-119-95097-4
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molecule ferrocene and the establishment and understanding
of organometallic chemistry as it is now known. Owing to the
low kinetic stability of triethyl scandium and yttrium and the
limited characterization techniques and synthetic methods at
that time, such compounds remained curiosities.

The field of organometallic RE chemistry became
firmly established in 1954 when Wilkinson and Birmingham
reported the synthesis of m-bonded tris(cyclopentadienyl) RE
complexes for the first time.* Generally speaking, cyclopen-
tadienyl ligands can be regarded as ‘‘spectator’’ ancillary
ligands that stabilize and solubilize RE centers but which
do not themselves become directly involved in subsequent
reactivity. The report of tris(cyclopentadienyl) RE complexes
extended a broad drive to investigate the properties of all metal
cyclopentadienyl complexes in an era when organometallic
chemistry itself was still being established. Therefore, the
importance of the #ris(cyclopentadienyl) RE complexes was
their synthesis and existence, rather than their reactivity.

In 1968, the first o-bonded organometallic RE
complex [Sc(CsHs)3] was reported by Hart and Saran.’ How-
ever, organometallic RE chemistry developed slowly, mainly
because of the limitations of synthetic and analytical tech-
niques. However, in the late 1970s and early 1980s, modern
preparative methods and characterization techniques began
to become widely available which spurred renewed interest
in the area. In particular, advances in single-crystal X-ray
crystallography made it possible to structurally authenticate
these highly air- and moisture-sensitive complexes in order to
fully understand their structures. Organometallic RE chemistry
gained real momentum in the 1980s which has been main-
tained to this day.%’ For a number of years, cyclopentadienyl
complexes dominated the literature.3-'> However, by search-
ing for new applications and reactivity patterns, researchers
have in recent years focused more on utilizing ‘‘noncyclopen-
tadienyl’’ ligand environments.!3-3% Thus, in this so-called
post-metallocene era, other organometallic RE linkages such
as alkyls, aryls, arenes, heteroallyls, and carbenes have come
to the fore.

The area has flourished in part not only from a
desire to understand the bonding of organometallic RE com-
plexes and delineate structure—reactivity relationships but
also due to the numerous applications of such compounds
which are academically and technologically important. Such
complexes find utility in organic synthesis through redox and
o-bond metathesis chemistries which can be conducted enan-
tioselectively with the appropriate choice and combination of
ancillary ligands. Furthermore, many organometallic RE com-
plexes are highly active in catalysis/polymerization chemistry
and are very attractive because they do not require expen-
sive activating cocatalysts as group 4 congeners require. 3440
Lastly, organometallic RE complexes find use as metal
organic chemical vapor deposition (MOCVD) precursors in
the synthesis of semiconductors and superconductors, and
as dopants for opto-electronic materials.*!#? This chapter
details a general overview of the fundamental properties of

organometallic RE chemistry. Selected examples of com-
plexes are given to highlight pertinent points—the reader
is directed to chapters Trivalent Chemistry: Cyclopenta-
dienylAlkyl, Aryls, Tetravalent Chemistry: Organometallic,
Organic Synthesis, and Homogeneous Catalysis and a series
of excellent reviews elsewhere for more detailed and com-
prehensive discussions of the organometallic chemistry of the
REs.6~#

3 BONDING

3.1 General Considerations

The bonding of organometallic RE complexes is
classified as predominantly ionic in character. This is a result
of the valence 4f orbitals being ‘‘core-like’” in RE(II) and
(IIT) complexes due to poor radial extension which results
from the greater effective nuclear charge and poor shielding
of the 4f orbitals following oxidation from the zero-valent
metal state. Thus, the highly angular 4f orbitals show little or
no appreciable overlap with ligand orbitals. Additionally, the
5d orbitals are vacant and can generally be considered to be
too high in energy to interact with ligand-based orbitals in di-
and trivalent RE complexes. The bonding picture is uniquely
different in zero-valent RE complexes and this is discussed
in Section 3.2.3. The generally ionic nature of organometallic
RE bonding manifests itself in

e high reactivities which make organometallic RE com-
plexes attractive candidates for applications in catalysis;

e labile ligands giving facile ligand scrambling for sterically
unencumbered systems;

e irregular coordination geometries through little orbital
control of geometry;

e ageneral paucity of bonding to neutral w-acid ligands such
as carbon monoxide (CO), olefins, and arenes;

e a general paucity of RE—ligand multiple bond linkages.

For organometallic transition metal chemistry, the
18-electron rule is well established; no such rule exists for
the REs since electrostatics dominate the bonding picture
and thus the steric demands of ligands are of paramount
importance. The REs are large metal centers with ionic
radii in the range 1.27—0.75 A and thus the use of sterically
demanding ligands is necessary to limit coordination numbers,
solubilize the RE centers, and to retard the inherent sensitivity
of these metals toward oxygen and moisture. The RE ions
are hard, electropositive elements, and hard soft acid base
(HSAB) considerations suggest a preference for bonding
of RE centers to oxo and halide ligands which renders
organometallic RE complexes very reactive. Such complexes
are frequently pyrophoric and react with oxygen or moisture
to rapidly form oxides. The absence of covalency in di- and
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trivalent RE organometallic bonding and a preference for
bonding to halides is underscored by the reactivity of the
tris(cyclopentadienyl) RE complexes with iron(II) chloride
to give covalent ferrocene and ionic RE trichlorides. Studies
of trivalent RE chemistry dominate the literature, and only
a small number of cerium(IV) organometallic derivatives are
known® due to the inherently reducing nature of hydrocarbyl
ligands, but significant progress has been made in divalent RE
chemistry in recent years. 447

3.2 The General Paucity of Neutral n-Acid Derivatives

3.2.1 Neutral Carbonyl Derivatives

The paucity of isolable RE carbonyl complexes,
perhaps more than any other aspect of organometallic RE
chemistry, underscores the highly ionic nature of the bonding
in this area. The standard bonding picture for a transition metal
carbonyl bonding interaction, neglecting the possible but less
significant m-donation from carbonyl to metal, is illustrated
in Figure 1. From this synergic bonding scheme, it is evident
that a metal center with accessible valence electrons for 7t-
backbonding is required and that the metal be preferentially in
a low oxidation state to maximize orbital overlap. Considering
the ionic nature of RE bonding and the chemical inaccessibility
of the 4f electrons, it is clear that synergic bonding of
carbon monoxide to REs is not realistic under standard
conditions. Indeed, the paucity of isolable molecular RE
carbonyls contrasts even to the actinides where molecular
uranium carbonyls, [L3;UCO] (L = cyclopentadienyl ligand),
have been isolated.*8-50

However, while RE carbonyl complexes are not
“‘bottleable,”” they have been detected under matrix isolation
conditions in frozen argon matrixes or in CO atmosphere
high-pressure studies.3! Binary RE carbonyls, [M(CO),]
(n = 1-6), have been observed with some evidence for the
formation of M(CO), (n = 7 or 8) species. These binary RE
carbonyl adducts typically exhibit a single carbonyl stretch
which is ~145—195 cm™! lower than the stretching frequency
of 2134cm™! for free CO. Backbonding could be assumed
to operate, which is reasonable for RE metals in a formal
zero-oxidation state where valence orbitals are more chemi-
cally accessible. However, it has been noted that the infrared
(IR) spectra of all binary RE carbonyls across the RE series

Q —
OMQA <« ©Coe00 g“"g_» 2C—O§

(@ M « CO, () M— CO,.

Figure 1 Bonding scheme for transition metal carbonyl bonding.
(a) o-donation from carbon lone pair to vacant metal orbital.
(b) m-backbonding from filled metal orbital to vacant m* orbital
of CO

are remarkably similar even though the number of 4f elec-
trons varies, which implies that the 4f orbitals/electrons do not
significantly participate in the bonding. In contrast, CO adducts
of RE trifluorides exhibit carbonyl stretches that are higher
than free carbon monoxide. This may be rationalized on the
basis that for an RE(II) or (IIT) centers, the 4f electrons will be
core-like and unavailable for backbonding. When CO is placed
in an electrostatic field, with the carbon atom directed toward a
positive charge, then coupling of the CO oscillator to this field
will result in the CO stretching frequency increasing, i.e., CO is
acting purely as a o-donor ligand. Divalent RE carbonyl com-
plexes have been investigated and whereas the CO adduct of
[Eu(CsHs),] exhibits a carbonyl stretching band at 2150 cm ™!,
the analogous ytterbium complex [Yb(CsHs),] shows a car-
bonyl stretching band at 2114 cm™! .52 The former observation
with europium may be explained as described above, but for
the latter result, computational work suggests that in fact an
O-bound CO adduct, not a C-bound CO adduct, is formed.5?
Compared to molecular transition metal carbonyl complexes
which may routinely be isolated, RE carbonyl bonding is
clearly very weak, which is supported by experimentally
determined M—CO bond enthalpies of only ~20 kJ mol~! and
the fact the [M(CO), ] compounds decompose above 40 K.5!

3.2.2  Neutral Olefin and Alkyne Derivatives

Neutral olefin—RE complexes are still rare, which is
consistent with the ionic nature of the bonding which precludes
the standard synergic Dewar—Chatt—Duncanson bonding
model of olefins with electron-rich transition metals. The
first reported example was [(CsMes ), Yb(u-CoHy)Pt(PPh;3),]
(1, Figure 2).5% The Pt(PPh;), fragment is a good m-donor
which renders the ethylene electron rich and thus more
m-basic. This complex is regarded as having minimal Yb-
ethylene m-backbonding and this interaction is thus best
described as a donor—acceptor interaction. One notable
example of a RE—alkene interaction was reported in the
dimeric complex [[(Me;Si),C(SiMe,CH=CH;)Yb(OEt,)(u-
D)}»] (2) where the pendant olefin datively coordinates to the
ytterbium center.

A similar strategy to that employed for (1)
afforded the first example of an n?-alkyne RE derivative
[(CsMes), Yb(n>-MeC=CMe)] (3)% (Figure 2) utilizing the
m-basic alkyne MeC=CMe. Nuclear magnetic resonance
(NMR) and IR spectroscopic analysis of the acetylene
fragment in (3) showed little perturbation of the MeC=CMe on
coordination to ytterbium. Since acetylenes bind to transition
metals in a similar way to olefins, the essentially negligible
change of the MeC=CMe ligand upon coordination suggests
that it is behaving as a Lewis base donor with little or no
n-backbonding.
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Figure 2 Neutral olefin and alkyne rare earth complexes
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Figure 3 A samarium neutral arene complex

3.2.3 Neutral Arene Derivatives

Neutral arene derivatives of the REs such as [Sm(#°-
CsMeg)(AICl)3] (4, Figure 3)” are known but are not
common. This is a direct consequence of the ionic bonding
giving negligible orbital overlap between the arene m- and
RE 4f-orbitals. Electrostatics dominate the bonding, and to
impart the necessary stability to conveniently prepare and
isolate neutral arene RE complexes, it is usual to employ
the very electron-rich Lewis base arene hexamethylbenzene
and generate a highly Lewis acidic and electron-deficient RE
center by utilizing aluminate groups.

3.2.4 Neutral Bis(Arene) Derivatives of Zero-Valent Rare
Earths

Although the bonding in di- and trivalent RE
organometallic complexes is predominantly ionic, the
bonding picture is dramatically changed when zero-
valent REbis(arene) complexes are considered.® The first
structurally characterized example was the bis(1,3,5-fert-
butylbenzene) gadolinium complex (5)%° (Figure 4), which
revealed a staggered arrangement of the two arene rings
and a gadolinium center kinetically shielded by the close
approach of 12 tert-butyl methyl groups. A standard bonding
model for bis(arene) metal complexes principally invokes
ajg (s-arene), ay, (p,-arene), ey (p.- and py-T-arene), €ig
(dyz- and d,.-arene), €5, (dy- and dy;-,»-arene), and al’lg
(dp-arene) molecular orbital bonding combinations where
the z axis resides along the metal-arene-centroid axis. The
ew and ez molecular orbitals are predominantly arene in
character, whereas the a’lg and ey, are principally metal in
character. However, the e, orbitals are lower in energy

H
M -
Mefe Hp _—~C=—=cCH,
\\\\C///,I MeZSI OEtZ

Me Me
Me
. Me‘& Me
SiMe3 z e
AN Me Yb""‘\“lll
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AR N s Me C
! SiMe Me v
H 2 Me Me
H,C=—C
H Me Me

@) ®)

compared to the aj, and more delocalized onto the arene
rings. By applying the same bonding scheme to the 15
valence electron [M(n%-C¢H3Bu'3):] (M = Sc or Y), it can
be seen that by filling the energy levels successively, there
are three electrons in the degenerate e, orbitals. Extension
of this across the RE series leads to the conclusion that
three electrons are required from the metal. Thus, to a first
approximation, a ground d's’> or easily accessible excited
d's? state is required and it can be seen that arene — RE -
donation and 5d-orbital — arene §-backbonding is prevalent.
The stability of these complexes correlates very well as
to whether the promotion energy for the f's> — f"~'d!s?
transition can be sufficiently offset by the metal—arene bond
energy. For Eu, Tm, and YD, the promotion energies are
>12000cm™! and the corresponding bis(arene) complexes
are not accessible at any convenient temperature. The
Sm analog, which possesses an f°s2 — fd!s> promotion
energy of ~12000 cm™!, decomposes above —30°C. Notably,
gadolinium, terbium, dysprosium, holmium, erbium, and
yttrium bis(arene) complexes are all isolable and exhibit much
smaller promotion energies. However, the corresponding
lanthanum and cerium complexes are not isolable and do
not fit this trend since their promotion energies are actually
small. These two apparent inconsistencies are rationalized on
the basis that the C¢H3Bu'5 ligand is of insufficient steric
bulk to kinetically stabilize these large metal centers. The
implied covalency in the RE—arene bonding is supported
experimentally by impressive thermal stabilities and many
of the accessible bis(arene) RE complexes are sublimable
at ~100 °C. Additionally, thermochemical studies® reported
metal—arene bond enthalpies of ~300—430kJ mol~! which
must be considered strong and these values are comparable
to bis(benzene) tungsten and nearly twice as large as
for bis-benzene chromium. Thus, in the zero-valent state,
organometallic RE complexes exhibit covalency but in higher
oxidation states, the bonding is predominantly ionic.

3.3 The General Paucity of Rare Earth—Ligand Multiple
Bond Linkages in an Organometallic Context

The ionic nature of RE bonding, the limited radial
extension of the 4f orbitals, and the high-lying nature of
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Figure 4 The first structurally authenticated rare earth bis(arene)
complex

the 5d orbitals for the RE metals preclude the formation
of covalent m-bonds with ligand orbitals, and therefore
formal organometallic RE—ligand multiple bond linkages
are comparatively rare.! As early as 1979, the formation
of RE alkylidenes in [Lu(=CHSiMe;)(CH,SiMes),]Li and
[Er(=CHSiMe3)(CH,SiMes)] was proposed,®? but definitive
structural authentication has remained elusive and since y-
as well as «-elimination is plausible in the parent alkyls, the
structures of these compounds cannot be known for sure.

This has prompted the use of pincer ligands where car-
bene/alkylidene centers are pinned to an RE metal center and
forced to coordinate and a representative selection of ligand
combinations which have met with success are illustrated in
Figure 5. Notably, structural and computational studies have
shown that in these systems, which employ geminal dianions,
e.g., methanediides, the formal RE carbon double bond is in
fact highly polarized and bond orders of ~0.6—0.7 have been
calculated. It is germane to observe that this is experimen-
tally borne out in as much as when methanediide-stabilizing
substituents, such as the phosphanyl groups in (6—8) and
aluminum groups in (9) and (10), are absent, clusters such
as [{La(n’-CsMes)(THF)}4(14-Cl)4(143-CH,)]%® result; this is
in order to stabilize the formal dianionic charge on the ‘‘car-
bene’’ centers through contact with several metal centers.
Although not strictly organometallic, it should be noted that it
was as recently as 2010 that the isolation of the first terminal
imido RE complex (11)* was accomplished. Therefore, it is
reasonable to propose that with suitable co-ligands, a terminal
RE carbene/alkylidene that does not exhibit stabilizing pincer
substituents might eventually be prepared.

Ph SiMes Ph SiM63 Ph
A 4 3 THF
PhiveeP=N " ¢ PR =N PhimP-—S8
\\ S \ \ WTHF \ / Wl
c=sm C=Y, C—Tm >~>8
AN | | [ %7
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\ THF
Ph SiMeg Ph SiMeg Ph
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) MeBut _
Me Pr, Me AlMe, Me —— AlMe; T t
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Figure 5 Selected rare earth carbenes with formal metal—carbon multiple bond linkages
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4 THERMODYNAMIC AND KINETIC
CONSIDERATIONS

4.1 Thermodynamic Considerations

A key contribution to the stability of organometallic
RE complexes is the inherent and underlying thermody-
namic aspects. Elegant thermochemical investigations of
bis(pentamethylcyclopentadienyl) samarium have enabled
a rigorous assessment of the thermodynamic aspects of
organometallic RE chemistry and given experimental cre-
dence to the theoretical framework.%® The data were obtained
by anionic iodinolytic and alcoholytic titration calorimetry
conducted in toluene. Accordingly, consideration of equa-
tions (1—4) enables calculation of the absolute bond disruption
enthalpies according to equation (5). Such calculations enable
a better understanding of the thermodynamics of archetypal
reaction types in organometallic RE chemistry and also for
predicting viable catalytic mechanisms.

[(CsMes)>2Sm — R] + X5 — [(CsMes);Sm — X] +RX AHx, (1)

[(CsMes)2Sm — X] — [(CsMes)2Sm] + 0.5X,  AHxn(2) (2)

X —> 05X, —0.5DX-X) 3)
R-X—R +X DR-X) C))
D([(CsMes)>Sm — R])

= AHp(1) + AHy, (2) — 0.5D(X — X) + D(R — X) (5)

These calorimetric investigations have generated the
series illustrated in Figure 6. As would be anticipated, THF,
which binds datively to RE centers, forms the weakest bond
in the series. Conversely, chloride forms a polarized covalent
bond to RE centers and makes the strongest bond, a feature
whose origins can be traced back to the ionic nature of the
bonding and the hard, electropositive character of the REs.
As expected from hard—soft arguments, the corresponding
bromide and iodide bonds become progressively weaker
compared to chloride, although as halides, they still form
relatively strong bonds. Chalcogenide bonding is also notably
strong, even for the softer, more polarizable sulfur, which
directly contrasts to a representative phosphide dialkyl which
is the weakest of the anionic ligand series. Alkyl, amide, and
hydride ligands fall in the middle of this series which is to be
expected from hard—soft considerations. This thermodynamic
series also sets the air- and moisture-sensitive nature of
organometallic RE complexes into context in as much as
it demonstrates the strength of RE—O bonds, and when
the insolubility of RE hydroxides and oxides, which will
provide a strong driving force to the reaction, is taken into
account, it is clear that RE oxides represent thermodynamic
sinks.

Cl—+ 406(13)
CCPh —+ 389(2)
Br— 351(8)
OBUt__ 340(4)
spn— 307(5)
| — 290(8)

o

@

H— 218(8) <

NMe, — 200@8) &

; =1

CH(SiMe3); —1- 196(4) L
1n3-CgHs — 188(8)
SiH(SiMeg); — 180(21)
PEt — 138(9)

THF — 31(2)

Figure 6 Bond disruption enthalpies for [(CsMes),Sm-R] (kJ
mol~!) where R = THF, PEt,, SiH(SiMe3),, n°-C3Hs, CH(SiMe3 ),
NMe,, H, I, SPr", OBu’, Br, CCPh, and Cl

4.2 Kinetic Considerations

Although Figure 6 demonstrates the relative weak-
ness of organometallic RE linkages in comparison to RE
halide and oxo bonds, it does show that RE—R bonds are in
fact reasonably stable from a thermodynamic perspective. In
fact, when considering the bond energies of group 14 ele-
ment methyl bonds (CMey = 358; SiMey = 311; GeMey =
249; SnMey = 217; PbMey = 152 kI mol~") which are all air-
and moisture-stable, it becomes clear that the high reactivity of
RE organometallics is not due to an inherent thermodynamic
weakness in the bonding. Instead, the highly reactive nature of
organometallic RE complexes derives from the ionic nature of
the bonding which gives highly polar and labile bonds that are
easily cleaved due to kinetically facile reaction routes. This
is both beneficial and detrimental because on the one hand
this gives high reactivities in catalytic reactions, and on the
other hand, it also means that organometallic RE complexes
are easily poisoned and decomposed by traces of oxygen,
moisture, halides, and sulfur impurities.
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Figure 7 Commonly employed classes of alkyl ligands in organometallic rare earth chemistry

5 SOLVATION, SALT OCCLUSION, AND
AGGREGATION

The ionic nature of the bonding in organometallic RE
complexes results in some phenomena which must be taken
into account when designing the synthesis of new complexes.
The steric demands of ligands play a principal role in deter-
mining the coordination sphere of the metal, since they will
arrange themselves to minimize steric clashes, but once anions
are coordinated, the highly electropositive and Lewis acidic
REs will fill any remaining unoccupied coordination sites
with any available ligand which provides additional electron
density to the RE center and which is sterically suited to coor-
dinate in the remaining space. This typically manifests through
the coordination of Lewis bases or any available halides.

5.1 Solvation

Many polar solvents, e.g., ethers, possess lone pairs
and are therefore capable of acting as dative ligands to RE cen-
ters. Many organometallic RE complexes are either prepared
in ethers to aid the salt-elimination reactions employed in
their synthesis through provision of a polar reaction medium
or utilize RE halides which incorporate ethers to aid their
solubility. Thus, if coordinated organometallic ligands are not

RECI, + 2 [(CsMe)Li]

sufficiently sterically demanding, space may be left in the
coordination sphere of RE centers allowing Lewis bases to
coordinate. Commonly coordinated ligands include diethyl
ether, THF, DME, and pyridine. In principle, the coordination
of these ligands may not pose a problem in terms of subsequent
reactivity, but they may block otherwise accessible reaction
sites, become involved in deleterious ether cleavage reactions,
and/or engage in C—H activation reactions so there are often
scenarios where the exclusion of ethers is necessary.

5.2 Occlusion

Another direct consequence of the highly electropos-
itive nature of RE bonding is that if the coordination sphere of
a newly formed organometallic complex is sufficiently open,
certain alkali metal halides may remain within the primary
coordination sphere of the RE if salt elimination is the syn-
thetic method employed. Lithium chloride is soluble in THF,
but not diethyl ether, and the lithium cation is sufficiently
small such that during salt elimination, a formal MX fragment
may not be eliminated and instead the halide remains bound to
the RE center and bridges to the alkali metal. An example of
this is the generic reaction of an RE trichloride with 2 equiv. of
Li(CsMes) to afford [(CsMes),RE(u-Cl,)Li(THF),] and LiCl
(Scheme 1) instead of [(CsMes),M(CI)(THF),,] and 2 equiv. of

Scheme 1 Generic reaction for the formation of bis(cyclopentadienyl) rare earth ‘‘ate’” complexes
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Scheme 2 Utility of bis(cyclopentadienyl) rare earth ‘‘ate’” complexes in the synthesis of alkyl and hydride derivatives

LiC1.° Examples of [(CsMes),RE(u-Cl,)M(THF),] (M = Li,
Na, K), which are often referred to as “‘ate’” complexes, are
known across the entire RE series and these complexes are sur-
prisingly soluble in organic solvents, despite the presence of
alkali metal halide, and can be easily recrystallized. It should
be noted, however, while it is necessary to realize that the for-
mation of ‘‘ate’” complexes is a possibility in organometallic
RE chemistry, they are not necessarily undesirable since they
are excellent precursors for subsequent derivatization. For
example, for a wide range of REs, the ‘‘ate’” complexes can
be converted into hydrocarbyl derivatives which find use as
precatalysts or precursors to solvent-free hydrides (Scheme 2).
Should it be desirable to avoid occlusion, but salt elimina-
tion is a necessary synthetic methodology, generally utilizing
potassium bromide or iodide elimination is the tactic of choice
since KBr and KI are generally too large to remain coordinated
to the RE center and they are insoluble in THF.

5.3 Aggregation

A reoccurring theme for all electropositive, electron-
deficient metals, such as the REs, is the formation of
aggregates. This occurs when co-ligands are not sterically
demanding enough to fill the metal coordination sphere,
ancillary Lewis bases are not available to reduce the extent
of oligomerization/polymerization, and/or occlusion has been
avoided. This is driven by the requirement of the RE centers
to maximize the amount of electron density they receive since
they are electropositive and electron deficient. In order to
prevent this, solvated, lower order aggregates can be prepared,
or sterically demanding ligands need to be employed which
block access to or occupy multiple coordination sites.

6 STABILITY

6.1 Employ Anhydrous and Anaerobic Conditions

Given that organometallic RE complexes are air- and
moisture sensitive, it is necessary to prepare and handle such
complexes under a dry and inert atmosphere such as nitrogen
or argon using Schlenk line and/or glove box techniques. It
should be noted, however, that RE(II) complexes are often
strongly reducing and may reduce and incorporate dinitrogen
into complexes as N%f, so this is an important consideration
which must be taken into account when choosing an ‘‘inert’’
atmosphere. Solvents and reagents must be rigorously dried
and degassed before use and inert atmosphere gases should
be passed through drying/deoxygenation columns to remove
parts per million level traces of oxygen and moisture. Even
organometallic RE derivatives with phenolic ligands which
exhibit pK, values lower than water are generally vulnerable
to hydrolysis because the resulting hydroxides and oxides
form insoluble precipitates which generates a strong driving
force to the reactions.

6.2 Avoid f-Hydrogens

Conversion of metal alkyl complexes to a metal
hydride and an alkene by B-hydride elimination represents
a fundamental decomposition route for organometallic RE
complexes (Scheme 3). Main group organometallics, such
as tetraethyl lead, show good stability up to around 100°C
because with a filled 5d-shell, a full octet, and high-lying,
energetically inaccessible o *-orbitals, M—C bond homolysis is
a high energy process. For transition metals, vacant d-orbitals
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provide low energy routes to decomposition. Although the
RE metals are ionic and orbital considerations can be largely
set to one side, the kinetic lability of ligands, and the ability
of the highly electropositive RE centers to polarize bonds,
thus making them more reactive, enables o-bond metathesis
reactions to occur, and thus RE alkyls with 8-hydrogens may
easily decompose.

Therefore, in organometallic RE chemistry, alkyl
ligands, which do not possess S-hydrogens, have become
workhorse ligands as a result of the greater thermal stability
that they engender to complexes. It should be noted that many
RE alkyl complexes are still thermally sensitive due to the
labile nature of RE—alkyl bonds, but a variety of ligands have
been developed which afford organometallic RE complexes
which are sufficiently stable to be routinely prepared and
handled. Figure 7 shows some commonly employed alkyl
ligands in organometallic RE chemistry; these ligands can be
sourced as alkali metal reagents commercially or are generally
straightforward to synthesize.%® These ligands can easily be
functionalized to incorporate bulky substituents and/or Lewis
base donor groups to improve stability. The benzyl ligand

M-—CH
\\\‘\>\ZH2 o M"'ﬁHZ CH,
“H/ | o,

H

_— M + ||
| CH,
H

Scheme 3 General scheme for the decomposition of a metal alkyl
complex by B-hydride elimination

e

(€]
ITU’ - THF

is depicted as a o-ligand but it should be noted that benzyl
can also bind to metal centers in an n?-mode, an allyl-like
n*-mode, and also has the capacity to bind 7 °.

A selection of archetypal RE nonsilyl alkyls are
illustrated in Figure 8.3% Although methyl has no 8-hydrogens,
it is not very sterically demanding. Early attempts to prepare
the simplest homoleptic RE trimethyl complexes proved
unsuccessful, but it was found that hexamethyl ‘‘ate’
complexes such as [Nd(u-Me)s{Li(TMEDA)};] (12) could
instead be obtained in the presence of suitable co-ligands
such as TMEDA. More recently, it has been found that RE
tetramethyl aluminates [RE(AlMey4);] can be converted to
polymeric [{RE(Me);}o] by treatment with stoichiometric
amounts of diethyl ether, THF, or PMes. Tert-butyl ligands
are more sterically demanding than methyl, but even
here, ‘‘ate’” complexes such as [Sm(Bu’)4][Li(THF)4] (13)
dominate. There are surprisingly few examples of neo-pentyl
derivatives of the REs. One notable example is the ytterbium
complex [Yb(CH,Bu');(THF);] (14) which was prepared
from ytterbium metal and neo-pentyl iodide. Representative
examples of tribenzyl complexes for most RE metals are now
known with a variety of substitution patterns. As described
above, benzyl can adopt a variety of coordination modes and
the lanthanide contraction can be seen in the series of benzyls
[RE(Bn);(THF);] where for Ce, Pr, and Nd (15a—c), three
n*-benzyls are observed in the solid state; for Sm (15d), only
one 75?-benzyl is observed; and for Gd, Dy, Er, Lu, and Y
(15e—1i), all benzyl groups are n'-bound.®’

Organosilyl ligands have played a pivotal role
in the development of organometallic RE chemistry and

| .CH,Bu
But-Sm_ [L(THF] ©  CHBul—Yb.
\But | \CH Buf
Bu' THF 2
(13) (14)
“CH, G
THF., ‘ WTHF THF, ' o THF
/Sm\ /R§\
é THE H2 ©
RE = Ce (15a) (15d) RE = Gd (15e€)
Pr (15b) Dy (15f)
Nd (15¢) Er (159)
Lu (15h)
Y (15i)

Figure 8 Selected examples of S-hydride-free rare earth nonsilyl alkyls
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Figure 9 Selected examples of S-hydride-free rare earth silyl alkyls

some of the key compounds are shown in Figure 9.33 It
was recognized as early as 1969 that trimethylsilylmethyl
represents a valuable ligand because it imparts thermal
stability, solubility, and a lipophilic nature to its metal
derivatives. Two structural types have been identified,
namely [RE(CH;,SiMes);(THF);] (RE = Sm, 16a) and, for
example, [Lu(CH;,SiMes)3(THF),] (16b); the former adopts a
mutually fac geometry, whereas the latter adopts trigonal
bipyramidal geometries for scandium, yttrium, terbium,
erbium, thulium, ytterbium, and lutetium.%%% However, the
trimethylsilylmethyl ligand does not saturate the coordination
sphere of RE metals as evidenced from coordination of THF
and that metals larger than samarium are generally inaccessible
as they decompose through either «- or y-elimination.
This spurred interest in the bulkier bis(trimethylsilyl)methyl
ligand, which is much more sterically demanding, and
this marked a new era in organometallic RE chemistry.
For trivalent REs, the use of the bis(trimethylsilyl)methyl
ligand enabled the remarkable isolation of solvent-free
RE trialkyls such as [La{CH(SiMe;3),}3] (17).” However,
even bis(trimethylsilyl)methyl is not of sufficient steric
bulk to prevent the formation of ‘‘ate’’ complexes such as
[La{CH(SiMejs), }3(n-CHLi(PMDETA)] (18) where the early,
larger RE metals are concerned. This necessitates the use
of [RE(OC¢H,Bu’;-2,6-Me-4)3] and [Li{CH(SiMej3),}] since
the by-product [Li(OCsH,Bu',-2,6-Me-4)] is insoluble in
hexanes, allowing easy separation, and it does not coordinate
to (17). For divalent ytterbium, [Yb{CH(SiMe;),},(OEt;),]
(19) has been isolated but ytterbium(Il) is large and the
bis(trimethylsilyl)methyl group is of insufficient steric bulk
to prevent the coordination of ethers. Finally, in order to
prepare stable and ether-free RE(II) alkyls, it was found to
be necessary to employ #ris(trimethylsilyl)methyl as a ligand.

This is a very sterically demanding ligand, so demanding
that three of them cannot be accommodated around any RE
center. However, use of the #ris(trimethylsilyl)methyl ligand
allowed the synthesis of the bent, solvent-free RE dialkyls
[RE{C(SiMe3)3},] (RE = Sm, Eu, Yb, 20a—c)”! which are
remarkably stable.

6.3 Saturate the Coordination Sphere

A number of strategies exist for increasing the
stability of organometallic RE complexes but all reply on
closing down the coordination environment at a metal center
thus precluding kinetically facile decomposition reactions. It
is salient to highlight the difference between actually directly
occupying coordination sites, using sterically demanding
ligands which protect vacant coordination sites by placing
bulky groups in close proximity, and using bulky ligands
which block access to these sites but do not actually occupy
space close to them.

6.3.1 Directly Occupying Coordination Sites

One reason that the cyclopentadienyl ligand has been
so successful in organometallic RE chemistry is that formally
it occupies three coordination sites at a metal. Thus bis-
and fris(cyclopentadienyl) complexes can be considered to
be six- and nine-coordinate before any other ligands are
taken into account. Thus, such complexes possess high formal
coordination numbers and are therefore stabilized.

A second strategy in this area involves the use
of multidentate ligands which can datively bind to metal
centers. Thus, DME, TMEDA, and phosphines such as
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Figure 10 Classical sterically demanding ligands

Me,PCH,CH;PMe, may directly coordinate to RE metal
centers to occupy coordination sites. Since these ligands
form stable five-membered ring chelates, they are entropically
favored and bring kinetic stabilization through their steric
bulk. However, although this method has clear advantages,
the very act of stabilization inherently reduces the subsequent
reactivity of a given complex since potential sites of reactivity
are blocked which may preclude any further utility.

6.3.2 Using Sterically Demanding Ligands to Protect
Vacant Coordination Sites

Classical organometallic ligands which are sterically
demanding and can protect vacant coordination sites are illus-
trated in Figure 10. The bis(trimethylsilyl)amido ligand is not
organometallic, but has been used extensively in organometal-
lic RE chemistry as a sterically demanding ancillary ligand.
The size of the bis(trimethylsilyl)amido ligand and silyl sub-
stituents ensures that low-coordinate complexes are formed
and imparts enhanced solubility and crystallinity to complexes.
The bis- and tris(trimethylsilyl)methyls were introduced in
Section 6.2. It should be noted that these silyl ligands place
silyl—methyl groups close to the metal centers and thus C—H
activation reactions must be considered. This is also the case
for the mesityl, dipp, tripp, and supermesityl ligands which all
employ steric bulk to shield metal centers, but in all cases, the
ortho-substituents come into close proximity to the metal and
thus become vulnerable to C—H activation. The silyl and alkyl
C-H bonds in the ligands in Figure 7 are relatively robust,
but less-stabilized RE alkyl linkages can effect deprotonation,
and the resulting metallocycles can be stabilized through neg-
ative hyperconjugation, the chelate effect, and/or resonance
delocalization.

6.3.3 Blocking Access to Vacant Coordination Sites

Given that the ligands discussed in Section 6.3.2 are
useful but not immune to decomposition reactions, ligands

H ~ /SIMGS

e

Bis(trimethylsilyl)
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SiMe;

SiMeg
MesSi~ ;= SiMes

o

Tris(trimethylsilyl)
methyl

Pri ut

Pri Pr Buf Buf

e

Supermesityl

Tripp

Figure 11 The generic structure of terphenyl ligands and some
representative examples

which protect the vacant coordination sites but do not place
any reactive groups close to them have been developed. One
particularly successful ligand in this regard is the terphenyl
ligand class (Figure 11).7* Terphenyl ligands can be made
straightforwardly with a wide, almost inexhaustible, range
of substituents. The bis(phenyl) derivative is likely to have
coplanar aryl rings to maximize conjugation. However, simple
addition of ortho-methyls, or bulkier substituents, to the
ortho-phenyl rings forces them to reside orthogonal to the
central ring. Thus, coordination of a metal to the ipso-carbon
creates a pocket around the metal without actually placing
potentially reactive groups directly next to metal coordination
sites (Figure 12).

6.4 Use of Donor-Functionalized Chelating Ligands

As organometallic RE chemistry developed in the
1980s and 1990s and progressed into a ‘‘post-metallocene’’
phase, the use of ligands with donor-functionalized chelating
pendant donor groups became more popular (Figure 13).73
The benefits of employing this approach are manifold:
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Figure 12 Comparison of blocking versus preventing access to
coordination sites at a metal M in terphenyl and supermesityl
complexes viewed from above

e Pendant donor groups can occupy otherwise vacant
coordination sites, thus precluding oligomerization/
polymerization, salt occlusion, and coordination of solvent
molecules.

e Donor-functionalized ligands can enforce monomeric
formulations rendering the resulting complexes volatile
and suitable for sublimation in materials applications.

e Such ligands can incorporate chiral centers to enforce
a given ligand conformation which can be exploited in
enantioselective reactions and catalysis.

e These donor groups may be hemilabile and thus block
kinetically facile decomposition routes but enable desirable
reactivity to occur.

e Such donor groups form relatively stable and entropically
favorable chelate rings increasing the stability of
complexes.

e Many donor-functionalized ligands are straightforward to

H Me,
. i / o Si
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I
| e
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Ansa Constrained Functionalized
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s NMe2 A OMe vV CI:HZ
| | |
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N,N-Dimethyl Anisole N,N-Dimethy!
aniline benzylamine

prepare and substitution patterns can be easily modified
giving flexibility over control of sterics which are of
paramount importance.

e The length of the tether to pendant donor groups in donor-
functionalized ligands can be controlled and fine-tuned to
tailor the resulting properties of complexes.

With the prevalence of cyclopentadienyl ligands,
a natural step forward was to tether two of these ligands
together to produce a class of ligand known as ansa.
For ansa ligands, a wide variety of substitution patterns
are easily accessible, and because the two cyclopentadienyl
ligands are ‘‘tied back’ in the resulting RE complexes,
the coordination sphere of the metal is more open which
brings greater reactivity. Such ligands, and especially chiral
variants, have found extensive use in hydroamination and
can effect impressive enantiomeric excesses.?® A closely
related ligand type, the so-called constrained geometry class,
also forms part of a larger field of mono-cyclopentadienyl
complexes. The use of methoxy-substituted ligands has proven
to be an effective strategy for the bis- and #ris(silyl)methyls
(Figure 14). As noted above with (18) (Figure 9),3 the larger
REs are prone to ‘‘ate’’ complex formation when (Me;Si), CH
is employed. However, utilizing (Me;Si)(MeOSiMe,)CH
results in intramolecular ‘‘solvation’’ (21) preventing the
formation of ‘‘ate’’ complexes. When this strategy is applied
to tris(silyl)methyls, complexes such as (22) result which
is notable for the fact it is a formally five-coordinate
samarium(II) center. Donor-functionalized benzyl complexes
have also been investigated (23). Whereas the unsubstituted
benzyls (15, Figure 7) incorporate three-coordinated THF
molecules, the N, N-dimethylaminobenzyl congeners are
solvent free as the coordinating NMe; groups block
coordination of THF. Finally, complex (24) represents a useful
ytterbium dialkyl precursor to a range of derivatives and this

MegSi, Me, Me;Si, Me,

Me,Si \""C/Si\ Me3Si\"~C/Si\NMe
2

A -

Functionalized tris(silyl) methyls

OMe

NMe,
HZC}g
N,N-Dimethyl N,N-Dimethylamino
aminobenzyl trimethylsilylbenzyl

Figure 13 Classical examples of donor-functionalized ligands used in organometallic rare earth chemistry
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Figure 14 Selected examples of organometallic rare earth donor-functionalized alkyls

complex exemplifies all of the design features of bulky,
donor-functionalized ligands discussed in this section.

7 METHODS OF PREPARATION AND PRINCIPAL
REACTION TYPES

As the field of RE organometallic chemistry has
progressed, the number of synthetic methods has increased
and this is summarized in Scheme 4. This has been in order
to provide higher yielding reactions or open up otherwise
inaccessible avenues of chemistry. The methods of preparation
typically involve all of the principal reaction types and there
is significant overlap between the two concepts so they are
described jointly in this section.

7.1 Salt Elimination

REX; 4+ n MR — REX;_,R, 4+ n MX (6)
REX; 4 n MgRX — REX3_,R, + 1 MX, 7
REX; 4 n TIR — REX;_,R, + n TIX (8)

Salt elimination of MX (M = alkali metal, mag-
nesium, thallium; X = halide) represents a powerful tool
for introducing organometallic ligands to the coordination
spheres of RE metals (equations 6—8). The general insol-
ubility of alkali metal halide salts and their high lattice
enthalpies render this methodology straightforward and con-
venient although the prospect of salt occlusion (Section 5.2)

(24)
RE(Me)3 RE(X)3(solvent),, RE(OAr)5
Adduct
formation S.alt. .
elimination Metathesis
Donor
RE(AIMe,); -2€@¥a% [ RE(R)(solvent), | < RE
Oxidation
Transmetallation
Metal Acid-base
vapor
synthesis
RE RE(R'); RE

Scheme 4 Synthetic strategies for the synthesis of organometallic
rare earth complexes

should be considered. Thus, organometallic alkali metal
reagents are commonly employed in the preparation of
organometallic RE complexes. Grignard reagents also find
utility in this area, but this does not always lead to clean
elimination of magnesium dichloride; however, the addition
of 1,4-dioxane precipitates the magnesium halide as an insol-
uble polymer. The insolubility of thallium(I) halides renders
organothallium reagents effective reagents in the prepara-
tion of organometallic RE complexes. However, thallium is
toxic which has made the use of organometallic thallium
reagents less prevalent than the corresponding alkali metal
complexes.
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7.2 Metathesis

Metathesis represents an excellent method for
introducing organometallic ligands to RE centers. The normal
trend, based on HSAB principles would be that RE centers
would exchange hydrocarbyl ligands in favor of amides, which
would subsequently be exchanged in favor of alk-/aryloxide
ligands. However, by employing RE fris(aryloxides) and
lithium alkyls, complexes such as [La{CH(SiMes),}3] (17,
Figure 8) can be prepared because the small and highly
polarized lithium preferentially binds to the aryloxide over
lanthanum. This method also has the added advantage of
avoiding salt occlusion ‘‘ate’” complexes.

7.3 Oxidation and Transmetallation

The direct oxidation or transmetallation of REs
represents an elegant and direct method of preparing RE
organometallic complexes such as [Yb(CH,Bu');(THF);]
(14, Figure 8) which was prepared from ytterbium chips
and ICH,Bu'. Furthermore, employing organomercury
reagents such as [Hg(Cg¢Fs),] affords complexes such as
[Yb(CgFs),(THF)4] (25, Figure 15).7* However, these reac-
tions suffer from two drawbacks. Firstly, these methods are
currently limited to RE metals with readily available divalent
states such as samarium, europium, and ytterbium. Secondly,
these reactions generate mercury which has to be disposed of
and recent years have witnessed a drive to remove toxic heavy
metals from synthetic protocols.

7.4 Acid-Base

The polar and labile nature of RE ligand linkages
lends itself to facile acid—base chemistry. pK, considerations
play an important role, and since most hydrocarbyl ligands
possess relatively high pK, values, it follows that in an
acid—base reaction, a proligand with a low pK, will displace

F
F F
F F
THFo, o THE
THF™ | ~THF
F F
F F
F
(25)

Figure 15 The o-bound bis(pentafluorophenyl) ytterbium(Il) com-
plex [Yb(C¢Fs),(THF)4] (25) prepared by transmetallation from
[Hg(CoFs)2]

a coordinated hydrocarbyl ligand whose conjugate acid
displays a higher pK,. Of course, kinetic and thermodynamic
factors play a role, but pK, provides a useful guide as
to organometallic RE reactivity. Naturally it is possible to
encourage reactions through appropriate design including
elimination of a gas or solid to force the equilibrium through
Le Chateliers principle, and the introduction of a chelating
ligand will favor product formation through entropic effects.
It should be noted that the pK, values of hydrocarbyls cover
a wide range and it is entirely feasible to use RE amides to
deprotonate hydrocarbyl proligands if the resulting carbanion
is sufficiently stabilized. Thus, RE amides and hydrocarbyls
often form the basis for the synthesis of organometallic RE
complexes.

7.5 Metal Vapor Synthesis

Metal vapor synthesis represents a highly special-
ized method of synthesis but it provides unique opportunities
to access compounds inaccessible by other methods. The
method involves condensation of metal atoms, vaporized
under high vacuum, with potential ligands onto a cold
(~77 K) surface.5® This method has been particularly suc-
cessful at accessing bis(arene) RE organometallic complexes.
For example, co-condensation of gadolinium metal with 1,3,5-
tri-tert-butylbenzene at 77 K gave a purple matrix from which
[Gd(n®-C¢H3Bu'3),] (5, Figure 4),%° the first structurally
authenticated REbis(arene) complex, could be isolated. The
method is not limited to metal(0) derivatives; co-condensation
of scandium with tert-butylphosphaalkyne resulted in the
isolation of the novel 22-electron triple decker complex
[{Sc(n’-CoP3Buy)}o(1u-n°: n°-C3P3Bu’3)] (26, Figure 16)7
which contains formal scandium(I) centers.

7.6 Donor Cleavage and Adduct Formation

Homoleptic tris(aluminate) RE complexes have a
diverse and fascinating chemistry, especially when the

Bu'\(P??/ Bu!

BUI/," S:C
S

> Bu!
Pt
t Slc
PaisP
But/&P)\ Bu!

(26)

Bu

Figure 16 A triple decker scandium(I) complex prepared by metal
vapor synthesis
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aluminate substituents are alkyl groups due to the agostic
interactions to the RE centers that these hydrocarbyl fragments
exhibit. Such complexes have also uniquely afforded access to
the archetypal solvent-free RE trimethyls which are otherwise
inaccessible.3* Adduct formation is an important, but easily
overlooked, fundamental synthesis pathway for the REs
and represents a convenient method of introducing ancillary
ligands into the metal coordination sphere, especially when
the ligands are multidentate such as crown ethers.

7.7 o-Bond Metathesis

As noted in Section 6.2, o -bond metathesis reactions
of the generic form illustrated in Scheme 5 are often facile for
organometallic RE complexes. The highly polarizing nature
of the REs engenders their derivatives with high reactivities
because substrate bonds which would otherwise be unreactive
or inert can be sufficiently polarized and hence activated in
the presence of RE centers to undergo subsequent reactions.

RE—/R
+
A—B

E R
- > +

REﬁ—\’R

., [Rg-
A—B A

m--T
>—3

|
B

Scheme 5 Generic steps for o-bond metathesis. Note the reaction
as portrayed implies irreversibility but such reactions can be and
often are in equilibrium

The remarkable o -bond metathesis chemistry which
can be effected by the REs was first recognized fully in the
chemistry of [(CsMes),LuCH3] (Scheme 6).76 This methyl
metallocene is a methyl bridged dimer in the solid state?®, but
in solution, it is in equilibrium with its monomeric form (28).
Complex (28) effects o -bond metathesis of methane, and this
can be elegantly demonstrated through the use of isotopically
13C-labeled methane which generates '3C-labeled (27/28).
The reaction is in equilibrium, but the importance of this
reaction derives from the fact that methane is an industrially
important C; feedstock so its C—H activation offers the
tantalizing prospect of C—H activation and functionalization
of this molecule. Complex (28) also undergoes o-bond
metathesis with benzene and hydrogen to eliminate methane
in both cases. The latter reaction affords a hydride and
this hydrogenolysis reaction is analogous to that covered in
Section 5.2 and Scheme 2. A comprehensive treatment of the
o-bond metathesis chemistry of the closely related complex
[(CsMes),ScCH3]77 demonstrated the broadly applicable
nature of o-bond metathesis chemistry to the REs. Similar
to (28), this complex can activate dihydrogen to give the
corresponding scandium hydride, and it activates a variety of
C—H bonds to give o-metallated pyridine, methane, vinyl, and
aryl derivatives.

The limited number of RE carbene complexes
reported to date have established two principal types of
reactivity.3> Complexes such as (8), the scandium analog
of (8), (9), and (10) exhibit metallo-Wittig reactivity with
benzophenone via [2 + 2]-cycloaddition followed by o-bond

Me Me Me Me Me
M 13
Me % e Me%Me Me « Me '~CHj
05 Me Lu CH3 Me L CH 13CH4 Me Ly ‘\‘\\\\\H
Me, / Me Y 8 _1cH, Me '~
Me HyC M M CHy
Me e Me © Me
M
e Me Me Me Me Me Me
Me
(27) (28) /
Me Me Me Me Me Me
( )/< ( )/< <§< Me
Me%’we Me Me CQS Me 1_:?03
Me CH CH, Me N e o Me .
Lu— 3 Lu: H Lu .H
Me —-CH, Me \1SCH Me .
3
Me
Me Me Me Me Me Me

Scheme 6 o-Bond metathesis of methane with bis(pentamethylcyclopentadienyl) lutetium methyl
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Ph SiMe
/ 3
Ph!-P—N Ph SiMe,
\ O\ GTHF P, \ /
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y 2 THF ), /'
Ph SiMe, P N\ THF
Ph"
@ Ph" SiM / .
Ph/ iMes Ph Ph SiMe,
PhoCO KOC(CH,SiMe;)Ph, 4 MeCOPh
I
Ph _
Ph , \ S|M93
‘P=N
V' \ S[THFT pnco
Y
7: / AN —THF
- pP= OR
Ph / SiMeg
Ph

R = C(CH,SiMe,)Ph,

Scheme 7 C-H activation and C—C and C-O bond forming reactions promoted by yttrium carbenes.

metathesis; this affords the corresponding terminal alkenes
with concomitant elimination of metal oxide derivatives.”3-3
Alternatively, complex (7) and derivative thereof attack the
ortho-C—H bonds of aryl ketones as outlined in Scheme 7
to afford substituted ring-closed iso-benzofurans and ring-
opened oxymethylbenzophenones,?! the latter of which is a
mechanistic precursor to the former and this chemistry invokes
o -bond metathesis.

7.8 Other Classical Reactivity Patterns

Similar to their early d-block cousins, RE
organometallic complexes with o -bound hydrocarbyl ligands
can generally engage in -, -, and y-hydride elimination
reactions where the corresponding hydrogens are present in
the alkyl groups. Indeed, these reactions constitute the prin-
cipal decomposition routes for homoleptic alkyls in general.
a-Hydrogen abstraction represents the principal method for
the formation of alkylidene complexes in transition metal
chemistry and this is the case for the REs. However, the for-
mation of RE carbenes is considerably more difficult and rare
than for the d-block due to the lack of covalency in the bonding
of the former compared to the latter. 8-Hydride elimination
is of course the reverse reaction of 1,2-migratory insertion
and the RE metals accomplish both with ease and indeed
the latter is the basis for extremely efficient RE catalysts in
homogeneous catalysis. 1,1-migratory insertion reactions are
also a basic reaction type for organometallic RE chemistry.

Unlike the d-block, oxidative addition and reductive
elimination do not play a role in organometallic RE chemistry

and thus catalytic cycles cannot be constructed using these two
reactions as they commonly are in the d-block. This is because
none of the RE elements exhibits a pair of oxidation states
that are (i) separated by two units; (ii) routinely accessible;
and (iii) relatively close in energy with respect to each other.
Arguably, cerium represents the best opportunity for this
scenario due to the accessibility of cerium(IV)*3; however, the
conditions described above are not met. For example, although
cerium(IV) is isolable and is employed as an oxidation
reagent, most notably as cerium ammonium nitrate (CAN)
in organic synthesis, it is easily reduced to cerium(IIl) and
cerium(Il) is not a routinely accessible oxidation state.6 Thus,
organometallic RE chemistry is known more for the chemistry
described in this section above, and also for one-electron redox
chemistry described below.

7.9 One-Electron Redox Chemistry

For ninety years samarium, europium, and ytterbium
were the only accessible divalent rare earths in molecular
organometallic chemistry. However, the past two decades
have witnessed the addition of scandium(Il), yttrium(II),
lanthanum(Il), cerium(Il), neodymium(Il), dysprosium(II),
holmium(I), erbium(Il) and thulium(Il) in a molecular
context.#4-478283 Thys 12 of the 17 rare earths are now
known in the divalent state in an organometallic context and
no other area of chemistry has seen such a dramatic expansion
in the number of available oxidation states. It would therefore
seem to be only a matter of time before divalent states
are extended to the remaining REs. An extensive palate of
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RE one-electron redox chemistry is now emerging, driven
by the highly reducing nature of the RE** — RE3* 4 e~
couple (Table 1), and some examples of one-electron redox
chemistry in organometallic RE chemistry are described below

Table 1 Known RE(III)/RE(II)
reduction potentials (versus
NHE) in volts

RE** 4+ e~ — RE?*

and illustrated in Figure 17 in order to give a flavor of the area RE Ey > vs NHE (V)
and to demonstrate its breadth and potential capability.
. . e geq . Sc —
A classical use of samarium diiodide is in pinacol v o
couplings of carbonyl compounds to give 1,2-diols after aque- La ~31
ous work-up. In an organometallic context, RE complexes Ce -32
are also capable of effecting pinacol coupling; however, one Pr 2.7
notable example which diverges from this pattern of reac- Iljri _iﬁ
tivity is complex (22) from Figure 14 in Section 6.4, which Sm 155
reacts with benzophenone to afford a stable ketyl radical anion Eu —0.35
complex [Sm(OCPh,){C(SiMe3),(SiMe,OMe},] (29) instead Gd -39
of a pinacol-coupled product.3* The organometallic samar- Tb —3.7
) S ) Dy -2.6
ium(IT) complex [(CsMes), Sm] reacts with dinitrogen to give Ho 29
[{(CsMes),Sm}»(N>)] (30),%5 and carbon monoxide at 90 psi Er 31
to afford a reductively homologated ketenecarboxylate com- Tm -2.3
plex [{(CsMes),Sm(0,CCCO)Sm(THF)(CsMes),}»] (31).36 Eb =115
When [(CsMes),Sm] is reacted first with PhC=CPh, then Y B
carbon monoxide the remarkable complex (32) is formed.%”
Ph, Ph Me Me. __ Me
. / Me M
C Me e Me
Me,Si \(\) Me Me ‘lT' .......... Me
Sm’ 'Sm
Me;Si— C . Sni\\o SiMe, Me \N/ Me
~ 4 Me M Me
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C Me
|| ” [Sm] = Sm
C Me
| ? Meﬁ/ Me
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(31)
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Me%«
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Figure 17

samarium-mediated one-electron reduction reactions of unsaturated molecules.
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Complexes (31) and (32) underscore the potential utility of
low-valent organometallic RE complexes in accessing unusual
radicals and/or syntheses that, for the latter, provide routes
to functionalizing small molecules and potentially converting
them into higher order derivatives in a straightforward manner.

8 CONCLUSIONS

The bonding in organometallic di- and trivalent RE
chemistry is highly ionic as a consequence of the ‘‘core-like’’
nature of the 4f orbitals and this has resulted in a paucity
of neutral m-acid ligands, such as carbonyls and olefins, and
relatively few RE—ligand multiple bond linkages. However,
significant advances have been made in recent years and this
gives promise to eventually accessing RE carbonyls under
ambient conditions® and expanding the range of RE—ligand
multiple bond linkages. The bonding is not inherently weak,
but it is highly polarized which results in kinetically facile
ligand scrambling and high reactivities. This is exemplified by
elegant o -bond metathesis chemistry and an ongoing challenge
will be to harness this facet of RE chemistry for new catalytic
cycles which will undoubtedly require new ligand designs.
The lack of accessible two-electron redox couples results
in no oxidative addition and reductive elimination chemistry.
However, the RE metals are strong one-electron redox reagents
and in recent years, there has been a dramatic increase
in the number of isolable divalent REs. Such complexes
exhibit novel redox chemistries and this, together with a drive
to expand the number of isolable divalent RE complexes,
represents exciting avenues for future developments.
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10 GLOSSARY

Allyl:  CsHs
a: Alpha

A:  Angstrom

Benzophenone: Ph,CO
Benzyl: CgHsCH,—
B: Beta

Bu':  tert-butyl, -C(CHj3);
cm~!:  Wavenumber
CO: Carbon monoxide
Cyclopentadienyl: CsHs
Diethyl ether: (CH3CH;),0

DME: Dimethoxyethane, CH;OCH,CH,OCHj
1,4-Dioxane: O(CH,CH,),0
n: Eta

Et:  Ethyl, CH;CH,—

Fac: Facially coordinated
Ferrocene: [Fe(1’-CsHs),]

y: Gamma

HSAB: Hard soft acid base

Ipso:  1-position of aryl rings
IR: Infrared

J: Joule

K: Kelvin

Me: Methyl, CH;

MOCVD: Metal organic chemical vapor deposition
Mol: Mole

n: Mu

MVS: Metal vapor synthesis
Ortho: 2-position of aryl rings
Neo-pentyl: (CH;3);CCH;—
NHE: Normal hydrogen electrode
NMR: Nuclear magnetic resonance

Ph:  Phenyl

pKa:  Acid dissociation constant
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PMDETA: Pentamethyldiethylenetriamine

T pi
Prt: PI‘Opyl, CH3CH2CH2*

Pyridine: CsHsN

RE: Rare earth
o: Sigma

*

o*: Sigma antibonding

THF: Tetrahydrofuran, C4HgO

TMEDA: Tetramethylethylenediamine
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12 ABBREVIATIONS AND ACRONYMS

CAN = cerium ammonium nitrate; HSAB = hard
soft acid base; IR = infrared; MOCVD = metal organic
chemical vapor deposition; NMR = Nuclear magnetic res-
onance; RE = rare-earth; HSAB = hard soft acid base;
Allyl = C3Hs; o = Alpha; A= Angstrom; Benzophenone =
Ph,CO; Benzyl = C¢HsCH,_; B = Beta; Bu' = rert-butyl,
—C(CH3)3; em™! = Wavenumber; CO = Carbon monoxide;
Cyclopentadienyl = CsHs;  Diethyl ether = (CH;CH,),0;
DME = Dimethoxye- thane, CH3;0CH,CH,OCH3; 1,4 —
Dioxane = O(CH,CH,),0; n = Eta; Et = Ethyl, CH;CH,_;
Fac = Facially coordinated; Ferrocene = [Fe(n’-CsHs),1;
y = Gamma; I pso = 1-position of aryl rings; IR = Infrared;
J = Joule; K = Kelvin; Me = Methyl, CH3; Mol = Mole;
© = Mu; MVS = Metal vapor synthesis; Ortho = 2-position
of aryl rings; Neo-pentyl = (CH;);CCH,_; NHE = Normal
hydrogen electrode; Ph = Phenyl; pK, = Acid dissociation
constant; PMDETA = Pentamethyldiethylenetriamine; ®© =
pi; Pr'* = Propyl, CH3;CH,CH,_; Pyridine = CsHs5N; o =
Sigma; o* = Sigma antibonding; THF = Tetrahydrofuran,
C4H3O; TMEDA = Tetramethylethylene-diamine; DME =
appears to be clashing/not formatted.
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1 SUMMARY

Although lanthanides share certain characteristics
with elements such as the 3d metals in the form of a
detailed coordination chemistry, and numerous coloured
compounds, there are very significant differences between
lanthanides and the lighter transition elements. Not only
are the lanthanides significantly the more electropositive
metals but their chemistry, particularly in aqueous solution, is
primarily that of the (+3) oxidation state and their complexes
are more labile. Their developing organometallic chemistry
lacks the compounds with m-acceptor ligands familiar from
the 3d metals. These differences originate primarily in the
nature of the 4f orbitals, occupied by electrons that are well
shielded from surrounding ligands, with which they have little
interaction, notably an inability to form m-bonds with oxygen
or other ligands, which could stabilize both high and low
oxidation states.

2 INTRODUCTION

At first sight of the Periodic Table, lanthanides form a
slightly longer version of the d-block elements, an impression

perhaps reinforced by the sight of coloured aqua ions and
complexes of metals such as praseodymium or erbium. In
fact, the 4f and 3d metals have many points of difference.

3 REACTIVITY OF THE ELEMENTS

Lanthanides readily tarnish in air, reacting slowly
with cold water and rapidly with dilute acid. The reactiv-
ity of the elements is greater than that of the transition
metals, akin to the Group II metals. Typical reduc-
tion potentials are:- —E°Sc*t/Sc = —2.03 V; E°Y?*/Y =
—2.37V; E°La’ /La = —2.38 V; and E°Lu**/Lu = —2.30
V. These may be compared with E°Ca®*/Ca= —2.87 V
and E°Mg?*t /Mg = —2.37 V for Group II metals, and with
values for 3d transition elements of E°V?*/V = —1.13 V;
E°Fe* /Fe = —0.44 V; and E°Cu®** /Cu = +0.34 V.!

4 OXIDATION STATES

A significant difference between the lanthanides
and the 3d metals lies in the oxidation states adopted. In

The Rare Earth Elements. Edited by David A. Atwood. © 2012 John Wiley & Sons, Ltd. ISBN 978-1-119-95097-4
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comparison with the transition metals, even those of the
3d series, lanthanides exhibit a greatly reduced range of
oxidation states. In aqueous solution, the most stable ion for
all lanthanides is the Ln3*(aq) ion, with the Eu**(aq) ion the
only other aqua ion at all long-lived (in the absence of air),
apart from cerium(IV) whose aqua ion is thermodynamically
unstable. Within the 3d series in contrast, manganese exhibits
oxidation states in aqueous solution from +2 to +7, ranging
from Mn?*(aq) to MnOj (aq). Likewise, iron forms both
Fe?*(aq) and Fe**(aq) as well as the FeO;~ ion.2* Lanthanides
do not form these ‘high-valent’> oxy species analogous to
CrOi_, MnO;, and FeO4>~, owing to their unwillingness to
form multiple bonds such as Ln=0, reflecting the contracted
nature of 4f orbitals and their nonavailability to participate in
Ln—O 7 bonds. Of course, several early actinides do form such
bonds, best exemplified by the uranyl ion U0,%t, reflecting
the greater radial extension of uranium 5f (or 6d) orbitals.*5

The pattern with the early transition metals—in the
3d series up to Mn, and for the 4d, 5d metals up to Ru
and Os—is that the maximum oxidation state corresponds
to the number of ‘‘outer shell’’ electrons. There is no trace
of this behavior for lanthanides. The highest oxidation states
of the 3d metals may depend upon complex formation (e.g.,
the stabilization of Co®>* by ammonia) or upon the pH (thus
MnOi_(aq) is prone to disproportionation in acidic solution).
Within the 3d series, there is considerable variation in relative
stability of oxidation states, sometimes on moving from one
metal to a neighbor; thus, for iron, Fe>* is more stable than
Fe?*, especially in alkaline conditions, while the reverse is
true for cobalt.

The ability of transition metals to exhibit a wide range
of oxidation states is marked with metals such as vanadium,
where the standard potentials can be rather small, making
a switch between states relatively easy. Thus successive
reduction potentials of vanadium (values for acidic solu-
tion) are: —VOJ +e—> VO*'(E = 1.0V); VO*' + e —
V3 (E =0.337V); V3T + e — V¥ (E = —0.255V). In con-
trast, for lanthanides, the reduction potentials for Ln** + ¢ —
Ln?* are greater than —2.3 V, except for Eu (—0.34 V); Sm
(—1.55V); and Yb (—1.05 V); similarly all the potentials for
Ln** 4+ e — Ln*" are greater than + 3.3 V, except for cerium
(+1.7 V). These are the only lanthanides with any tendency
to adopt other oxidation states in their aqueous chemistry.

The consistent adoption of the (+3) state as the stable
one for the lanthanides can be contrasted with the 3d series, as
here the heaviest stable triiodide is Mnl3, and there is no stable
M3 aqua ion after [Fe(H,0)]°". This can be correlated with
the much sharper increase in the value of the third ionization
energy, I3, on traversing the 3d series as compared with
crossing the 4f series, which favors the adoption of the (+2)
state for the later 3d elements.®

5 COORDINATION NUMBERS IN COMPLEXES

In comparison with the 3d metals, lanthanides exhibit
a much greater range of coordination numbers in their
compounds. On grounds of size alone, it would be expected
that coordination numbers would be greater for lanthanides
than for the 3d metals, but typical values lie between 6 and 12,
but with values of 3 and 4 when some bulky groups such as
—N(SiMes); and —CH(SiMejs), are used. In contrast, the norm
for the 3d metals is 4—6, but with cases known of 3 (and very
rarely 2).”

In general and without exception as a function of
f' electron configuration, lanthanides form labile ‘‘ionic’’
complexes that undergo facile exchange of ligand. With
transition metals, the lability of complexes varies with
electron configuration; some being labile, some kinetically
very inert, such as d* species exemplified by [Cr(H,0)s]**
and low-spin d° species exemplified by [Co(NH3)s]** with
high crystal field stabilization energies and correspondingly
high activation energies for ligand substitution. However,
using multidentate ligands, such as the polyamino carboxylic
acid Hsdtpa (diethylene triamine pentaacetic acid) or the
tetracarboxylic acid Hydota (1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid), affords very stable complexes of
the lanthanides with particularly high stability constants;
this is of particular importance in magnetic resonance
imaging (MRI) agents, where the presence of free Gd**(aq)
is to be avoided. One consequence of the lability of
simple lanthanide complexes is the extreme rarity of
isomerism, in contrast to transition metals, where isomers
of cobalt(Ill) complexes helped Werner establish his
coordination theory. Thus two isomers exist for the compound
with the formula CoCl;. 4 NHj3, one containing violet cis-
[CoCl,(NH3)4]™ ions, the other green trans-[CoCly(NH3)4]"
ions. Likewise, [CoCl,en,]™ has cis/trans isomers, while
the optical isomers of [Coens]** can be isolated. However,
both fac- and mer- complexes have been authenticated® for
[LnCl3(hmpa);] (hmpa = (OP(NMe,)3), with a reversible
fac—mer isomerization (via an associative mechanism)
observable by variable temperature 'H NMR spectroscopy.?

6 ORGANOMETALLIC COMPOUNDS

The lanthanides are now known to have a rich and
developing organometallic chemistry in normal oxidation
states, but in comparison with the transition metals, these
compounds tend to have greater sensitivity to traces of oxygen
and moisture. In general, there are very few or none of the
compounds with familiar m-acceptor ligands (e.g., CO, NO*,
RNC, N,). In the case of transition metal organometallics
featuring m-acceptor ligands, the 18-electron rule (effective
atomic number rule) applies. For a 3d metal, use of the 4s, 4p,
and 3d orbitals means that 9 orbitals are available for bonding,
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corresponding to 18 electrons; these are supplied by the metal
and the associated ligands. Thus, many stable compounds
such as [Cr(CO)¢], [Fe(CO)s], [Ni(PF3)4], and [Fe(CsHs),]
exemplify this rule, which can be extended to polynuclear
compounds. Contrastingly, in the case of lanthanides, formulae
and coordination numbers are primarily dictated by steric
effects.

A particular difference lies in the organometallic
chemistry in low oxidation states. Transition metals form
stable binary carbonyls—for example, Fe(CO)s; and Ni(CO),
are volatile liquids, stable at elevated temperatures, and
Os3(CO);2 decomposes at 190°C to other carbonyls such
as 0sg(CO)1g. In contrast, lanthanide carbonyls, prepared by
cocondensation of lanthanide atoms with Ar/CO mixtures
at 4.2 K, are only stable at these very low temperatures,
decomposing above 20 K.® The ability of metals in the middle
of the d block to form carbonyls is related to their possessing
vacant d orbitals that can accept electron pairs from the o-
donor CO ligand, and also some filled d orbitals that can
participate in r back-donations (back-bonding). In fact, CO is
not a strong enough o-donor to bind well to lanthanides, and
the lanthanide 4f orbitals are not suitable to w-bond to carbon
monoxide. Molecular orbital (MO) calculations indicate that
the bonds in these compounds are very weak indeed.!”

A more stable and defined family of zerovalent
compounds is provided by the Dbis(tri-tert-butylbenzene)
compounds [Ln(n®-CsHsz—'Bus-1,3,5),] (Ln =Y, Nd, Gd,
Tb, Dy, Ho, Er, and Lu), synthesized by codeposition of
lanthanide vapor and tri-tert-butylbenzene onto a surface at
77 K. For these metals, the compounds are stable enough
to be sublimed at 100 °C in vacuo; other lanthanides form
less-stable compounds. Attempts to form similar compounds
between yttrium and less-hindered arenes such as toluene and
mesitylene give extremely unstable products, suggesting that
the stability of [Ln(n°-CsH; —'Bus-1,3,5)] is due to the bulk
ofthe substituted arene ligand, as well as to the inductive effect
of the ¢-butyl groups causing an increase in the strength of the
metal—arene bond.'> Metal—ligand bond disruption enthalpies
have been measured for [Ln(n°-C¢H; —'Bus-1,3,5),] (Ln = Y,
Gd, Dy, Ho, Er) and fall in the range 47-72kcal mol~!,
closely comparable with the values for [Cr(n®-C¢Hs),],
[Cr(n°-CsHsEt),], [Cr(n®-C¢H3Mes3), ], [Mo(n®-CsHe), ], and
[W(n%-CsHsMe),]. Some similar zerovalent compounds with
heteroarenes, such as [Ho(n-PCsH,Bu’3-2,4,6),], have also
been made.!>* As far as 3d metals are concerned, these
compounds may be contrasted with di(benzene)chromium,
which, though air sensitive, is stable to high temperatures
(melting point 284 °C). [Cr(n°-CsHg),] obeys the 18-electron
rule, and similar compounds are not obtained with the metals
to either side.

As already noted, unlike the 3d metals (and, indeed
early actinides), lanthanides do not form Ln = O or Ln =N
multiple bonds, so that they do not yield analogs to the
rich vein of species exemplified by MnOj, CrO~, or
Cry037; cis-[MoO,]**, trans-[0s0,]**, or trans-[UO,*+;

and [ReNCl,(PEt;Ph);] or [OsNCly]~. This is generally
attributed to the inability of electrons in the contracted and
core-like lanthanide 4f orbitals to participate in the bonding,
supported by a density functional theory (DFT) study of
the silylamides [Ln{N(SiMe;3)}3]. Calculations upon [Ce(h’-
CsHs);] and its Th analog indicated that in [Ce(h’-CsHs)s],

the 4f-based MOs were little changed from those of free
Celll 15-17

7 ELECTRONIC PROPERTIES

The optical and magnetic properties of lanthanide
ions are very different to those of the 3d transition metals.
The 4f electrons are well shielded by the 5s% and Sp6 orbitals,
so that these electrons are largely uninvolved in bonding.
Shielding from ligands means that there is no quenching
of the orbital moment and their spectroscopic and magnetic
properties are thus largely uninfluenced by the ligand.!8-%1

8 ELECTRONIC SPECTRA

Many of the lanthanide(III) ions in solution are so
weakly coloured as to appear colourless, the three principal
exceptions being Pr’*, Nd3*, and Er’*. In comparison with
the d—d transitions in the electronic spectra of complexes
of the 3d metals, lanthanide complexes have much weaker
f—f transitions. Thus extinction coefficients in the spectra of
the octahedral [Co(H,0)s]** ion are ~5, while values for
tetrahedral complexes such as [CoCl4]*~ often exceed 500.
Contrasting values for Pr’*(aq) ion are of the region of 0.1.
Both d—d and f—f transitions are Laporte forbidden, but can
acquire intensity through vibrational interactions introducing
p or d character into the transitions respectively. However,
because of the contracted nature of the 4f orbitals, f electrons
are only weakly perturbed by their ligands, so lanthanide
ions are less successful in this mechanism than ions of
the 3d metals. These vibrations are also responsible for
broadening the absorption lines; this is again less marked
for the lanthanides. The absorptions due to f—f transitions
are much sharper than the absorptions in the spectra of 3d
complex ions.

The crystal field splitting of f orbitals is around
1/100™ that of d orbitals. This means that the position and
intensity of the absorption lines are also very weakly affected
by ligands, in contrast with complexes of a given transition
metal, such as nickel, where the change in colour from green
to violet as HO molecules are replaced by NH;3 on adding
ammonia to [Ni(H,0)s]>* is clearly visible to the naked eye.
In a few cases, notably Nd**, certain transitions are influenced
by ligand and environment (the ‘‘hypersensitive transitions’”),
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showing small shifts in their position and variations in splitting
and intensity, but these are altogether exceptional.

9 MAGNETIC PROPERTIES

For the transition metals of the 3d series, magnetic
moments are given by the expression pu = [4S(S+ 1)+
L(L + 1)]'2, where S is the total spin quantum number
and L the total orbital momentum quantum number. In
practice for these metals, the orbital angular momentum is
frequently quenched by the crystal field, so that only spin
orbital momentum need be considered, and the expression
reduces to . = [4S(S + 1)]Y/2, or u = [n(n + 2)]"/? where n
is the number of unpaired electrons, the so-called spin-only
formula. However, in those cases where an orbital contribution
to the moment is possible, there can be considerable variation
in magnetic moment, even for a given ion. Thus high-spin
complexes of Co?* have magnetic moments jier greater than
the spin-only value of 3.87 w5, covering a range of 4.3 to 5.2
wp, with tetrahedral complexes often having values of 4.3 to
4.8 g, and octahedral complexes tending to have a greater
orbital contribution and frequently having ¢ values of 4.8
to 5.2 up at room temperature, thus sometimes permitting
diagnosis of geometry. Complexes of Fe’™ can have jiegr
values ~2up or 5.9 g, depending upon whether the complex
is high or low spin.

In contrast to the transition metals, which have
weak spin—orbit coupling and strong ligand-field splitting,
lanthanides have strong spin—orbit coupling but weak ligand-
field effects. In the case of lanthanides, the magnetic
properties are described using the Russell—Saunders coupling
scheme. Magnetic moments are given by the expression
w=gs[J(J+ D)2, where g; =1+[(S(S+ 1)+ J(J +
D—LL+1)2J(J+1]. J=(L+S) for a shell more
than half-filled and J = (L — §) for a shell less than half-
filled.??

In general, the strong spin—orbit coupling means
that excited states are well above the ground state, so that
the properties of the ground state are usually an accurate
representation of the magnetic behavior of lanthanide ions.
Magnetic moments are also independent of the coordination
environment, so that deductions of the type sometimes made
about the geometry of Co!' complexes are not possible. In the
cases of Sm'"' and Eu'"' compounds, there are low-lying excited
states that are thermally accessible at room temperature. Thus
the "F ground state of Eu** is diamagnetic, but contributions
from the ’F; and ’F, states lead to moments of around 3.5 5 at
room temperature. A similar effect is observed for samarium,
where contributions from the °H; /2 excited state cause room
temperature moments to be greater than those expected from
a °Hy» ground state. This effect also means that the moments
of Sm' and Eu compounds are temperature dependent,
decreasing on cooling.

10 CONCLUSIONS

There are similarities between the 3d and 4f metals
arising from their metallic nature; the differences can usually
be traced to the profoundly different character of electrons in
3d orbitals, which are more free to interact with the groups
bound to the metal, and those in 4f orbitals which are shielded
by the electrons in 5s and S5p orbitals. Nevertheless, the
lanthanides have provided many surprises as their chemistry
has unfolded, in the past half century in particular, and much
remains to be discovered.

11 END NOTES

3 This is discussed in more detail in ‘‘Coordination
Chemistry’’ (Lanthanides: Coordination Chemistry).
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1 SUMMARY

At the end of this chapter, the reader should be
able to describe the basic principles and the mechanisms
responsible for the emission from a lanthanide ion. Because
lanthanide ions are poorly absorbing compounds, many
interesting luminescent lanthanide compounds are also made
of strong light-harvesting organic molecules (ligands) that
will absorb light and sensitize the lanthanide ion. The key
concepts to understand both the ligand-centered properties
and the lanthanide-centered properties are presented here. The
general idea was to start from basic photophysics that is
commonly related to organic molecules and then to expand
those concepts toward the photophysics of the lanthanide ions.
In this way, the reader should be able to understand not only
how lanthanide ions emit light but also why lanthanides are
so special emitters.

In a first part, all the concepts needed to understand
the luminescence of lanthanides are clarified. It encloses a
brief overview or summary of the electronic structure of
4f-elements that then extend toward the absorption of light,
the formation of excited states, and the emission of light,
in other words, the luminescence phenomena. Notions such
as fluorescence, phosphorescence, sensitization, and charge
transfer (CT) are detailed. Again, the intent is to provide
the reader with the essential tools to understand and develop

photophysical systems, and then apply these fundamental
notions to the particular case of the lanthanide ions. Quantum
mechanics is avoided as much as possible (the mathematical
description that often scares the reader). We have chosen to
simplify quantum mechanics by showing what the results often
found in textbooks may imply in a concrete manner. Those
simplifications are not intended to represent the true nature of
the physical world, but we believe them to be as good as the
fancy equations from which they are inspired. To support them
and help clarify basic notions, physics remainders are given.
Finally, the photophysics is developed using rate equations
similar to the description of chemical dynamics (or kinetics).

2 INTRODUCTION

2.1 A Brief History of Luminescence

Luminescence is a general term introduced in 1888
by Eilhard Wiedemann, a German physicist and historian. It
originated from the Latin ‘‘lumen’’ (light) and expresses the
emission of light from *‘cold matter.’” It has to be distinguished
from incandescence, which expresses the emission of light
from ‘‘hot matter’” (with 7 > 800 °C, also known as black
body radiation). The light emitted from the sun or from a

The Rare Earth Elements. Edited by David A. Atwood. © 2012 John Wiley & Sons, Ltd. ISBN 978-1-119-95097-4
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tungsten light bulb is thus not considered as a luminescent
emission, but as an incandescent emission.

Luminescence includes phenomena such as fluo-
rescence and phosphorescence. It comes from the radiative
deactivation of excited matter following an excitation (the
mechanism of the excitation, as well as fluorescence and
phosphorescence is explained below). The excitation can
come from light (photoluminescence), electricity (electro-
luminescence), a chemical reaction (chemoluminescence or
bioluminescence, if the reaction takes place in a biological
system), or a mechanical stress (triboluminescence). We focus
on photoluminescence, because most of the other excitation
sources require special conditions and are, with the exception
of electroluminescence, quite rare, especially when dealing
with the luminescence of the lanthanides.

Luminescent materials have been observed in nature
since ancient times. The obvious example is glow-in-the-dark
minerals or phosphors as they were called at that time (from
the Greek ‘‘pwo@opog’ meaning bearer of light). Other
luminescent materials were also observed, but not identified
as light carriers because the luminescence does not carry
on after the excitation. For example, some plant infusions
were identified by their particular bluish tint when exposed
to sunlight, which is nowadays known to be a blue emission
from a fluorescent organic compound absorbing some of the
ultraviolet (UV) light of sunlight. Back then, no purely UV
light source (black light) was known, so that the luminescence
was only identified as a special color property in sunlight.
The oldest accounts for luminescent materials can be traced
back to the sixteenth century, but the scientific investigation of
luminescence phenomena began in the nineteenth century with
the English physicist Sir George Gabriel Stokes (1819-1903)
and the French physicist Edmond Becquerel (1820—1891).
For more details on the history of luminescence, see the article
of Valeur and Berberan.!

2.2 Nowadays Omnipresence of Luminescent Materials

Currently, luminescent materials are ever-present in
modern life. From lighting applications, to color displays,
optical brightener for a washing powder, a paper or a
detergent, security markings, highlighter pens, embedded in
plastics, textiles, watches, and banknotes among other things.
Luminescent materials based on lanthanide compounds are
present in many of those examples. Among the numerous
examples to be mentioned, one can cite organic light emitting
diode (OLED), cathode ray tube (CRT), and plasma displays,
fluorescent light bulbs, security inks for banknotes, lasers
for surgery, or new medical analysis that are based on
luminescence bioassays.

2.3 Lanthanide Elements

The lanthanide or lanthanoid series is composed of
15 elements with atomic numbers ranging from 57 to 71.

They have very close chemical properties with scandium and
yttrium and the whole series is often referred as rare earth
elements, since lanthanides were historically isolated from
uncommon oxide-type minerals. However this term is not
totally adequate, the lanthanides are not to be considered as
rare, because even a scarce 4f-element such as lutetium is
more abundant than silver (see Geology, Geochemistry, and
Natural Abundances of the Rare Earth Elements).

2.4 Separation and Purification of Lanthanides

The separation of the different lanthanides from their
mineral source took more than a hundred years. The difficulty
to extract and characterize each different lanthanide ion is due
to the chemical similarity of these ions. Even though having
similar chemical properties make them hard to be distinguished
within the series, each lanthanide is well defined by its
spectroscopic properties. The introduction of spectroscopy
in the mid-nineteenth century was then essential for the
discovery of the new elements and the luminescence of these
ions was important for the development of many technological
applications derived from luminescent materials.

3 ELECTRONIC STRUCTURE OF THE
f-ELEMENTS

3.1 Atomic Orbitals

When an electron is trapped around a nucleus, a
quantization of its energy and therefore of many of its
physical quantities occurs. As a result, the electron cannot
be found anywhere around the nucleus, but has to be located
in quantized spaces. An atomic orbital (AO) is a quantized
volume of space around the nucleus in which the probability
of presence of the electron is more than 90%. Inside an orbital,
the electron has defined properties such as a defined energy
and a defined angular momentum?®. As a consequence, the idea
that an orbital has a defined energy and angular momentum
is often encountered, even though it is the electron which it
encloses that possesses this property.

The shapes of those orbitals were calculated for the
hydrogen atom (by solving the so-called time-independent
Schrodinger equation). For polyelectronic atoms, because the
calculation is too complex to yield an exact solution, the
solutions of the hydrogen atom are used as approximations of
the orbitals. Owing to this approximation, the AOs are usually
called hydrogenoid orbitals.

The hydrogenoid orbitals have precise shapes that
depend on the level of quantization of the angular momentum
of the electron inside those orbitals. The angular momentum
is a vector quantity. The quantization of a vector quantity
is dual: its intensity is quantized (takes noncontinuous
absolute values), and its direction in space is quantized (takes
noncontinuous orientation in space). The orbitals inside which
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the electrons have the same intensity of their angular momenta
can be grouped together in a structure called a subshell. In a
subshell, the angular momenta of the electrons are then simply
pointing toward different directions with the same absolute
intensity.

Looking at the subshell electronic structure of the
atom, subshells can be grouped together according to their
size. An orbital, and thus a subshell extend from the nucleus
to a certain distance. This distance is finite and quantized,
so that the increase in this maximal distance to the nucleus
is not continuous, but takes discrete values. The subshells
that expend up to a same distance are said to be in a same
shell. It is important to understand that this layered structure
of the atom only arises because no electron can have all its
quantized physical quantities that are exactly the same as
another electron in the same atom. We say that each electron
in an atom must have its own quantum state. This crucial
law of nature is known as the Pauli exclusion principle. Such
an electronic quantum state can be described by quantum
mechanics using four quantum numbers (n, £, my, and my)
that fully characterize all the quantized physical properties of
the electrons within the atom.

The principal quantum number n defines the shell into
which the electronislocated (n = 1,2,3,...). The electrons in
a same shell are all contained in a sphere between the nucleus
and a threshold distance (the radius of the sphere) defined by
the extent of n. An electron in a higher n shell is, in average,
further away from the nucleus than it is in a lower shell.

The azimuthal quantum number ¢ defines the
subshells in a shell that are associated with the orbital angular
momentum of the electron (¢ =0, 1, ..., n —1). All the
electrons in an £ subshell have an orbital angular momentum
of the same intensity. The intensity of the angular momentum
is defined by+/£(€ 4+ 1). The subshells are represented with
the letters s, p, d, f, g, h, etc. that correspond to the values of
£=0,1,2,3,4,5, etc. respectively.

The magnetic quantum number m; defines the

orbitals in a subshell and arises because of the

* £

space  quantization of the angular momentum
(mg =—€,—€+1,...,0,...,£—1,£). This means that the
angular momentum cannot point toward any directions, but is
restricted to a few angles around the nucleus. The m, values
then represent orbitals pointing toward different directions.
Inside an ¢ subshell, there are 2-£+1m, values and therefore,
2-£+1 orbitals. The electrons inside any of those orbitals
have an angular momentum whose intensity is identical to
any other electron in the same subshell (with the same ).
Nevertheless, each angular momentum vector £ points toward
different directions. Those directions are quantized and trans-
late into quantized projections of the angular momenta onto
an arbitrary direction (for example, on the z axis).

In summary, the n, £, and m, quantum numbers are
defining the size, the shape, and the orientation in space of
the AOs, respectively. In addition to those three quantum
numbers, the spin quantum number s defines the intrinsic
angular momentum of the electron (s = %). This spin quantum
number is an intrinsic property of the electron. Similar to the
orbital angular momentum ¢, the spin angular momentum s has
quantized projections onto an arbitrary direction (for example,
on the z axis), which is commonly represented as spin-up and
spin-down with up and down arrows (m; = — % —l—%). The m;
value is the fourth quantum number of the electron (the s
quantum number is fixed anyway to a single value). Because
of this spin quantization value, the Pauli exclusion principle
allows two electrons with opposite spins (opposite m; values)
in the same orbital (i.e., with the first three quantum numbers
that are identical).

3.2 f Atomic Orbitals

The lanthanides are f-elements and the lanthanide
ions have all their valence electrons that fill 4f orbitals. The
f orbitals are depicted in Figure 1. There are seven f orbitals;
each can accept two electrons with an opposite spin. Electrons
in the 4f subshell have their principal quantum number
n = 4, their azimuthal quantum number ¢ = 3, can have their

mp= 12

mp==%3

Figure 1 3D representation of the seven f orbitals associated with the seven m/ quantum numbers. (Images from Wikipedia, 2012.)
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magnetic quantum number m, = —3, -2, —1,0, +1, +2, 43
depending on the orbital into which they are located, and
because their spin is fixed by nature as s = %, they can have
either my; = —4 orm, = +%.

The lanthanide elements differ from the main group
elements and the transition metals because of the nature of
the 4f orbitals, which are shielded by the presence of the 5s?
and 5p® electrons (the Xe core). Consequently, 4f electrons
possess the interesting characteristic to be inner electrons,
i.e., they are closer to the nucleus than the electrons in the
Ss and Sp orbitals. This exceptional property fairly screens
the 4f electrons from the exterior, so that they are very few
affected by the chemical environment. This is the reason why
the chemical properties of the series are closely similar, with
the exception of the so-called lanthanide contraction (see The
Electronic Structure of the Lanthanides).

Finally, note that lanthanides are naturally occurring
in their oxidized form. Their oxidation state is usually +3, i.e.,
it is the most stable one. Therefore, the electronic structure of
the lanthanide ions have no electron in the 5d or 6s subshell.
In the following sections of this chapter, lanthanides should
then be understood as lanthanide ions or lanthanide(III) unless
stated otherwise.

3.3 Filling f Orbitals

Seven f orbitals can contain two electrons per orbital,
so a maximum of 14 electrons will fill these orbitals (the
subshell). One can picture 14 boxes that represent the 14
possible positions of the electrons (two boxes per orbital). By
using a simple statistical approach, one finds out that there are
14 possibilities to put a single electron in one of these boxes.
One box being filled, there are 13 possibilities for the second
electron, but because both electrons are undistinguishable, the
permutation of the two electrons should not be taken into
account, so there are (14 x 13)/2 possibilities to fill the boxes.
For three electrons, and taking into account the removal of the
six permutations of the three electrons, (14 x 13 x 12)/(3 x 2)
combinations are achievable.

Applying this principle to any subshell, the number
of configurations that can be generated by placing N
indistinguishable electrons in Ny, boxes is defined by
equation (1). This number of boxes Np,x corresponds to
the maximum number of electrons in the subshell, i.e.,
2-2-£+1).

Nmax!

N (Npax — N)! W

The maximal number of configurations is obtained
when the subshell is half filled. For the 4f subshell, the
seven electrons of Gd** yield 3432 possible electronic
configurations. In comparison, the half-filled 3d subshell and
its 5 electrons in 10 boxes maximum (e.g., Fe’", [Ar]3d°)
yields “‘only’” 252 electronic configurations.

3.4 Degeneracy of the Atomic Orbitals

We explained earlier that the electrons in an atom
have quantized energies, but no further details were given
so far. The calculation of the energy of an electron in an
atom can be divided into four parts. First, the attraction of
the negatively charged electron toward the positively charged
nucleus induces an electrostatic potential that depends on
the distance between the electron and the nucleus, and on the
effective charge of the nucleus felt by the electron. Second, the
electron has a mass and a velocity, thus a linear momentum that
defines its kinetic energy.® Third, if more than one electron is
present around the nucleus, an electrostatic repulsion between
the electrons is expected. This part depends on the position
of each electron relative to every other electron. Finally, an
interaction between the orbital angular momentum and the
spin angular momentum occurs. This phenomenon is called
the spin—orbit coupling. It is a magnetic interaction between
the spin of the electron and a magnetic field generated on
each electron by the apparent circulation of the nuclear charge
around the electron. This magnetic field is in the same direction
as the angular momentum of the electron. When the spin of
the electron is in the opposite direction relative to this induced
magnetic field, and thus in the opposite direction relative to
the orbital angular momentum, there is a stabilization of the
electron (lowering of its energy). On the other hand, when the
spin is in the same direction as the orbital angular momentum,
there is a destabilization of the electron.®

For the hydrogen atom (one proton and one electron),
the energy depends only on the attractive electrostatic potential
energy between the electron and the proton, and on the kinetic
energy of the electron. The quantization of the energy results
in discrete energy levels that depend only on the n quantum
number, so on the shell into which the electron is located.

From the point of view of the hydrogenoid energy
levels, all the electronic levels that result in the different
arrangement of the electrons in a subshell are equivalent.
The hydrogenoid subshell is therefore degenerate and the
degeneracy corresponds to the number of electronic levels as
calculated by equation (1).

Nevertheless, the hydrogenoid energy levels are only
valid in absence of electronic repulsion. As soon as more than
one electron is present in the atom, the electronic repulsion
shifts the energy levels according to the orbital angular
momentum of the electrons. The energy of the electronic
levels thus depends on the distribution of the electrons in the
different orbitals.

Furthermore, there are some combinations of spin
and orbital angular momentum that are stabilized relative to
the uncoupled situation, whereas others are destabilized. As
a consequence, the energy also depends on the orientation
of the spin angular momentum relative to the orbital angular
momentum.

All electronic levels are yet not fully separated. There
are still some combinations that have the same energy. This
remaining degeneracy arises because the AO has a spherical
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symmetry, so that all directions are identical. In order to
further break the degeneracy, the atom has to be placed in an
environment where an external field makes the orientation of
the atom relative to that field significant.

The ‘‘natural’’ way to do this is to put the atom in
a chemical environment. For example, put a metal cation,
such as a lanthanide ion, in solution. In this state, the atom
is surrounded by other atoms forming a coordination sphere.
This coordination sphere may have different geometries or
symmetries, which breaks the spherical arrangement of the
free ion. The ligand induces a ligand field around the metal
ion. The symmetry of this ligand field further modifies the
energy of the electrons in the metal ion. This modification
depends on the position of the electron relative to the ligand
field and therefore, on the orbital into which the electron is
located relative to the orientation and symmetry of the ligand
field.

The other way to break the remaining degeneracy
of the free atom is to apply an external magnetic field in
one direction. In such a field, the energy depends on the
position relative to the direction of the magnetic field, so
on the orientation of the orbital relative to the direction
of the magnetic field. Therefore, each orbital in a subshell,
which inherently points toward different directions, will have
a different energy shift. An external magnetic field is actually
the only way to fully remove the degeneracy of the electronic
levels.

In the case of the lanthanide ions, the electronic
repulsion induces the higher shift relative to the hydrogenoid
energy level of the subshell. The shift due to the spin—orbit
coupling comes next (~10 times lower than the electronic
repulsion), whereas the shift due to the ligand field is weak
(~ a thousand times lower than the electronic repulsion).
As a result, a remarkable property of the lanthanide ions
is that the splitting of these electronic levels remains fairly
constant whatever the environment around the lanthanide ion.
The reason for this behavior is the inner character of the 4f
orbitals.

3.5 Classification of an Electronic Level

First, let us define three new quantum numbers
L, S, and J representing the overall quantum state of the
subshell. Those quantum numbers are associated with the
overall orbital, spin, and spin—orbit angular momentum of the
subshell, respectively. The idea behind those overall quantum
numbers is that for an unfilled subshell, the sum of the orbital
angular momentum £ of each electron, as well as the sum
of the spin angular momentum s of each electron may be
different from zero. The sum of the total angular momentum
j = £ + s of each electron may thus also be different from zero.
These new vectors are overall vectors because they enclose
the contribution of all the electrons (it is a vector sum). The
overall quantum numbers are easily calculated from the filling
of the subshell by summing the m, values of each electron

and then keeping the absolute value for L, by summing the
values of each electron and then keeping the absolute value
for S, and by summing the m, with the m; values of each
electron and then keeping the absolute value for J.

Being the sum of quantized angular momenta, the
overall angular momenta are also quantized. The number of
orientation they can posses is called the multiplicity. The spin
multiplicity is calculated by 2 - S + 1, whereas the orbital
multiplicity is calculated by 2-L + 1. The total angular
momentum then can have 2 - J + 1 orientations.

Instead of using directly a sequence of quantum
numbers to characterize an electronic level, the overall
quantum numbers are usually expressed using a specific
notation called spectroscopic terms, spectroscopic levels,
and spectroscopic sublevels. A spectroscopic term ZS*D[
is determined by the S and L overall quantum numbers. It
defines the multiplicity of the overall spin angular momentum
and represents the overall orbital quantum number as a capital
letter ' = S, P, D, F, G, H, etc. that corresponds to values of
L =0,1,2,3,4,5, etc.

In the case of the lanthanide ions, the spectroscopic
term is associated with the energy shift of the hydrogenoid
energy level of the subshell due to the electronic repulsion.
The degeneracy of a spectroscopic term is given by the product
of the spin and orbital multiplicities 2- S+ 1) - (2-L + 1).

The introduction of the spin—orbit coupling then
further splits each spectroscopic term into spectroscopic levels.
A spectroscopic level @STUT"; introduces the spin—orbit
quantum number J. The J quantum number represents
a particular combination of the spin and orbital angular
momentum. The possible combinations of the spin and orbital
quantum numbers are J = |[L — S|, |L— S+ 1],..., L+ S.
One of these particular combinations can have 2-J + 1
orientations, so that the multiplicity of a spectroscopic level is
now?2-J + 1.

The splitting of the 2 - J + 1 sublevels enclosed in a
spectroscopic level requires either a ligand field, which may
partly break the degeneracy, or an external magnetic field in
one direction, which completely breaks the degeneracy.

Examples of spectroscopic terms and levels are found
in the next section when illustrating the lower energy level or
ground state of the 4f subshell.

3.6 How to Find the Electronic Ground State of a
Subshell?

Finding the energy of an electronic level is not
easily accessible. Nevertheless, there are three rules, known as
Hund'’s rules, that allow finding the ground-state arrangement
of the electrons in an unfilled subshell.

The first Hund’s rule states that the lower energy
level should have the higher spin multiplicity. This implies
that a maximum number of electrons have to be unpaired.
Therefore, electrons first fill individual orbitals and only when
no more free orbitals are available do the additional electrons
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Figure 2 Electronic configuration of the electronic ground state of Eu’*

fill singly occupied orbitals. The reason is that when two
electrons are in the same orbitals, the effective charge of the
nucleus is lower because one electron tends to screen the
charge of the nucleus for the other electron. Consequently, the
electrostatic attraction is lower and the electrostatic potential
increases.

The second Hund’s rule states that the lower energy
level should then have the higher orbital angular momentum
multiplicity. This means that the electron should rather be
orbiting all in the same direction than equally clockwise
and anticlockwise. The reason is here that the electrostatic
repulsion is lower when the electrons orbit in the same
direction because they ‘see each other’’ less.

As a consequence of the second Hund’s rule,
electrons are sequentially placed into the m, orbitals starting
from either the negative or positive higher end of the m, range
(e.g., for the lanthanide ions either from the —3 or from the
+3m, orbital) and filling from that end to the other (e.g., —3,
-2,—1,0,4+1, 42, 43, or +3, +2, +1,0, —1, —2, —3) and
then again pairing either from one side or the other.

The third Hund’s rule states that the total angular
momentum or spin—orbit angular momentum, which is the
sum of the spin angular momentum and the orbital angular
momentum, has the lower multiplicity when the subshell is
less than half filled and the higher multiplicity when the
subshell is more than half filled.

This comes from the stabilization of the spin—orbit
that requires a spin angular momentum that is opposite to the
orbital angular momentum. As a consequence, electrons with a
positive m; (spin-up) tends to go in orbitals with a negative m,,
and vice versa. But because the spin has to be maximized first
(first Hund’s rule), the subshell is first half filled with all spin-
up or all spin-down electrons before changing a single spin
orientation. When the subshell is then more than half filled,
the electrons are forced to pair and the spin—orbit stabilization
again favors a pairing in the orbital with an m, opposite to
the m;. This results in a lower energy electronic level for the
more than half-filled subshells that has a / = L + S value in
terms of overall quantum numbers, so the highest spin—orbit
multiplicity. The examples below might help better visualize
this change of lower energy spin—orbit multiplicity between
the less and more than half-filled subshell.

The spectroscopic level of the ground state of each
lanthanide can be easily determined by applying Hund’s rules
and finding the corresponding L, S, and J overall quantum
numbers. The excited states (higher energy levels), on the other
hand, are not straightforward. To calculate the spectroscopic
term of the ground state, the electronic configuration of the
ion, i.e., for lanthanide ions, the number of f electrons has to be
known. As an example, the electronic structure of elemental
europium is [Xe]4f76s>. The removal of three electrons thus
yields the [Xe]4f® electronic configuration of Eu’*. The
ground state is the lower energy state. Hund’s rules states
that it corresponds to the largest value of S and L. Practically,
it corresponds to the filling of each f orbitals before pairing
electrons (see Figure 2).

According to this filling, the L and S values are
calculated as following: L = [(=3) + (=2)+ (-1)+ 0+
1+2|=|—-3]=3andS =6-(+3) = 3, which correspond
to the spectroscopic term S+ =7 F

The spin—orbit coupling J can range from |3 — 3|
to (3 4+ 3), so can take values such as 0, 1, 2, 3, 4, 5, 6. The
third Hund’s rule states that the ground state has the |L — S|J
value if the subshell is less than half filled (<7 electrons), and
the (L + §) J value if it is half filled or more than half filled
(=7 electrons). Since europium(lll) is less than half filled
with 6 electrons (<7 electrons), the ground state J value is
L — S| = |3 — 3] = 0. The electronic ground state of Eu’*
is thus the "F spectroscopic level. This level represents a
single electronic level since the degeneracy (2-J + 1) = 1.
On the other hand, the higher spectroscopic levels of the F
spectroscopic term represent more than one electronic level
per spectroscopic level because J # 0. The ’F spectroscopic
level is a triplet, with three electronic levels; the ’F, level is
a quintet with five electronic levels; and so on until the "Fy
level, which encloses 13 electronic levels. The sum of all the
electronic levels in the F; levelsisthen 1 +3 +54+7 4+ 9 +
114+13=2-S4+1) x@2-L+1)= 7x7=49, which is
the degeneracy of the spectroscopic term.

Terbium(III) is another example where the electronic
configuration is more than half filled (see Figure 3).

Here, the spectroscopic term of the ground state
is also ’F. Nevertheless, because the subshell is more than
half filled, the pairing of the —% spin electron occurs in the
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Figure 3 Electronic configuration of the electronic ground state of Th>*+

m, = +3 orbital to ensure the best stabilization due to an
antiparallel spin—orbit coupling. The spin—orbit coupling
with the lowest energy is J =L+ S=3+3=6. The
spectroscopic level of the ground state is then " Fg.

The spectroscopic levels will be essential in the next
sections, when dealing with the interaction of light with matter.
Spectroscopy is actually defined as the study of this particular
interaction. The interaction of light with an atom, or the
spectroscopy of an atom is then a way to probe its electronic
structure by measuring the energy difference between two of
those electronic level.

3.7 Effect of the Coordination

The spectroscopic levels correspond to the electronic
levels for the free ion in a spherical symmetry. When this
ion is coordinated to a ligand, all directions are not identical
anymore, but depends on the symmetry of the coordination
sphere. The coordination sites of the ligands can be represented
as point charges around the lanthanide ion generating a
static electrostatic ligand field around the metal ion. The
spectroscopic levels are then further split into spectroscopic
sublevels due to the ligand field. A ®5*UT; level can be
split into (2-J + 1) sublevels. But not all sublevels are
uncovered upon coordination. The number of sublevels that a
spectroscopic level exhibits actually depends on the symmetry
of the coordination sphere. Therefore, the fine structure of the
spectroscopic levels (i.e., the sublevels) is a tool to determine
the symmetry around the ion.

If all the spectroscopic levels were split into
sublevels, the number of spectroscopic sublevels would be
equal to the number of electronic levels calculated according
to equation (1). Hence, the number of electronic levels is
a maximal number. The only way to uncover all electronic
levels for sure and for any metal ion is to apply an actual
external magnetic field.

Further details about the electronic structure of the
lanthanides are available in The Electronic Structure of the
Lanthanides.

4 INTERACTION OF LIGHT WITH MATTER

In order to understand the photophysical properties of
the lanthanide ions, it is necessary to have a clear knowledge
about the different kinds of interactions that light can have
with matter as well as about light itself.

In addition, the lanthanide ions are always embedded
in a chemical environment. This environment might be either
inorganic or organic. Both types of compounds may be
stoichiometric compounds where a lanthanide ion represents
at least 1 equiv. of the total composition, or doped compounds
where the lanthanide ions are only present as impurities in
a defined matrix (thus representing a small percentage of
the total composition). A typical example of a lanthanide-
doped material is an inorganic phosphor. On the other hand, a
typical example of a stoichiometric lanthanide compounds is
a lanthanide complex where ideally all the lanthanide ions are
surrounded by the same coordination sphere.

An essential part of the luminescent lanthanide
compounds is composed of lanthanide complexes where the
ligands are organic molecules. The reason is that organic
molecules might be very good light-absorbing compounds,
whereas lanthanide ions are not as it will be shown later.
Consequently, the photophysical properties of luminescent
lanthanide complexes with organic ligands need to investigate
the photophysics of the organic ligands, as well as the
photophysics of the lanthanide ion. The terms ligand-
centered photophysics and metal-centered photophysics are
often encountered in literature. Basic photophysical concepts
enabling the understanding of organic ligands and lanthanide
ions are developed hereafter.

4.1 Whatis Light?

From a physical point of view, light is an
electromagnetic radiation. Actually, the mere fact that
electromagnetic waves travels at the speed of light was used
to demonstrate that light is an electromagnetic wave. It can be
shown from Maxwell’s equations that a localized perturbation
of an electromagnetic field yields a wave equation that travels
through space at the speed of light. By extension, light can
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Figure 4 Representation of a monochromatic electromagnetic wave
propagating at the speed of light in one direction transverse to the
oscillation of the electric and magnetic fields

thus be defined not only to what we can see with our naked
eyes, but to any electromagnetic radiations: y rays, X rays, UV
light, visible light, infrared (IR) light, microwaves, and radio
waves. All these radiations are characterized by the frequency
of the oscillations of the electromagnetic field, also related to
the wavelength of its oscillation (y rays are oscillating very
fast whereas radio waves are oscillating very slowly). If a
monochromatic ray of light were frozen in time, the distance
(called wavelength A) between two consecutive peaks of
intensity of the oscillating electric or magnetic field spreads
over a length that can be calculated from the frequency v of
the oscillation and the speed of light ¢ by using the equation
A = c/v. Such apparently ‘‘frozen’’ waves can be produced
by two waves of the same frequency traveling in opposite
directions. The standing wave resulting from the interference
of the two other waves is a wave oscillating in time at a
stationary position in space (Figure 4).

There are three types of light that are almost
constantly appearing in luminescence studies: UV light, visible
light, and to a lesser extent IR light. The UV light covers the
wavelengths from 100 nm to 380 nm, the visible light from
380nm to 780nm, and the IR light from 780nm up to
1 000 000 nm (the nanometer unit is usually preferred at least
for the UV and visible light spectral range). The near-IR
(or NIR) is often encountered for the luminescence of the
lanthanide ions; it ranges from 780 nm up to 2500 nm.

The interaction of these three kinds of light with
matter at a microscopic scale (atomic or molecular scale)
is affecting the following two parameters of the atom or
molecule:

1. The electronic state or how the electrons are filling
the atomic or molecular orbitals (MO) of the atom or
molecule.

2. The vibrational state or how the atoms of a molecule are
oscillating relative to each other.

When dealing with atoms and molecules, the classical
wave nature of light is not very useful. The electromagnetic
picture derived from Maxwell’s equations fails to predict the
interaction of light with matter. One of the most important
discoveries of the twentieth century, i.e., the quantized nature
of light when interacting with matter was highlighted with

the photoelectric effect. To account for this particular effect,
Albert Einstein proposed the introduction of light quanta. This
explanation earned him the Nobel Prize in 1921.

Light quanta, nowadays known as photons, are often
visualized as particles of light, but they should be seen as
energy packets. The energy of a photon (of one of these
packets) depends on the wavelength of the radiation it is part of.
A monochromatic radiation (only one frequency of oscillation
of the electromagnetic field) will be constituted of photons
whose energies are all the same and that is directly proportional
to the frequency. It is the well-known Planck’s relation
E = hv, where E is the energy of the photon (in Joule) for
a wave at frequency v (in s ! or Hz) and 4 is Planck constant
(h ~ 6.626 x 1073 J.s). This photonic picture of light is
usually used to describe the interaction of light with matter.

4.2 What Happens When Light and Matter Interact?

What do photons interact with? As already stated,
light is affecting the electronic and vibrational states of matter.
The justification of this interaction is straightforward, since
light is also an electromagnetic wave; the interaction has to
affect the electric charges of matters, which are the electrons
and protons of the nucleus. The electronic excitation needs
energies in the UV or visible range; on the other hand, the
vibrational excitation is taking place in molecules that are
susceptible to experience a variation of a dipole moment upon
vibration (a net separation in the distribution of the positive
and the negative charges) and needs energies in the IR range.
The absorption of light thus induces both a displacement of
electrons and nuclei in matter. However, the location and the
energy in matter of both an electron and a vibrational motion
ofnuclei are quantized. These displacements can consequently
only occur to quantized states. There are therefore two primary
parameters that have to overlap in order to yield an absorption:
the energy of a photon, and a difference between two electronic
or vibrational levels that corresponds to this energy.

Hereafter, we focus on the electronic absorptions
that occur with UV or visible light. A compound or part
of a compound that absorbs UV or visible light is called
a chromophore (from the Greek xpwuo meaning color
and @épw bear, carry). However, electronic absorptions
in molecules are usually concomitant with vibrational
excitations. Both the electronic ground state and excited
state have vibrational levels. Usually, the electronic excitation
changes the nature of the chemical bonds, a double bond
might, for example, become a single bond in the excited state,
so that the average distance between two bonded nuclei (the
bond length) may be altered. Some electronic excited states
are even dissociative, meaning that they yield to a cleavage
of a chemical bond. The vibrational levels are very important
even for electronic absorptions.

The promotion of an electron by absorption of a
photon occurs in the femtosecond timescale (fs = 10713 s).
Just after the absorption, the absorbing compound (the
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chromophore) is said to be excited, or to be in an excited state.
Photophysical processes are often illustrated with a so-called
Jablonski diagram (Figure 7). In such a diagram, the electronic
levels are represented with thick horizontal lines one of top
of the other. The bottom line is the ground state (the most
stable one) whereas the higher lines are excited states. The
vibrational excited states are represented as thinner horizontal
lines on top of each electronic level. They are responsible for
the structured shape observed in the absorption or the emission
spectra. The intensities of those absorption and emission bands
are a result of the difference between the vibrational motions
in the ground state and in the excited state.

Sometimes, rotational levels are also represented on
top of the vibrational levels. The rotations of molecules are
also quantized, but their observation is only possible in gas
phase. In liquids or solids, the numerous collisions destroy the
fine rotational structure.

4.3 Electronic Absorptions

The electronic structure of the lanthanides has just
been presented earlier. Many of these aspects are useful for the
general description of the interaction of light with atoms. The
interaction with the electronic structure of an atom takes place
with AOs. One electron is promoted to a higher AO or higher
electronic level. A higher electronic level might be a higher
shell or a higher subshell. A promotion inside a subshell (as
in the case of the 4f subshell) requires special conditions as
already foreseen. It will be clarified in the next section.

In the case of a molecule such as an organic
chromophore, the absorption takes place between MOs. A
promotion of an electron from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) is always the lowest in energy and will define the
threshold of absorption. Other absorptions usually occur at
higher energies yet, either from orbitals lower in energy, or
to orbitals higher in energy, or even both. If a photon whose
energy matches exactly the difference in energy between
the LUMO and the HOMO meets the molecule, it shall be
absorbed and promote one of the electrons from the HOMO
to the LUMO. The excited state thus has one electron in the
HOMO and one electron in the LUMO. MOs are normally
described by a linear combination of atomic orbitals (LCAO
theory): x AO of the same or close energy level (for example,
2s and 2p in most organic molecules) will combine to give
x MO. End-on interaction between two 2p AOs yields sigma
MOs with bonding o and antibonding o* orbitals, while
parallel overlap forms the bonding 7 and antibonding 7 *
orbitals. Nonbonding residual orbitals such as the n orbital of
oxygen (actually a filled 2p orbital) might also be encountered.

4.4 Description of the Vibrational Modes of a Molecule

Since vibrational levels are so important in photo-
physics, a brief description about how molecular vibrations

are described is certainly helpful. A vibration is an oscillating
motion of an object between two positions in space without a
change of its global position (without a translational motion).
There are two types of vibrations, the free vibration where
the system is given an initial impulse and allowed to freely
vibrate according to its vibrational modes, and the forced
vibration where the system is maintained under vibration by
a continuous external force. After the force is removed, the
system evolves as a free vibration. If the system encounters
no loss in energy, it remains in the vibrational state that was
defined by the external impulse; otherwise, it loses the energy
and goes back to its equilibrium state.

The two classical examples of vibrational motions are
amass suspended at the end of a spring and a pendulum. These
examples are described by classical mechanics as harmonic
oscillators. The energy stored in a harmonic oscillator is
described as a parabolic function of the energy as a function
of the distance of the oscillation with a minimum at the
equilibrium distance.

At an atomic scale, a vibration is an oscillation of
the entire atom (both the electrons and the nucleus), but
since the movement of the electrons is much faster than those
of the nuclei, it is more a consequence of the movement of
the nucleus (the electrons adapt continuously as the nucleus
moves). Because a free vibration is not possible for a single
object, vibrations are only relevant in molecular systems. It
thus corresponds to oscillations of the nuclei of the molecule
along or around the chemical bonds. We have seen that such
vibrations are quantized. It means that the nuclei of a molecule
are not free to go and vibrate continuously through space, but
that their positions (similar to that of the electrons around
the nucleus) are restricted to defined locations of defined
energies. It gives rise to a quantization of the vibrational
energy that is defined as vibrational levels of defined energies.
The lowest vibrational energy level corresponds to the minimal
vibration induced by the Heisenberg uncertainty principle of
the ““frozen’’ nuclei. The Heisenberg uncertainty principle is a
quantum mechanical principle that states that the position and
momentum of a particle cannot be measured with an infinite
precision. If we try to ‘‘freeze’’, i.e., to know with a great
precision, the position of an atom, it induces a great uncertainty
on the momentum of the particle, and if we try to ‘‘freeze’’
the momentum, the position becomes blurry. The harmonic
oscillator is used as an approximation of a vibrational motion
of a molecule. It works well for the first vibrational states, but
then fails because at higher energies, a chemical bond starts to
get loose and eventually breaks. This behavior is anharmonic
and is described classically with a Morse potential curve.
Furthermore, the higher the vibrational states are in energy,
the less quantized the states are. Near the dissociation limit,
the vibrational levels are a nearly continuum as in the classical
description.

The vibrational motion of a simple harmonic
oscillating homodiatomic molecule (two identical atoms)
might be represented as shown in Figure 5.
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Figure 5 [Illustration of the quantized vibrational motion in a homodiatomic molecule using the harmonic oscillator approximation

The oscillation can be symmetric or antisymmetric
relative to the center of mass. In the case of a diatomic
molecule, only the stretching of the bond is relevant, but as
soon as the number of atoms and their conformation allow
the formation of angles between the chemical bonds, some
additional modes appear. Bendings such as scissoring, rocking,
twisting, and wagging are possible in nonlinear molecules.
They are correlated with the movement of a pendulum,
whereas a stretching is more of a string oscillation.

4.5 Interaction of Light with the Vibronic Levels of a
Molecule

As briefly introduced earlier, both the electronic
ground state and electronic excited state have vibrational
levels. Actually, a vibrationally and electronically excited
molecule can be generated by absorption of a photon in the
UV visible range. In order to excite only the vibrational state
of a molecule, IR light is needed (lower energy photons).
When both vibrations and electronic levels are excited, the
term vibronic excitation is used (contraction of vibration
and electronic). The jump from one state to another (either
vibrational, electronic or vibronic) is called a transition.

The so-called Frank—Condon principle (Figure 6)
explains how the change in nuclear coordinates (the vibrational
excitation) during a transition dictates the probability of such
an event. Because the movement of an electron (an electronic

transition, absorption, or emission) is much faster than the
movement of a nuclei (a vibration), a transition is said to
be vertical relative to the nuclear coordinates. Absorption
or emission then occurs at a constant nuclear coordinates.
The best absorptions and emissions occur when the overlaps
between the density distributions in the initial and in the final
states are maximal. If there is no overlap between two states,
for example, because the nuclear coordinates change a lot in
the excited states, there is no absorption because the nuclear
coordinates in the excited states have to immediately match
the coordinates of the electronic ground state. The probability
of the absorption or emission expresses the strength of the
absorption or of the emission at a defined energy. This strength
is called the oscillator strength between the two states. In
practice, it is correlated to the intensity of the absorption as
shown by the spectra (intensity as a function of the energy) in
Figure 6. It can be related to the extinction coefficient (i) of
the Beer—Lambert law of absorption.

The two slightly different figures shown in Figure 6
illustrate two cases of vibronic spectra. First, on the left
side, the nuclear coordinates in the electronic excited state
remains unchanged. As a result, the best overlap is for
the $;=9 « S,“=9 transition (the (v = 0) superscripts
indicate that it is from the 0 vibrational level of the S electronic
state to the O vibrational level of the S; electronic state).
Hence, the 0 =— 0 transition in the spectrum has the maximal
intensity, which keeps decreasing for the other transitions.
The left-pointing arrow indicates here that the transition is an
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Figure 6 Frank-Condon principle applied to the absorption of light (emission is a downward version of this figure with arrows starting from
the O vibrational state of the S; excited states). The red sinusoid curves are the density distributions (or probability functions) of the position

of the nucleus at the defined vibrational states

upward transition from the lower S, state to the higher S;
state. By convention, the higher energy state is written first
and connected with an arrow to the lowest energy state. The
direction of the arrow defines if it is an upward (left-pointing
arrow) or a downward (right-pointing arrow) transition, so an
absorption or an emission, respectively. This convention still
holds with lanthanide ions. The higher spectroscopic level
is written first and connected with an arrow to the lower
spectroscopic level.

The second case on the right-hand side of Figure 6
shows a shift of the equilibrium position toward a longer
distance. The nuclear distributions are thus not vertical to
each other anymore. The best overlap is now between the
Se®=% and the S;“=% levels, which therefore give rise to
the transition with the maximal intensity in the spectrum.

The Frank—Condon principle is particularly well
suited for the rationalization of the absorption spectra of
organic chromophores. The electronic absorptions of organic
molecules are considerably widened by a quite large vibronic
coupling. Concerning the lanthanide ions, even though some
vibrations between the ion and the atoms of the ligands may
be observed, the required energies for exciting a Ln—L bond
are much smaller than for the vibrations in the ligands. The
vibration of the coordination sphere relative to the lanthanide
ion is neglected most of the time. The electronic absorptions
of the lanthanide ions are thus narrow because they are not

widened by the vibrations between the lanthanide and the
coordination sphere.

4.6 Selection Rules

An important point about a transition is that, even
though a photon might have the correct energy to be absorbed
or emitted, there are some forbidden transitions that are defined
by quantum mechanics and its so-called selection rules. There
are two major selection rules that are of great importance
for the luminescence of lanthanides. First, an electron cannot
change its spin during a transition: a singlet spin state has to
remain a singlet spin state, whereas a triplet spin state has
to remain a triplet spin state. In theory, a singlet—triplet
transition is forbidden. Then, transitions inside the same
atomic subshell are also forbidden (the electron has to jump
to another subshell). The electrons cannot rearrange in the
orbitals from the same subshell, so d—d and f—f transitions
are forbidden, whereas d—f transitions are allowed.

This last point comes from symmetry considerations.
The transition has to occur according to the symmetry of
the absorbing or emitting compound. If no translational
(vertical) transition with a symmetry that belongs to those
of the chromophore transforms the AOs or MOs from
the symmetry in the initial state to the symmetry in the
final state, the transition is forbidden by symmetry. In
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organic chromophores, 7 — * transitions are usually allowed
by the symmetry selection rule, whereas n—m* transitions
are forbidden, therefore very weak, because of symmetry
concerns. Other transitions involving the o or o * orbitals are
usually too energetic to be observed under usual conditions, so
that they will not be discussed here. Because of this symmetry
selection rule, the most intense transitions from an organic
chromophore are usually attributed to 7z — * transitions (some
computational chemistry calculations are available to support
the attribution of the electronic transitions).

The selection rules that dictates the probability (or
strength) of a transition can be summarized in three terms,
the spin selection rule, which is the most important one; the
symmetry selection rule; and finally, the vibrational selection
rule or Frank—Condon principle.

In practice, those selection rules are not strict,
and some couplings can make forbidden transitions happen.
However, they remain weak, slow, or of low probability.
Phosphorescence, for example, is a manifestation of a
forbidden singlet—triplet transition favored by a spin—orbit
coupling, whereas the luminescence of the trivalent lanthanide
ions is a manifestation of forbidden f—f transitions favored by
the disruption of the spherical (centrosymmetric) symmetry
of the free ion once coupled to ligands.

The transitions involved up to now were electric
dipole (ED) transitions involving ED moments. It means
that the transitions were induced by the interaction of the
oscillating electric field of light quanta with the ED moments
of the compound. But it has been shown that the electrons
in AOs, and by extension in MOs, also have magnetic dipole
(MD) moments. For example, the spin—orbit coupling is an
interaction between a magnetic field and the spin MD moment.
Therefore, an oscillating magnetic field of an electromagnetic
radiation may also induce MD transitions by interacting with
the MD moment of matter.

The selection rules for MD transitions are different
from the ED transitions. An MD transition is related to
a rotational movement of the electron under the torque
generated by the magnetic field. As a consequence, the
symmetry selection rule that was valid for the translational
movement of the electron under the force generated by the
electric field is changed upon MD transition. An MD transition
allows the inner subshell transitions, so that f—f transitions
are allowed by MD transitions. Nevertheless, the intensities
of the MD transitions are usually weaker than the intensities
of the ED transitions. In lanthanide ions, partly allowed ED
transitions are usually still more intense than allowed MD
transitions, except when the symmetry of the complex is
very high, meaning that the ion is little disrupted from its
centrosymmetric geometry by the ligand field, and therefore
that the ED transitions are very little relaxed from their
forbidden character. Because an f—f MD transition is allowed,
its intensity is fairly independent on the chemical environment.
An ED transition on the other hand is a forced transition that is
induced by the symmetry of the ligand field, so that its intensity

depends on the chemical environment. Finally, MD transitions
are usually neglected in the photophysical properties of organic
chromophores. Any transition in an organic chromophore can
thus fairly be stated as a pure ED transition.

4.7 What Happens After the Interaction of Light with
Matter?

In a Jablonski diagram (Figure 7), an excitation is
represented as an arrow from the ground state to the excited
state (pointing up). But this excitation does not last forever.
After the interaction of light (a photon) with matter (an
electronic or vibronic level of the chromophoric part of
matter) has occurred, the excess in energy given by the
incoming photon has a tendency to be released in order to
form again the most stable state (the lowest in energy). Many
processes can deactivate the excited state. The term relaxation
is often found to account for a deactivation. Collisions with
other atoms or molecules can ‘‘cool’’ the excited state,
or a process called infernal conversion can transform the
electronic excitation into vibrational excitation resulting in
a hot electronic lower state. All these processes are called
nonradiative or radiationless deactivations because they do
not emit photons. In the Jablonski diagram, the nonradiative
deactivations are represented as wavy arrows from an excited
state to a lower state (pointing down). When the deactivation
occurs through a second atom or molecule, the deactivating
atom or molecule is known as a quencher and the deactivation
as a quenching.

The Jablonski diagram of a lanthanide ion is different
from the Jablonski diagram of an organic chromophore in two
points. First, there is no vibrational level depicted above
each electronic level since the vibrations of the lanthanide
ion relative to the coordination sphere are neglected. Then
the labeling of the ground and excited states is not Sy,
S, and T (that stand for singlet spin ground state, singlet
spin first excited state, and triplet spin first excited state,
respectively), but the spectroscopic levels corresponding to
the quantum state of the subshell (the spectroscopic level
of the ground state is straightforward as explained earlier,
whereas the spectroscopic levels of the excited states were
calculated for all the lanthanide ions). The electronic levels
of all the lanthanide ions are illustrated in the energy diagram
in Figure 12. The energy diagram of a lanthanide ion can be
used in the same way as a Jablonski diagram.

The most important consequence of the absence
of vibrational levels between the spectroscopic levels of a
lanthanide ion is that the deactivation cannot occur via an
internal conversion, but only via a quenching from a ligand
state, a quenching from an external quencher such as a solvent
molecule, or a radiative deactivation.
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The phenomenon of interest here is the deactivations
that will emit a photon and thus give rise to a luminescence
of the compound. The radiative deactivation is represented in
the Jablonski diagram (Figure 7) as an arrow from the excited
state to a lower state (pointing down).

According to Kasha’s rule, the emission always
occurs from the vibrational ground state of the electronic
excited state. It means that the deactivation of the vibrational
excited states of an electronic excited state is much quicker
than the emission. The vibrational relaxation occurs in the
picoseconds timescale (ps = 107!2 s). Here again, from a
lanthanide point of view, Kasha’s rule is somehow irrelevant
because lanthanide ions have no vibrational structure as
understood for an organic molecule. However, the emission
seems generally to occur mainly from defined spectroscopic
levels, so that despite an excitation to a higher level might
happen, a relaxation down to one of these luminescent levels
is often observed. But this rule is not as strict as Kasha’s rule,
so that it extensively depends on the lanthanide ion and on its
chemical environment.

Back to the basic photophysics of organic chro-
mophore, it has been stated earlier that an electronic transition
is very fast, much faster than the vibrational motion. Why
then is the vibrational relaxation occurring first? Actually, it
is not the transition itself that takes longer than the vibrational
deactivation of the excited electronic state, but the probability
of occurrence of this emissive transition that is much lower
than the rate of the vibrational relaxation. The excited state
is not so unstable that the electron has to immediately return
to its original location. It can wait sometimes in the excited
states. In fact, the notion of rates of deactivation is a statistical
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Figure 7 Typical Jablonski diagram of an organic chromophore
showing the electronic ground state S, radiative transitions (thick
vertical arrows), nonradiative deactivations (wavy arrows), and
intersystem crossing (ISC, curved thick arrow) from the first singlet
excited state (S;) to the first triplet excited state (T;)

concept. In average, the electron stays excited for a certain
time before releasing the excessive energy. Some transitions
happen faster, others slower, but in average, the lifetime of the
electron in the excited state is quite defined for each compound
and every excited state.

The efficiency of luminescence depends then on the
kinetics (or dynamics) of the deactivation. If the radiative
deactivation is much quicker than the nonradiative ones, the
compound has a good efficiency. On the other hand, if the
radiative deactivation is slow compared to the other processes,
the efficiency then entirely depends on the occurrence
of nonradiative deactivations. Therefore, the efficiency of
luminescence is a competition between nonradiative and
radiative deactivation of the excited state.

5.1 Fluorescence, Phosphorescence, and Luminescence

Most of what has just been stated for the interaction of
light with matter (the absorption or excitation) still holds for
the radiative deactivations (the luminescence mechanisms).
The Frank—Condon principle is applicable for downward
radiative transitions, and all the other selection rules (spin and
symmetry) are as valid for the absorption as for the emission
of a photon.

So, what is the difference between fluorescence,
phosphorescence, and the luminescence of the lanthanide
ions? In fact, the mechanism is not the same. The fluorescence
is an allowed transition without a change of the total spin. The
fluorescent emission is quick because the transition is allowed,
usually in the nanosecond timescale (ns = 1077 s).

For example, in an organic fluorophore, the transition
from a singlet excited state S; to the singlet ground state S (a
S; — Sy transition) is a fluorescent emission. Usually, these
transitions correspond to w—x* transitions. During such a
fluorescent transition, an electron in a 7w * orbital falls down
back to the 7 orbital, the two electrons in the 7* and 7
orbitals having opposite spins all along. It then corresponds
to a lwr* excited state (one electron in a 7 orbital, the other
with an opposite spin in a 7* orbital) and a 'w7 ground
state (two paired electrons, both in the same s orbital),
so a 'mm*x —! 7 transition. The notation 'mz* is often
encountered in literature to account for a fluorescent emission
of an organic chromophore originating from a '77* excited
state and so from a 7w —x* transition.

The phosphorescence on the other hand is forbidden
since it requires a change of the total spin. The phosphores-
cence is slow because the transition is forbidden, usually in
the microsecond (is = 107 s) up to the second timescale.

For example, in an organic chromophore, the
transition from a triplet excited state T to the singlet ground
state Sy (a T — S transition) is a phosphorescent emission.
These transitions also correspond to 77 —7* transitions most of
the time. During such a phosphorescent transition, an electron
in a 7* orbital falls down back to the m orbital, the two
electrons in the 7* and 7 orbitals having the same spins
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in the excited state. It then corresponds to a 3mm* excited
state (one electron in a 7 orbital, the other with the same
spin in a 7* orbital) and a '7w7 ground state (two paired
electrons, both in the same 7 orbital), so a nn* —! 7w
transition. The notation 37777 * is often encountered in literature
to account for a phosphorescent emission of an organic
chromophore originating from a 3w7* excited state and so
from a 7w —7* transition.

In order to generate the triplet state, or any other spin
state that is different from the ground spin state, one electron
has to change its spin. This process is only achievable if there
is at least one unpaired electron in the excited state (yielding a
paramagnetic compound). Otherwise, the spin is constrained
by the Pauli exclusion principle, so that it cannot change
without a concomitant change in the spin of the electron in the
same orbital (which yields no net spin change). For organic
chromophores, this condition is fulfilled in the excited state
where the electrons are no longer in the same orbital.

The switch of the spin quantum number is called
the intersystem crossing. An intersystem crossing is only
possible if it results in a lower energy state. According to
Hund’s rule, a lower energy state usually corresponds to a
higher spin, so that intersystem crossing usually results in a
higher spin state. In an organic chromophore, the triplet state
is a higher spin state than the singlet spin state and is then
lower in energy than the corresponding singlet excited state.
Hund’s spin multiplicity rule is even reinforced in organic
molecules where the unpaired electrons in the excited states
occupy different orbitals that may be spatially far away. The
apparently paradoxical result of a transition that moves the
electron over a longer distance but needs less energy to do so
than over a shorter distance can be explained by the oscillating
nature of a transition. A transition is not immediate but rather
a transitional state between two other states. The Jablonski
diagram tends to misguide us in that way, but a transition
corresponds to an oscillation of the electron between the
initial and final state, or between the initial and final location.
And we have seen that electromagnetic oscillations with large
amplitudes and thus low frequencies correspond to photons of
low energies and vice versa oscillations with low amplitudes
and high frequencies correspond to photons of high energies.

Concerning the luminescence of the lanthanides, the
f—f transitions are actually described by the spectroscopic
levels of the ion, either down to the ground state or down
to an intermediate level. Usually, the visible emissions of
the lanthanide ions have transitions that change the total spin
number of the ion, i.e., the (2 - S + 1) multiplicity, whereas
the NIR emissions do not change the spin. Since several
lanthanides exhibit both mechanisms, the term luminescence
is preferred over fluorescence or phosphorescence for the
lanthanide ions. In this way, the common mistake of calling
fluorescence all kind of emissions is avoided. Because of
their forbidden character, f—f transitions are slow and the
lanthanide luminescence may take up to a few milliseconds
(ms = 1073 s).

5.2 Sensitization

Now, how to excite a lanthanide ion so that it
would emit light? We have seen that the luminescence of the
lanthanides comes from the forbidden f—f transitions between
two @SV spectroscopic levels. Unlike phosphorescence,
which is available through the intersystem crossing from an
allowed excited state, to populate excited f levels, we cannot
rely on the absorption of the lanthanide ion. The direct f—f
absorption is very weak, with extinction coefficients (g;) of
a few L-mol~!-cm™!, more than a few thousand times
less than an average organic chromophore. In order to excite
a lanthanide ion, we need to use another compound that
will efficiently absorb light and that may then transfer the
energy to the lanthanide cation. This phenomenon is called
photosensitization (or simply sensitization, or antenna effect)
and the compound that absorbs and transfers the energy is the
photosensitizer (or simply sensitizer).

The general picture of lanthanide-sensitized emission
is illustrated in the Jablonski diagram in Figure 8.

Likewise any chromophore, a lanthanide ion can be
de-excited via nonradiative deactivations (k."). Depending
on the excited states of the sensitizer, a back-transfer from
the lanthanide ion back to the sensitizer might also be pos-
sible. The sensitizer can thus partly act as a quencher, as
well as molecules of solvent or any other compound near the
lanthanide ion.

There are two mechanisms for the energy transfer
from a donor to an acceptor (see Figure9). The Dexter
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Figure 8 Simplified Jablonski diagram showing the sensitization
pathway from the chromophoric ligand L to the lanthanide ion Ln™
via the triplet state T; of the sensitizer. The k values are the rate
constants for all photophysical phenomena involved. Absorption k;‘bs
by the sensitizer, intersystem crossing kis. of the sensitizer, and energy
transfer k., from the triplet state of the sensitizer to the lanthanide ion
(to one of its @SV, excited spectroscopic level) resulting in an

excited lanthanide ion that can undergo a radiative deactivation k51,
which yields to its luminescence. The nonradiative deactivations are
shown with “‘nr’” subscripts. The radiative deactivations of the ligand
occur either via fluorescence ka or phosphorescence kgh. This figure
is to be compared with Figure10, which illustrates the sensitization
pathway in a lanthanide coordination complex
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Figure 9 Mechanisms for the photoinduced energy transfer from a donor (D) to an acceptor (A)

mechanism involves an exchange of electrons between the
donor and acceptor, whereas the Forster mechanism relies
on the Coulombic interactions and a dipole—dipole coupling
to promote an electron in the acceptor when the electron of
the excited donor falls back to the ground state (nonradiative
transition). Figure 9 also introduces the ‘‘chemical’’ notation
for a compound in an excited state. Here, a donor D is
excited and forms D*. The excited donor D* can then transfer
its excitation (thus becoming the unexcited D again) to an
acceptor A, which becomes an excited acceptor A*. This
notation is useful when writing the equations for the kinetics
of photochemical reactions or photophysical processes.

Both the Dexter and the Forster mechanisms depend
on the overlap between the donor and acceptor energy levels
and the distance between the donor and the acceptor. The
Dexter mechanism has an exponential decay of the energy
transfer rate as a function of the separation distance r, whereas
the efficiency of the Férster mechanism depends on 1/r°. Let
us not forget that the thick lines in Figure 9 represents the
lowest vibrational state of the considered electronic level,
the difference in energy between the donor excitation and
the acceptor excitation is thus not lost, but converted into
vibrational energy. Thinner lines should be pictured above the
thick ones as illustrated in Figure 7. The electron hop from one
level to the other then occurs rather horizontally from a thick
line to a thinner one and is then deactivated by vibrational
quenching down to the next thick line.

In the case of lanthanide coordination complexes,
two kinds of chromophoric ligands are generally designed as
follows:

1. The chromophore is directly coordinated to the lanthanide
ion (see Figure 10a). Chromophores are thus designed to
ensure an efficient positioning of the triplet energy, which
would allow the photosensitization of the lanthanide ion,
and enclose adequate coordination sites to guarantee
a stable complexation of the cation. For further
details, see Lanthanides: Luminescence Applications
and Luminescent Bioprobes.

2. The chromophore is not directly coordinated to the
lanthanide ion, but is part of the ligand and can also work

%\,

(a) (b)

Figure 10 Illustration of the sensitization of a coordinated
lanthanide ion by absorption of a directly coordinated chromophore
(a) or by absorption of a distant coordinated chromophore (b)

as a sensitizer (see Figure 10b). In that case, a coordinating
unit such as a diethylenetriamine pentaacetate (DTPA) or
a cyclen moiety has one or more positions substituted by
the chromophore. The longer distance somewhat lowers
the efficiency of the energy transfer which ought then
rather to occur via a Forster mechanism (no close contact
that would enable an electronic exchange), but such ligand
designs introduce more versatility regarding the choice of
the chromophore.

5.3 Charge Transfer

In special cases, a CT between the ligand (sensitizer)
and the metallic coordinated acceptor can take place. This
CT state is sometimes encountered in lanthanide complexes
as a ligand to metal charge transfer (LMCT) transition. The
opposite charge transfer, i.e., the metal to ligand charge
transfer (MLCT), is generally not observed due to the large
ionization energy of the Ln**. The reduced lanthanide ion is
usually oxidized back to the stable oxidation state by electron
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transfer from the reduced excited lanthanide to the oxidized
ligand. In a way, an LMCT is very similar to that of the Dexter
mechanism where no charge separation is carried out to avoid
a recombination of the electron with the oxidized ligand.

In solids, because ligands tend to interact together
through m-stacking, H-bonding, and Van der Waals interac-
tions, some transitions may occur between two ligands, bound
to two different complexes. Such transitions are called ligand
to ligand charge transfer (LLCT). LLCT transitions may also
occur in solution between two ligands (or two chromophores)
of the same complex, but the attribution of this kind of
transition would be complicated.

Because the electron has to jump over a long distance
in LLCT, LMCT, and MLCT, the energy of these transitions
is typically lower than the intraligand (IL) absorption. It is
often observed as a bathochromic shift (toward the red region
of the spectrum) of the absorption or excitation spectrum of
the IL transition. CT transitions are also often in the same
energy range, so that the exact attribution of the additional
band might be difficult. A certain amount of confusion exists
in the literature about the luminescence of lanthanide ions
between LMCT, MLCT, ILCT (intraligand charge transfer),
and LLCT. In principle, only LLCT is relevant for lanthanide
ions coordinated to organic chromophores. LMCT may occur
with the most easily reduced ions (Eu*, Yb**, or Sm3™*), but
true LMCT transitions are rare, except in inorganic materials
such as phosphors where their energy is also high enough
to provide an efficient sensitization pathway. Concerning
MLCT, it may only really occur with Ce**, which has the
lowest oxidation potential. LLCT, on the other hand, depends
on the ligand and is favored in solid states. A sensitization
through an LLCT is possible and often provides an additional
mechanism for the emission from solid-state compounds.

5.4 Solvatochromism

A chromophore in the solid state does not exhibit
the same photophysical properties as in solution. It comes
principally from the different chemical environment of the
chromophore.

In solid state, the chromophores tend to be tightly
packed together in a quite rigid structure. Sometimes, CTs
between the chromophores occur. This may even yield to
a conductive solid or to a semiconductor-type material.
The vibrational modes may also be altered because they
couple with the neighboring molecules. The term phonon
is often encountered in material science to account for a
collective excitation involving the concomitant vibration of
lattice structures in the solid (in crystals).

In diluted solution (up to a few millimolar), the
chromophore is in average only surrounded by solvent
molecules. As the concentration increases, the frequency of
collision with other chromophoric molecules increases, but
providing that there is no specific interaction between the
chromophores, they will not remain together. Special cases

may occur when an excited molecule forms a dimer with
another (excited or not) molecule. It yields an exciplex
or an excimer when the dimer is a homodimer that
possesses particular photophysical properties compared to
the monomers.

A dissolved chromophore is surrounded by a
solvation sphere. The solvent molecules are oriented around
the chromophore so that their ED moments align with the
dipole moment of the chromophore. The charge distribution,
as well as the polarity of both the chromophore and the
solvent molecules, hence plays a major role in the solvation
of the chromophore. Since the charge density is related to the
MOs of the chromophore, the solvation influences the energy
of the electrons in the MOs. The solvation sphere may be
compared with the coordination sphere of a metal ion (in the
case of a metal ion, sometimes the coordination sphere is a
solvation sphere). The solvation sphere generates a solvation
field around the chromophore, which perturbs the electronic
levels of the chromophore.

In the excited state, the charge distribution changes,
since an electron moves from an orbital to another. An excited
chromophore then requires a different arrangement of the
solvent molecules in its solvation sphere to maximize its
stabilization compared to the best stabilization in the ground
state. Therefore, after an excitation, the solvent molecules
have to reorient themselves to accommodate the newly formed
excited state of the chromophore. This reorientation takes time
(several picoseconds) and is much slower than the transition.
This implies that after the excitation, the chromophore is in
a higher solvation energy state which then relaxes down to a
more stabilizing arrangement of the solvent molecules. The
same is also true for a radiative deactivation. This phenomenon
yields Figure 11, which somehow resembles the figure of the
Franck—Condon principle, except that, since the orientation
of the solvent molecules in the liquid is not quantized but
continuous, the stabilization is also continuous. The right-
hand part of Figure 11 illustrates an ideal situation where
the solvent molecules are perfectly aligned with the dipole
moment of the chromophore. This situation is the lowest
in energy. However, because a solution is highly dynamic,
other slightly misaligned situations are also present due to the
thermal agitation of the solvent molecules in a liquid phase.
A distribution of solvation coordinates with different energies
is thus expected, but the major part of this distribution is
centered at the ideal situation.

Solvatochromism is the variation of the absorption
and emission spectra depending on the solvent. An important
solvatochromism yields a high Stokes shift between the
emission and the absorption. The speed of this relaxation
depends on the viscosity of the solvent, so that in certain
cases, an emission can take place before the relaxation is
complete. The Stokes shift may thus be adjusted by tuning the
viscosity of the solvent.

Changing the solvent may have either a better
stabilizing effect on the excited state, in which case,
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Figure 11 Solvation effect on the energy of the excited state

the emission is shifted toward lower energies or higher
wavelengths (bathochromic shift), or a lower stabilizing effect
on the excited state, in which case, the emission is shifted
toward higher energies or lower wavelengths (hypsochromic
shift).

Solvatochromism is important for lanthanide coor-
dination complexes because it may tune the energy of the
triplet state of the ligand relative to the electronic level of
the lanthanide ion that is, as already pointed earlier, quite
independent on the chemical environment.

5.5 Quantum Yield

It is not because the emission spectrum of a
luminescent compound can be measured that it necessarily
means the compound is a good emitter. There are different
criteria to be taken into account before concluding on the
efficiency of the luminescence. In the case of lanthanide
complexes, it is not because the luminescence of the ion is
measured that either the sensitization or the luminescence of
the ion is efficient. The luminescence needs to be further
investigated to evaluate the efficiency of each step yielding to
the emission of the lanthanide ion.

We have seen that once excited, a molecule or an
atom such as a lanthanide ion does not stay so forever. The
electron tends naturally to lose the excess of energy and
form the most stable configuration. If this excessive energy is
not intercepted by another molecule, or not transformed into
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vibrational excitations, the deactivation will be radiative and
reemit a photon. The competition between all nonradiative
deactivations and the radiative one is at the center of all
luminescence phenomena. The quantum yield (®epy,) is used
to characterize the luminescence of the compound and gives
the efficiency of the emission process. It is defined as the ratio
of the number of emitted photons (Ng’,ll"“’“) over the number
of absorbed photons (N*'°) as shown in equation (2).

abs

photon
em

photon
N, abs

Do = 2

A compound having a purely radiative deactivation
(meaning that all absorbed photons are reemitted) would
then exhibit a quantum yield of 100%. In fact, there are
no purely emissive compounds. Some of the most efficient
fluorophores are rhodamine dyes. Rhodamine 101 is one of
the few examples that may exhibit in the proper solvent, pH,
temperature, and concentration range, a near unity quantum
yield (0.98 +0.02 as an average literature data). To the
opposite, a low quantum yield points to most of the absorbed
photons being lost by nonradiative deactivations.

The quantum yield of the ligand-sensitized lanthanide
luminescence (sometimes called overall quantum yield) is the
ratio of the number of photons emitted by the lanthanide per
number of photons absorbed by the ligand. It is generally
written as ®}™. It is not to confuse with the intrinsic quantum
yield 1, which is defined as the number of photons emitted
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by the lanthanide per number of photons directly absorbed by
the lanthanide (through a very weak f—f absorption band). The
intrinsic quantum yield does not take into account the loss of
energy due to the ligand sensitization pathway, but does take
into account all the deactivation of the lanthanide, included
the ones that are due to the presence of the ligand such as a
back-transfer (transfer from the lanthanide to the ligand triplet
state) or some kind of quenching phenomena. The intrinsic
quantum yield is related to the ligand-sensitized quantum yield
by the sensitization efficiency (7sens), Which is a percentage
of the number of absorbed photons that yield to a transfer of
the energy onto the lanthanide (some definitions state that it is
the number of photons transferred onto the lanthanide ion per
number of photons absorbed by the ligand, but it is the energy
that is transferred and not the photons).

(Dkn = Nsens * thg (3)

This sensitization efficiency is composed of the
efficiency of the intersystem crossing (isc) and of the energy
transfer (et).

Nsens = Tisc * et 4)

The isc efficiency is the percentage of the number of
absorbed photons that actually yields a triplet state, whereas
the et efficiency is the percentage of the number of triplet-state
ligands that transfer their energy onto the lanthanide ion. The
product is thus the number of triplets formed per absorbed
photon multiplied by the number of transfers from a triplet
onto the lanthanide per triplet formed, which results in the
number of transfers from a triplet onto the lanthanide per
photon absorbed by the ligand.

5.6 Lifetime

Some other important characteristics of the emission
are the rate of the deactivation of the excited state and
the rate of the radiative deactivation. If we measure a
time-resolved emission spectrum of the emission, we will
observe that the emission spectrum loses some intensity as
a function of time after a pulsed excitation. This emission
decay is usually monoexponential and corresponds to the
rate constant of the deactivation of the excited state, or
observed deactivation rate constant kqps. It is important here
not to confuse this rate constant with the rate constant of
the radiative deactivation kg (in Figure 8, kF and k;h for
the fluorescence and phosphorescence rate constants of the
ligand, respectively, k.7 for the radiative rate constant of the
lanthanide). Despite the fact that this method measures the
decay ofthe emission, between each time step, the nonradiative
processes (the ky,, deactivation rate constants in Figure 8) also
deactivate the excited state. To better visualize the decay rates,
some equations are helpful.

First, upon absorption, the excited state S; is formed.
If we use the chemical notation for a compound D, it gives
equation (5).

D + photon — D* (5)

The rate of the absorption is related to the extinction
coefficient or to the absorption cross-section. It obeys the
law of Lambert—Bouguer and Lambert—Beer. The density of
the photons [photon], and the concentration or density of the
chromophore [D], thus define the rate of the concentration
or density change of the excited chromophore [D*], here
appearing during the excitation (equation 6).

( d[D*]

B )b — Kups - [photon] - [D] ©)

Just after absorption, when no other process has
already taken place, the number of excited chromophore will
depend on the duration of the excitation, the density of the
exciting photons, the rate constant of absorption k,,s for the
defined energy of the photons and thus of the absorptions, and
the initial number of chromophore [D]y (before excitation).
The maximum number of excited chromophore is of course
the initial number of chromophore, so that [D*],.x = [D]o.

The density of the photons [photon] is related
to the intensity of the incoming light [,. Equation (6)
can be developed to yield the famous Lambert—Beer law
of absorption, A(A) =e(X) -[-c = —logT(A). A(X) is the
absorbance at wavelength A (no unit), 7'(}) is the transmittance
at that same wavelength (no unit), (1) is the molar (decadic,
because in log base 10) extinction coefficient of the absorbing
compound at wavelength A (in L - mol~!- ecm™"), [ is the length
of the light path through the absorbing medium (in cm), and ¢
is the concentration (in mol -L~") of the absorbing compound
in the medium.

After the absorption (one absorbed photon yields
necessarily one excited chromophore), the deactivation of
the excited state will decrease its concentration following a
rate law that depends on the different deactivation pathways
as shown by the equations (7—10) (either radiative or
nonradiative, referred as rad and nr subscripts, respectively).
The kg, rate constants correspond to a quenching process
involving the quencher or acceptor A, and the k4 rate constant
to a deactivation such as an internal conversion or any other
radiationless relaxation. The k4 rate constant may thus be a
sum of different contributions to the nonradiative deactivation.

kia
D*—=»D + photon,,, @)
ka
D*—=»D ®)
kq
D* + A—=D + A* )

ko = kq - [A] 4 kq (10)
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These equations yield the following rate laws for the
relaxation (relax) of the excited state:

doy .

( D )md——kmd-[D] (11
a7y .

( 2 )m——km~[D] (12)
A7\ (dD7] d[D*]

( dt )re]ax_< dt )rad+< dt )nr (13)
(d[D*]) = (ko k) - [D] = —kops - [D*] (14

dt relax

After the integration of equation (14) (shown in
equation 15), the expression in equation (16) is found.

D] '

o]
/ S [ k- (1)
[D*]o f
D*),
In <{D*}0> = _kobs < (t — 1) (16)

The time 7, can be set to 0. Equation (16) is generally
shown in its exponential form (equation 17), which is a usual
expression for an exponential decay.

[D*]t = [D*]o - exp(—kovs - 1) an

The rate of the radiative deactivation (equation 11)
that yields the photons used to measure the emission as a
function of time depends on [DD*};. Since [DD*]; depends
on the observed rate constant, the decay of the emission
depends on the decay of the excited state and thus on the
observed rate constant and not only on the radiative rate
constant.

The rate constant is normally expressed as lifetimes
Tobs = 1/kops. The unit of a rate constant is s~! or Hz. The
unit of a lifetime is thus in seconds (s).

The quantum yield and the observed rate constant
are related one to each other. Under continuous excitation, an
equilibrium between the absorption (formation of the excited
state) and the deactivations is established so that the change
of the concentration of the excited state is zero (steady state,
equations 18—20).

dp* 1\ (dD] d[p*]
( dt )eq_o_( dl )abs+< dt )relax (18)
(d[D*]) — sy - [photon] - [D] = NI (19
dr abs
(d[g]) — kops - [D] = —(kea + ka) - [D] (20)
relax

By combining the increase of the excited state
population due to the absorption of photons with the decay
of the excited state population due to the radiative and

nonradiative relaxations, and by defining the number of
emitted photons with the quantum yield, the quantum yield
then expresses as a ratio of rate constants or lifetimes.

yPhoton _ Kobs - [D*] = pyPhoton (krag + kur) - [D*] =0 (21)

abs abs

& N = kaps - [D'] 22)

NI = kina - [D*] = ®em - Njpy™" (23)
photon k -

= @ — Yem _ rad _ obs 24

o N photon knbs Trad ( )

abs

By measuring both the quantum yield and the
lifetime, the radiative lifetime of the chromophore can then be
calculated.

Now, what about a lanthanide-sensitized emission?
In that case, other steps that occur in the sensitization process
have to be considered and additional equations will refer to a
sensitization through the triplet state of the ligand.

First, the sensitizer or ligand L absorbs a photon,
forms a singlet excited state that can eventually experience an
intersystem crossing (isc) to obtain the triplet excited state.

Kabs
L + photon——»'L*

LN 25)

'L %
From the triplet state, the energy transfer (et) from
the ligand to the lanthanide ion (Ln) can occur.

kcl
3L 4+ Ln—»L + Ln* (26)

This step is similar to that of the donor acceptor
energy transfer shown in equation (9) (D* + A — D + A™¥).
It is a nonradiative deactivation of the ligand, which yields
to the excitation of the lanthanide ion. The ligand is thus the
excited donor D* and the lanthanide ion the acceptor A.

The excited lanthanide may then emit a photon
through an f—f forbidden transition.

kra
Ln*—=»Ln + photon,,, @7

But both the ligand and the lanthanide can also be
deactivated. The ligand can emit a photon by fluorescence
from its singlet state or by phosphorescence from its triplet
state, or can be deactivated (also from either its singlet or
triplet excited state) by internal conversion, quenching, or
any other nonradiative possibility. Even if the sensitization
is efficient, i.e., if the isc and et is quick relative to the
undesired deactivations, the lanthanide can also experience
some nonradiative deactivations, so that the rate of the
radiative deactivation of the lanthanide is in competition
with nonradiative processes.

The sensitization efficiency is calculated by measur-
ing the observed lifetime of the lanthanide excited state, the



130 THE RARE EARTH ELEMENTS

sensitized quantum yield, and the intrinsic quantum yield. The
ratio of the observed and radiative lifetime gives the intrinsic
quantum yield.

Tobs

o = (28)

Trad

Since the measurement of the intrinsic quantum yield
is very hard to perform, it is usually replaced by the calculation
of the radiative lifetime. However, this calculation is also very
complicated, except for the special case of europium where
approximations yield a simple convenient formula. It comes
from the very rare property of europium to exhibit a purely MD
transition, the "Dy —’F, the intensity of which is practically
independent on the chemical environment. The calculation
then only needs the emission spectrum (corrected to take into
account the sensitivity function of the detector) and uses the
ratio of the total intensity of the lanthanide emission over
the intensity of the MD transition, as well as the refractive
index of the medium r, and a parameter Ayp,o that defines the
strength of the MD transition. For Eu’*, Ayp o = 14.65s7 1.

I
= knaa = Ampyo - 1> - (1t : > (29)
MD

Trad

By knowing either the radiative lifetime and the
observed lifetime, or the intrinsic quantum yield and the
observed lifetime, one can calculate the missing parameter
(see Lanthanides: Luminescence Applications).

The observed lifetime usually significantly depends
on the temperature (whereas the radiative lifetime only
depends on the small variation of the refractive index as
a function of temperature if the coordination is unaffected
by the lower temperature). This dependence comes from the
fact that some nonradiative deactivations of the lanthanide
ion are vibrationally assisted (i.e., needs some heat to take
place, e.g., back-transfer to the triplet state of the ligand).
Nevertheless, the observed lifetime of the lanthanide does
not depend on the excitation wavelength. A direct excitation
through an f—f transition or through a sensitizer results in the
same observed lifetime. In other words, this lifetime, and thus
the deactivation of the lanthanide excited state only depends
on the chemical environment and on the temperature, not on
how this excitation was achieved.

5.7 Solvent Effect and ¢ Numbers

The photophysical properties also depend on the form
of the compound. A solid will not exhibit the same properties
as a solution, and in solution, the presence of other solute
can affect the luminescence as much as a different solvent.
Even by changing a solvent for its deuterated analog has a
drastic effect. This effect is even used in aqueous solutions.
By measuring the observed lifetime in H,O and in D,O,
one can retrieve the number of water molecules ¢ in the

first coordination sphere of the lanthanide ion. This is the
work of Supkowski and Horrocks for the determination of the
number of water molecule in the first coordination sphere of
the europium complexes.

g =A- [t (H0) — 731 (D20) — kxul

obs

kxspu =a+ B -nou+ vy -nnu+ 98- no=cnu (30)

where 7,,s (H20) is the lifetime in water, 7,5 (D2O) the
lifetime in deuterated water and nxy the number of XH
oscillators in the first coordination sphere, o the contribution
of the water molecules in the outer coordination sphere, S
the contribution of an OH oscillator in the first coordination
sphere, y the contribution of an NH oscillator in the first
coordination sphere, and § the contribution of a O=CNH
oscillator in the first coordination sphere. Similar formula
were developed then using the same idea.

The lower vibrational energy of the OD bond relative
to the OH bond is responsible for the lower quenching of the
excited lanthanide in the deuterated solvent (more OD than
OH vibrations are needed to deactivate the same excited state).
The vibrational relaxation needs several vibrational quanta of
the quenching molecule in order to deactivate an excited state
and particularly a lanthanide excited state. Both the match
between the vibrational quanta and the excitation energy, and
the number of vibrational quanta required to achieve such a
relaxation define the efficiency of this nonradiative process.
The more quanta, the less efficient the deactivation, because
of the selection rules for vibrational transitions.

5.8 Luminescence of the Different Lanthanide Ions

The nonradiative deactivations a lanthanide ion can
undergo are actually very lanthanide dependent. If we have a
look at the spectroscopic levels of the lanthanide ions, we can
notice that some have a lot of close levels whereas some have
higher gaps (Figure 12).

The higher the gap between two levels, the better
it is for the emission of the lanthanide. This is due to the
easier deactivation of the excited state by transfer of the
energy to the vibrational modes of other molecules when the
energy difference better matches the energy of a vibration.
Hence it explains also why it is very difficult to obtain highly
luminescent NIR emitters.

As already pointed out earlier, the electronic levels of
the lanthanide ions are fairly independent on the environment.
This corresponds to emission lines that are never really
shifted. This apparent unexciting property of lanthanide ions
are actually one of their most interesting properties. The
luminescence is always expected in the same region and
thus gives always nearly the same color. It also confers high
Stokes shifts on them (difference between the excitation and
the emission wavelength) in contrast to organic fluorophores
where the emission is usually next to the absorption with an
overlapping area in between.
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5.9 Hypersensitive Transitions as Probes

We have just seen that the spectroscopic levels of
the lanthanides are not affected by the chemical environment.
But actually, the splitting of each spectroscopic level depends
on the geometry of the coordination sphere of the lanthanide
ion (its symmetry). This is referred to as the ligand field
effect and induces splittings of a few cm™!. Some transitions
are particularly sensitive to changes around the lanthanide
ions, both in shape and intensity. Such transitions are called
hypersensitive transitions. For example, the emission from
the Dy —'F, transition of europium is hypersensitive.
It is the only true hypersensitive transition in emission.
All other hypersensitive transitions are absorptions. The
5Dy —Fs transition of terbium is sometimes called pseudo-
hypersensitive because it exhibits a hypersensitive character
with some ligands. Hypersensitive transitions are used in
many applications in order to probe the environment. Unfilled
coordination spheres are required in order for the environment
to interact with the lanthanide ion.

6 CONCLUSIONS

Most of the basic principles needed to approach the
luminescence of the lanthanide ions have been described.
Luminescence is a fascinating phenomenon, but as it was
shown, very intricate because many processes are involved.
Therefore, the design of highly luminescent lanthanide
compounds and especially of highly luminescent-sensitized
lanthanide complexes is quite unpredictable. From a theo-
retical point of view, the efficiency of the luminescence can
always be associated with one particular feature of the envi-
ronment of the lanthanide ion. It may be solvent molecules
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that are present in the coordination sphere; the ligands that are
not rigid enough; or the sensitizer that absorbs unexpectedly
high wavelengths, which also shifts its triplet state toward
inefficient for energy transfer lower energies. Sometimes the
sensitizer is also quickly deactivated even before the energy
can be transferred to the lanthanide ions, so that the sensitiza-
tion efficiency is very low. Nevertheless, few of those effects
can be accurately predicted. That is said, some general trends
are known to be detrimental to the luminescence properties
of the lanthanide complex, such as inserting on the ligand
backbone specific functional organic groups or deactivating
oscillators. Complex models based on quantum mechanics,
including the Judd—Ofelt theory, were developed to calcu-
late the intensity of each f—f transition. But such models are
usually too complex to be readily applied, so that the devel-
opment of such theories is somehow restricted to a limited
specialist’s audience. Theoretical calculations still need fur-
ther developments and therefore, the experimental approach
remains the main tool to appreciate the interest of a given
complex regarding its photophysical properties.

The luminescence of the lanthanide ions is par-
ticularly attractive because the energies of their electronic
transitions are fairly constant whatever the chemical environ-
ment. Furthermore, the forbidden character of their electronic
transitions yield long lifetimes which enable, for example,
time-resolved imaging. The lifetime, as the quantum yield is
on the other hand very sensitive to the chemical environment.
The luminescence of the lanthanide complexes are thus good
probes and are even used in biomedicine for some diagnosis
and analytical methods.

The investigation of the luminescence properties of
a lanthanide compound actually depends on the ion, on the
type of compounds, and on the application to which the
compound is intended. But usually, the common feature of all
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photophysical measurements and mainly of the luminescence
of the lanthanide ion is to collect pieces of information about
the structure around the lanthanide ion. If the symmetry
is rather high or low, if solvent molecules are coordinated
to the ion, if the radiative deactivation is slow or quick
relative to the nonradiative relaxations, etc. Luminescence
thus often provides a unique method to probe the structure
of matter. The choice of the authors was to restrict the
presentation of the fundamentals concepts of luminescence to
a minimum set of equations. After reading this chapter, the
reader has accumulated enough knowledge to understand the
photophysical discussions in the next chapters and in most
of the publications. The next level would be to formulate
the photophysical concepts with mathematical expressions.
Nice books and reviews are dealing with these formulations
and we recommend their lecture (see for example, Chapter 1
of Ref. 3).

Some examples are emphasized in the next
chapter (Lanthanides: Luminescence Applications). The
luminescence spectra of various lanthanide ions will be
given and several applications using luminescent lanthanide
complexes will be presented. In Luminescent Bioprobes,
some practical data and a case of study will be presented.
The properties of a series of lanthanide complexes (i.e., with
ligands that share a common architecture) will be explicated
both from a physicochemical and from a photophysical point
of view. It will be demonstrated that these complexes are
highly stable and present interesting photophysical properties,
so that their application as bioprobe can be undertaken.

7 GLOSSARY

Photophysic:  Study of the laws and processes arising from
the interaction of light with matter.

Spectroscopy:  Study of the interaction of light with matter.

Photon:  Quantum of light defining the minimal energy
packet of a light radiation at a given frequency.

Quantization: Restriction of a continuum quantity into a
discrete set of values.

Luminescence: Emission of light from a nonincandescent
object as a result of a radiative deactivation of matter arising
after an electronic excitation of matter.

Fluorescence: Luminescence phenomenon involving no
variation of the spin of the electron during the electronic
transition.

Phosphorescence: Luminescence phenomenon involving a
variation of the spin of the electron during the electronic
transition.

Excitation:
energy state.

Transition from a lower energy state to a higher

Sensitization: (Photosensitization) Transfer of energy from
a sensitizer to an acceptor energy level of the sensitized
compound that is not populated without the presence of the
sensitizer (no direct sensitivity).

Quenching/Quencher: Nonradiative deactivation of an
excited state by transfer of the energy to a quencher molecule
that deactivates nonradiatively.

Charge transfer:  Electronic transition to a long distance
exhibiting a high extinction coefficient (> 10 000 L - mol~!-
cm™).

Solvatochromism:  Shift in the absorption or emission
spectra when changing the composition of the solvent.

Degeneracy: Number of microstates at the same energy.

Chromophore: Compound, or parts of a compound that
absorb UV or visible light.

Fluorophore: Compound, or parts of a compound that emit
UV or visible light.

Stokes shift:  Difference between the maximum of
absorption and the maximum of emission (either wavelength,
energy, wavenumber, or frequency).

Rate law/Kinetics/Dynamics: Laws describing the variation
of the composition of a chemical or physical system as a
function of time.

Selection rules:  Set of rules derived from quantum
mechanics that describes the probability of a given transition
(absorption and emission).

8 RELATED ARTICLES

Lanthanides: Luminescence Applications; Lumines-
cent Bioprobes; Near-Infrared Materials; The Electronic
Structure of the Lanthanides; Upconversion Nanoparticles
for Bioimaging Applications.

9 END NOTES

4Physics reminder

The orbital angular momentum defines the relation
between the position of the electron around the nucleus
and its momentum, so its velocity. An angular momentum
£ =r x p, where r is the position relative to the nucleus and
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p is the momentum. The momentum (or linear momentum)
p = m -v. The bold notation is used to indicate that those
quantities are vectors. The angular momentum £ is a vector
perpendicular to the plane formed by r and p.

"Physics reminder
The electrostatic potential energy Uap between two
charged particles is defined by Coulomb’s law.

1 4a-48
4~ﬂ'80 FAB

Uas =

where ¢ is the vacuum permittivity, ga and gg the electric
charge of particles A and B, respectively, and rap the distance
between particle A and B.

The kinetic energy of an object of mass m and
velocity v or momentum p is defined by

p
Ekin=§'m~vz=2'm

“Physics reminder

AE=-u-B
Mspin = —&s * UB -S/h
B=1¢-[E[/(r] - m, %)

AE is the energy shift due to the spin orbit
interaction; u is the magnetic dipole moment of the electron or
spin dipole moment prgpin; B is the magnetic field induced by
the apparent circulation of the nuclear magnetic charge; 2 is the
reduced Planck constant, i = h/(2 - ); S is the spin angular
momentum; g, is the electron g-factor (g; = 2); up is the
Bohr magneton (a physical constant given by e - /(2 - m,),
where e is the elementary charge and m, is the mass of the
electron); |E| is the intensity of the electric field of the nucleus
(a radial electric field, E = |E|/|r| - r) at a distance |r| from
the nucleus; and £ is the orbital angular momentum of the
electron.

10 ABBREVIATIONS AND ACRONYMS

AO = atomic orbital; CT = charge transfer; ED =
electric dipole; HOMO = highest occupied molecular orbital;
IR = infrared; ICT = intraligand charge transfer; IL =
intraligand; LLCT = ligand to ligand charge transfer;
LMCT = ligand to metal charge transfer; LCAO = linear
combination of atomic orbitals; LUMO = lowest unoccupied
molecular orbital; MD = magnetic dipole; MLCT = metal
to ligand charge transfer; MO = molecular orbitals; NIR =
near-IR; UV = ultraviolet

11 FURTHER READINGS

The choice of the authors was to restrict the
presentation of the fundamentals concepts of luminescence
to a minimum of equations. After reading this chapter, the
reader has accumulated enough knowledge to understand the
photophysical discussions in the next chapters and in most
of the publications. The next level would be to formulate the
photophysical concepts with mathematical expressions. Nice
books and reviews are dealing with these formulations and
we recommend their lecture (see for example, Chapter 1 of
Ref. 3).
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1 SUMMARY

The forthcoming chapter gives many examples
where the luminescence of the lanthanide ions has a
significant impact. It provides a description of the fundamental
concepts related to the luminescence of lanthanide ions such
as upconversion, laser, near-infrared (NIR) emission, and
particularly, colorimetry, an important way to characterize
emission in the visible range of the spectrum. Selected
examples of sensitizing ligands from the literature are also
discussed, starting from simple ligands such as §-diketonates
and explain how a modification or a derivatization can alter
the photophysical properties. The discussion is then extended
toward the correlation of the triplet state energy of the ligand
and the quantum yield of the complex and also argues about the
quest for the highest quantum yield. More complex structures
are finally shown in order to introduce special features,
selective binding sites, and additional coordination sites
forming polynuclear complexes and bimetallic complexes
with d- and f-elements in the same complex.

2 INTRODUCTION

If there were only one example of application
that should be remembered where the luminescence of the
lanthanide ions is ever present, it would certainly be lighting.
Nowadays, most of the so-called fluorescent lamps, light-
emitting devices (LEDs), and display devices are made of
phosphors-containing luminescent lanthanide ions. The reason
is mainly the purity of the emitted color, particularly the
red emission from europium(IIl) and green emission from
terbium(III). The old CRT (cathode ray tube) display devices
previously used in color televisions and computer monitors
have now been replaced with LCDs (liquid crystal displays)
and LEDs, but the light source still contains lanthanide ions.
The technology changes but the building blocks remain
the same. Since color science is never really addressed
in chemistry textbooks, although the luminescence of the
lanthanide ion is widely used in many applications that deal
with color reproduction, an introduction to colorimetry is given
in this chapter. We hope it may inspire readers to have a look
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at this fascinating domain, among which the luminescence of
the lanthanide ions is extensively present.

Apart from the applications derived from lighting and
color reproduction, the next important application is laser. The
Nd:YAG laser is certainly one of the most widespread laser.
The emission of Nd>* in the NIR region thus also gives a good
example of a lanthanide ion with an NIR emission, but as it will
be shown, many other lanthanide ions have a transition in the
NIR. When it comes to NIR emission, one could also wonder
if an NIR absorption is achievable, and foremost, if such an
absorption may yield a visible emission. Such an excitation
is counterintuitive because it does not conserve the photon
energy. Nevertheless, if two or more photons were absorbed, a
conversion of two or more NIR photons to one visible photon
may occur. The phenomenon (called upconversion) is indeed
observed under special conditions that will be discussed.

Finally, some illustrative examples of sensitizing
ligands are examined. The intent here is to provide, with
a few structures, a broad overview of the trends and
strategies used to improve or modulate the properties of
a luminescent lanthanide complex. The examples are used
to point at important considerations when attempting to
design a ligand. This chapter is not a review of the
whole complexes and applications which can be found in
literature or patents, but aims at illustrating some of the
aspects of the luminescent complexes, with arbitrary chosen
examples. The fundamental concepts of photophysics and
luminescence explained in Luminescence are a prerequisite
to fully understand the notions presented here.

3 THE COLORFUL POTENTIAL OF THE
LUMINESCENT LANTHANIDE IONS

The luminescence of the lanthanide ions spreads from
the UV spectral range up to the NIR, and many lanthanide ions
have unique spectral characteristics in the visible region of the
spectrum, which also give them distinctive luminescent colors.
A lot of applications take advantage of those characteristic
emissions for color reproduction and lighting. Phosphors,
nanomaterials made of lanthanide complexes or enclosing
lanthanide compounds, as well as LEDs based on lanthanide
complexes are extensively investigated.

Another growing field of research in luminescent
lanthanide compounds is for energy conversion. The
lanthanide ion is used as a converter that transforms one
type of excitation energy, either UV light or IR light, into a
visible energy that can be easily absorbed by a photosensitive
device such as a solar cell. The process where the excitation
energy is higher than the emission energy is well known
and has been extensively described in the previous chapter
(see Luminescence). This process is called downconversion
because it converts a high-energy photon light source into a
lower energy photon light source. Nevertheless, the conversion

of a low-energy photon light source into a higher energy
photon light source is also possible if multiphoton absorptions
or other special excitation mechanisms are taking place. This
phenomenon is called upconversion and is briefly discussed
later on. The upconversion materials are not to be confused
with NIR emitters, which are downconversion materials, that
are excited by UV or visible light and emit in the lower energy
NIR spectral range.

Finally, the very important case of laser or light
amplification by stimulated emission of radiation is briefly
described, since lanthanide ions, and particularly neodymium,
are among the most significant sources of laser medium.

3.1 The Lanthanide Ions and Their Color
Characteristics

The most used lanthanides, relative to their
luminescence, are europium and terbium. They have red and
green emissions, respectively, that are very attractive for color
reproduction (in an additive color synthesis, all colors can be
reproduced by combinations of red, green, and blue primary
colors). Their photophysical properties are further detailed in
Sections 3.1.1 and 3.1.2.

Dysprosium (yellow emission) and samarium
(orange emission) are also interesting for their luminescence,
but their emission is usually weaker than europium and ter-
bium. The luminescence of thulium (blue, red, and NIR
emissions) is sometimes observed, but since several levels are
present between the highest luminescent level (giving rise to
the blue emission) and the ground state, nonradiative deac-
tivations usually prevail. Praseodymium is less investigated
compared to the other ions except for upconverting materials
as shown later (Section 5). Its main transitions are two peaks
in the red.

In the NIR side, the best lanthanides are ytterbium,
erbium, and neodymium (it is used in the Nd:YAG laser, see
Section 3.1.5). Holmium is less investigated but shows a very
interesting emission spectrum with a red peak and an NIR
peak.

A summary of the main visible transition of each
lanthanide ion that has visible transitions, together with their
typical emission intensity, can be found in Table 1.

To finish with this inventory, some lanthanides such
as cerium, praseodymium, and terbium have allowed 4f—5d
transitions whose energies are accessible using conventional
instruments (between 220 and 330nm). The extinction
coefficients range from 100 to 1000 1 mol~' cm™!.

The major nontrivalent lanthanide ion that is encoun-
tered for its luminescence property is Eu?*. Europium(II) is
mostly found in inorganic materials for its broad blue emission
that comes from d—f transitions. The most well-known mate-
rial is BaMgAl,o0;7: Eu>* (BAM) that is used in blue-emitting
phosphors (Figure 1).
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Table 1 Summary of the main visible transition of the lanthanide ions having visible emissions and typical intensity of their visible emission

Trivalent lanthanide ion

Color of the visible luminescence due to the main transitions

Intensity of the emission

Europium Red °Dy —’F, (615 nm) or Red-orange when Strong
SDg —F; (590 nm) as important as the
SDO —>7F2
Terbium Green, ’Dy —'F5 (545 nm) Strong
Dysprosium Yellow, *Fg/, —%H3,2 (575 nm) Medium
Samarium Orange- red, *Gs ;2 —%Hz/2 (600 nm) Medium
Praseodymium Red, 'D, —3*H, (600 nm) and *Py —>F, (650 nm) Weak
Erbium Green, *S3/2 —*1;5/2 (545 nm) Weak
Holmium Red, °Fs —>Ig (650 nm) Weak
Thulium Blue, !G4 —3Hg (480 nm) Weak

Regarding the luminescence of the trivalent ion,
the visible emission spectrum from Eu’* is composed of
the Dy —'F transitions. Three transitions are particularly
useful: the 5D() —>7F2, SDO —>7F1, and 5D() <—7F().

The so-called hypersensitive transition (*Dg —F,)
found around 615nm enables detecting changes in the
coordination sphere. This perturbation can be caused by the
addition of another molecule (for example, a competitive
ligand) by a variation of the ionic strength of the solution
(addition of a salt), by a variation of the polarity of the solvent
(addition of another solvent), or by a variation of the pH value
of the solution (addition of an acid or a base) when working

T T T T T 1 in aqueous solutions.
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Figure 1 Emission spectrum of BaMgAljgO7:Eu?T (Aex =
254 nm)

Examples of typical emission spectra are presented
in Figure 2, with the ligand H,L®? forming 2:3 complexes
with Ln ions. For more details regarding this ligand and the
applications of its 2 : 3 Ln:L complexes, the reader is referred
to Luminescent Bioprobes. The luminescence is originating
from the Dy —'F; transitions for Eu’* (J =0-6) and
5Dy —'F; for Tb** (J = 6-0), and from the *Gs;, —°H;,
(J =5/2,7/2,9/2, and 11/2) transitions for Sm3*. A residual
fluorescent emission from the ligand is also observed for the
samarium complex.

3.1.1 The Very Special Case of Europium

Europium is certainly the most versatile lan-
thanide. Its luminescence can be used to reproduce blue
(BaMgAl,o0;7: Eu?t), green (SrGa,Ss: Eu?™), or red (any
sensitized Eu** complex). The presence of such europium
compounds in the luminescent inks used on the euro banknote
is suspected for the blue and the green luminescent colors,
undoubted for the red-emitting one. Eu?* is produced and
stabilized in phosphors under reducing atmospheres.

The purely magnetic dipole transition (°Dy —'F})
has an intensity that is practically independent of the
chemical environment and that provides an estimate of the
radiative lifetime of the europium ion (see Luminescence
and Luminescent Bioprobes). Furthermore, the ratio between
the intensity of the Dy —’F, and the Dy —F, is a good
indicator of the resulting emission color. The more intense
the Dy —'F; relative to the Dy —'F,, the more orange
the luminescence looks like (the emission in Figure 2 is an
example of an orange-shifted luminescence from Eu®*). The
purest red emissions are achieved when the Dy —F, is by
far the most intense transition. This ratio is however not an
indicator of the quantum yield, but a rough approximation of
the ratio used to calculate the radiative lifetime: the higher the
Dy —F relative to the Dy —F,, the higher the radiative
lifetime. The intrinsic quantum yield also depends on the
observed lifetime.

Finally, the >Dy < F, transition is unsplit by the
ligand field due to the multiplicity of one (2J 4+ 1 = 1) of both
the final and the initial state. This transition is usually measured
by scanning at low temperature the excitation wavelength with
a laser source and recording of the emission intensity of the
Dy —F, transition. Since any splitting of the 0—0 transition
is due to a different europium environment, because a single
europium species has only one peak, the number of peaks in
the 0—0 transition shown in the excitation spectrum indicates
the number of differently coordinated europium species.
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Figure 2 Emission spectra of H,L¢? and its Eu?t, Tb3*t, and Sm>* helicates in Tris-HC1 0.1 M pH 7.4, with [Hchz]t =45x%x 107°M
under ligand excitation at and 323 nm (Eu, Tb). All spectra have been recorded without delay at room temperature

3.1.2 The Special Case of Terbium

Terbium is, besides europium, a remarkable lan-
thanide ion. All the emission peaks come from °D; —'F;
transitions, with J =6, 5, 4, 3, 2, 1, 0. Its major emission
peak is the D4 —"F5 centered around 545 nm, which gives
it a green shade. Three other peaks, at 490 nm (°D4 —F),
590nm (°D4 —'F,), 620nm (°D4 —'F3) are also present,
but they usually have a lower intensity and are well balanced
around the 545 nm peak, so that the color is little disrupted
from the green. Actually, they can be seen as if they would
add some white to the green so that it looks brighter. Besides,
the Dy —'F,, Dy —F), and D4 —F, are typically very
weak and consequently their contribution to the color of the
emission can be neglected.

In addition to the D4 luminescent excited state,
the higher 3Dj spectroscopic level is also luminescent. The
luminescence from this level down to the ground state shows
emission peaks in the blue region of the spectrum around
400 nm. In some inorganic materials, the blue emission peaks
might become important, but a fast relaxation from the *D;
down to the D, level usually prevails. In coordination

complexes with organic sensitizers, the triplet state has to
be high enough in energy in order to populate the Dj level,
but the relaxation down to the D, level is here even favored
by the vibrations of the ligands and of the solvent molecules.

Terbium also has an accessible 4f—5d transition
around 220 nm. This property is yet not often encountered
in a common photophysical investigation that spreads from
250 nm to 1100 nm. An energy migration from the 4f—5d state
down to the °Dj3 and then down to the 3Dy is however possible.

Finally, note that terbium has the second highest
energy gap (after gadolinium) between its excited state and
the lower energy states from its ground spectroscopic term
(the 7F term). As a result, the luminescence of terbium is,
providing an appropriate triplet state of the ligand, in general
more easily efficient than the luminescence of europium.
The terbium ion is indeed not as sensitive to the vibrationally
assisted deactivations as the other lanthanide ions. The lifetime
of a terbium complex does hence not change very much
as a function of temperature. A few examples of nearly
quantitative quantum yields (between 94% and 98%) are
encountered in literature with chromophores derived from
2,6-bis(N-pyrazolyl)pyridine, even in aqueous solution, but
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such examples are truly exceptional.! Usually, the quantum
yields of terbium complexes in aqueous solution are lower
than 40%. The observed lifetime of terbium complexes are
also higher than those of the other lanthanide ions: lifetimes
higher than 2 ms are not rare.

3.1.3 The Special Case of Gadolinium

On the other side of the visible spectrum, gadolinium
has a very high gap between its ground state and the first
excited state. It comes from the particular stabilization of
the half-filled 4f subshell. Its luminescence would be in the
UV region. Its possibility to emit UV light is very attractive
for the lighting industry (particularly for compact fluorescent
lamps or CFL) because the nearly exclusive excitation light
source used nowadays to excite phosphors contains mercury
(mercury have strong UV transitions at 254 and 366 nm).
An alternative efficient UV light source without such a toxic
element would have a considerable positive impact.

Under usual UV excitation and with an organic sensi-
tizer, the UV transition of Gd** is never observed. Gadolinium
is thus commonly considered as nonluminescent in coordi-
nation complexes. Nevertheless, it has the highest number
of unpaired electrons (a half-filled 4f subshell yields seven
unpaired electrons), and thus possesses a very high paramag-
netism which favors the intersystem crossing of the sensitizer
even more than the other lanthanides. Therefore, gadolinium
is often used as a nonemissive ion to investigate the triplet

state of the coordinated sensitizer by the measurement of the
phosphorescence spectrum of the gadolinium complex. The
gadolinium complexes also show a better vibronic structure
of the phosphorescence than the other nonemissive lanthanide
ions. The two other nonemissive lanthanide ions are lanthanum
and lutetium. They have, respectively, no electron (empty sub-
shell) and 14 electrons (full subshell) in the 4f subshell, so
that they do not possess any electronic levels and thus have
no photophysical properties that are due to their 4f electrons.

3.1.4 The Case of Lanthanide lons Emitting Both in Visible
and Near-IR Range

Some lanthanide ions emit light in both the visible
and the NIR range (Pr’*, Sm**, Dy**, Ho**, Tm?"). The
emission spectra given in Figure 3 are examples of such faint
and sharp Ln®"-centered emission bands in the visible range
with a same ligand (H,L¢?).

For Pr**, both 'D, —3H, and 3Py —>Hg transitions
are observed at 602 and 615 nm, respectively®>.

For Dy**, two bands are displayed at 476 and 572 nm,
corresponding to the “Fg/, —%H; (J = 15/2and 13/2)
transitions, respectively?.

For Ho**, only the 3F5 —°I; is seen around 650 nm?#.
On the other hand, the emission of the Tm>* helicate
does not exhibit any metal-centered luminescence at
room temperature.
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Figure 3 Emission spectra upon excitation at 323 nm of Ln3* helicates (Ln = Pr, Sm, Dy, Ho, and Tm) with ligand H,L? pH 7.4 (Tris-HCl
0.1 M), [H,L®?], = 4.5 x 107> M. (Left) emission in the visible range at 298K (black line) and 77 K (dashed line). (Right) emission in the
NIR range at 298K, in H,O (black line) or D,O (dashed line). Aex = 323 nm. (Taken from Ref. 5.)
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For these helicates emitting in both spectral ranges,
a change in temperature (in particular for Dy>*, Ho’*, Tm?*)
or a deuteration of the solution (Pr’*, Sm**) both lead to a
sizeable enhancement of the luminescence. These techniques
are often used to increase the photophysical properties of the
complexes.

3.1.5 The Case of the ‘‘Standard’’ NIR-Emitting
Lanthanide lons

There are three NIR-emitting ions, whose emissions
in the NIR are more efficient than the other ions: Yb3*+, Nd3+,
and Er**. The two main difficulties to develop ligands able
to sensitize these lanthanide ions consist in (i) the numerous
deactivating oscillators present in the ligand backbone and
(ii) the large energy gap (>10 000 cm™") separating the 0—0
vibronic transition of the triplet state of the ligand (H,L®?
ligand in the example depicted in Figure 4) from the Nd(*F3 ),
Er(4113/2), and Yb(2F5/2) levels lylllg at 11 500, 6500, and
10 400 cm™!, respectively.

The [Ndy(L®?);] helicate displays one main band
between 1020 and 1130 nm (*F3/, —*11)2) with a maximum
at 1064nm, and two other ones between 845 and 940
(4F3/2 —>419/2) and 1275-1400 nm (4F3/2 —>4113/2). The Yb3+
emission is characterized by a band in the 920— 1090 nm range,
which is assigned to the *Fs/, —*F, transition. Finally, one
transition at 1450—1650 nm is observed for the [Er,(L%?)s3]
helicate, corresponding to the 13 2 —»4115/2 transition, but
this later is detected in deuterated water only.
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Figure 4 Emission spectra upon excitation at 323 nm of Ln>* heli-
cates (Ln = Nd, Er, and Yb) with H,L®? at room temperature in H,O
(—, full line) and D,O (---, dashed line); [H,L?], = 4.5 x 1073
M. Aex = 323 nm. (Taken from Ref. 5.)

4 HOW TO CHARACTERIZE THE COLOR FROM
A LUMINESCENT EMISSION?

Luminescent materials or compounds that have an
emission in the visible spectrum (anywhere from 380 to
730nm) appear colored to the naked human eye. The color
property, beyond the subjective designation of colors by
words, is described scientifically by colorimetry. Because
the photosensitive cells in the eyes are sensitive either to red,
green, or blue, any color can be described by a combination
of red (R), green (G), and blue (B) primary colors. The
combination of the primary colors then gives other colors that
are named cyan (C) for the combination of green and blue,
magenta (M) for the combination of red and blue, and yellow
(Y) for the combination of red and green. The combination
of the three primary colors then yields the white (W) color,
whereas the absence of any light is seen as black (K). This
mode is called the additive synthesis of color because it
adds primary colors coming from a colored light source.?
The additive mode is suitable for emissive compounds. The
color of the luminescence of lanthanide complexes are often
characterized when they are applied in LEDs. More generally,
in any field of research dealing with the color resulting from
a luminescence phenomenon, one should consider the special
case of the colorimetry of emissive compounds. A brief
description of what is a color space and a presentation of two
of the most widespread color spaces follows.

An important feature of the color perception is that,
besides the raw sensing of the color world, the brain processes
the information. One of these signal processings deals with the
chromatic adaptation to what the brain perceives as the more
intense and pleasant white. This is similar to what is known
in digital photography as the white balance. This aspect is
important as soon as we compare colors together, because a
color coordinate is always defined relative to a reference stim-
ulus that is processed as the white color. The reference white
depends on the color space that is used to measure the color.

A color space is a three-dimensional representation
of the colors as a combination of three other color coordinates
chosen as primaries. For example, the RGB color space is rep-
resented as a cubic space with a red, green, and blue axis (pri-
maries) growing from the black up to the red, green, and blue
color, and then from the red to the magenta, yellow and white,
from the green to the cyan, yellow and white, and from the blue
to the cyan, magenta and white. The diagonal from the black
corner to the white corner is then the grayscale. This color
space is simple, but rarely used directly to characterize a color.

Since 1931, the most widespread color spaces for
colorimetry of luminescent materials are based on the CIE
XYZ color space. The CIE (commission internationale de
I’éclairage) is an organization that standardizes all the
color sciences. Here, X, Y, and Z coordinates represent a
defined combination of R, G, and B so that the sensitivity
function that defines the Y coordinate fits the photopic
sensitivity of the eye (average sensitivity function of the
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cone cells). The sensitivity functions associated with the
X, Y, and Z coordinates are called color-matching functions
(see equations 1—4). The integration over the whole visible
spectrum of the multiplication of a stimulus S(A) (e.g.,
a spectrum from a visible light source) with each color-
matching function x(A), y(1), and z(X) gives the tristimulus
value XYZ that are usually scaled relative to a constant factor
K that depends on the luminance of a reference spectrum
Sret(A) (luminance is defined as the photometric counterpart
of radiance, producing the visual sensation called brightness).
The XYZ values depend on the spectral power distribution and
on the intensity of the stimulus. They can also be normalized
relative to the sum of the X, Y, and Z values to yield the
xyz values. Usually, the ¥ value is retained to account for the
intensity or luminance of the color relative to the luminescence
of the reference stimulus, whereas the x and y values give
the chromaticity of the stimulus that is independent of the
reference stimulus chromaticity.
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The xyY color space is the predominant color space
for the characterization of luminescent materials because it
enables a convenient visualization of the chromaticity of the
emitted light that is independent of the visualization condition
(no chromatic adaptation). A chromaticity diagram represents
all perceivable colors in the xy plane. The border of this
diagram is the monochromatic visible spectrum from 380 to
700 nm and what is called the purple axis from red to violet
via magenta (Figure 5).

Nevertheless, the chromaticity diagram has the main
disadvantage to exhibit nonuniform color differences between
the different regions. A chromaticity difference in the green
part is not perceived as the same difference in the red or in the
blue for example. We can still see a very similar green over
a large area of the chromaticity diagram, whereas the red and
blue regions are much smaller. More advanced color spaces
tend to minimize this color difference so that the color space
is as homogeneous as possible. The typical example is the
CIELAB color space. Here, the chromaticity is expressed as
a* and b* coordinates and the luminance (the grayscale axis)
as L*. This color space also performs a chromatic adaptation to
a reference white so that the 100, 0, 0 L*a*b* point represent
the reference white color. Color differences are much easier to
calculate using, for example, A Eo, values.® This color space is
particularly suited when reproducing color images. For more
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Figure 5 xyY chromaticity diagram. (Reproduced from Wikipedia,
2012.)

information about color science, see the book of Wyszecki
and Stiles.”

The best suited color space then depends on the
intent of the colorimetry. If it is only to provide an absolute
chromaticity indication because the luminescent emission is
not compared in an environment that is relevant for color
reproduction, the simple chromaticity diagram is sufficient.
For example, literature about LEDs, several of which have
lanthanide ions, usually expresses the chromaticity of the
emitted light on a chromaticity diagram (xyY). For white light
sources, the correlated color temperature ((CCT), representing
the temperature of a black body radiator that would have a
similar color) gives similar information. On the other hand, if
the luminescent emissions are combined to reproduce white
lights or to yield an image, or if color differences are calculated,
the quite uniform CIELAB color space should be preferred.
In the above white LED example, the quality of the white
emission is often tested by calculating its color-rendering
index (CRI). The CRI is a measurement of the average
color difference calculated on a set of standard reference
color patches (reflective color samples generating colors by
reflection of part of the white light) viewed under the tested
light source relative to the color that would be seen under
its CCT emission. Nevertheless, the color space used in
the determination of the CRI is outdated and this metric
quite criticized. Another quality metric called color quality
scale (CQS) has been developed by the National Institute
of Standards and Technology (NIST) using CIELAB and
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provides a better appreciation of the quality of a white light
source, especially for LEDs.?

Besides the sole lighting domain where lanthanide
ions are extensively used, all applications that intent to
reproduce colors need colorimetry. The most obvious ‘‘color-
rendering example’’ that also widely consumes luminescent
lanthanide ions is a display device where the emissions from
different phosphors are combined to obtain all the colors that
can be generated by the device. The subset of colors that a
system can reproduce is called a gamut and represents a region
of the color space. Another domain where the luminescence of
lanthanide ions is extensively present is in document security.
Apart from the color reproduction of color images similar to
a display but with printed luminescent security inks that can
be excited by UV light, the luminescence in the document
security domain can be used to hide or reveal patterns, encrypt
information, and thus secure genuine valuable documents or
objects to prevent counterfeiting. Banknotes are the most
prominent example of such applications.

An important point about colorimetry is that all
the standard color spaces use relative radiometric units
and not relative photon counts. This is important because
a spectrophotometer usually measures counts that are
proportional to the number of received photons at a defined
wavelength. A correction function that performs at the
same time the correction of the detector sensitivity at each
wavelength as well as the conversion to radiometric units is
then needed

5 UPCONVERSION WITH LANTHANIDE
COMPOUNDS

Upconversion refers to the emission of light at
lower wavelength (higher energy) than the excitation light
source. There are two distinct mechanisms that enable this
phenomenon. The first one takes advantage of the higher
excited states that lies higher than the first excited state. An
absorption from the excited state to generate a multiply excited
compound may emit then a photon of higher energy from this
higher excited state. This is called excited state absorption.
The second mechanism has no intermediate excited state and
simply requires a sufficient photon density for a simultaneous
interaction of two photons of lower energy to an excited state
at twice the photon energy; therefore, this process is defined
as two-photon absorption.

Both mechanisms depend on the photon density,
which translates into the light intensity (power) and thus on
the square of the electromagnetic field. The requirement for
an excited state absorption is a metastable excited state. The
photon density should then be sufficient to ensure that during
the lifetime of the excited state, another photon has a high
probability of interacting with excited chromophore. The limit
when the state is very unstable tends toward the case of a

two-photon absorption. The two-photon absorption is also
characterized by a two-photon absorption cross section that is
related to the two-photon absorption rate constant.

Another process derived from excited state absorp-
tion is an energy transfer from one excited compound to
another excited compound to form the doubly excited state.
In this transfer, the energy stored in the two excited states of
low energy is combined to form a high-energy excited state
that can give back the energy in the form of a higher energy
photon.

Two-photon absorption is certainly the main process
in coordination complexes with organic chromophores. A
tuning of the two-photon cross section can be apprehended by
a derivatization of the ligands. By the two-photon excitation
process, the excited ligand transfers the energy onto the
lanthanide ion similar to a downconversion mechanism.

The other upconversion pathways are foremost
relevant in doped inorganic materials. Multiionic mechanisms
can be developed based on those fundamental principles.
The most frequent lanthanide ions for upconversion in
inorganic materials are Pr’*, Er**, and Tm>*. Most of those
inorganic materials use f—f transitions to achieve excited state
absorptions. Lanthanide ions having both NIR and visible
emission are thus needed. This limitation does not occur for
two-photon absorption, which may use any lanthanide ion.
For more details, the reader can refer to specific reviews.”!?

6 LIGHT AMPLIFICATION BY STIMULATED
EMISSION OF LANTHANIDE
RADIATION—LASER

A laser is the result of a stimulated emission. Such
an emission mechanism is similar to that of a spontaneous
emission as described in Luminescence, except that the
emission of the photon is triggered by an incoming photon at
the same energy.

photon + D* — 2 photon + D nH

When the emissive component D* is more abundant
than the absorbing component D, the flux of emitted photons
is more important than the flux of absorbed photons. This con-
dition is called an inversion population and is the requirement
for a laser to have a net gain, or a real amplification.

A laser is composed of a laser medium enclosed in a
cavity between two mirrors, and of an excitation light source
that is used to excite the laser medium, which is often referred
as pumping of the laser medium. The excited medium then
emits photons in all directions. Along the axis of the cavity,
the photons will bounce back on the mirrors through the laser
medium and might trigger a stimulated emission from an
excited active compound in the laser medium. This stimulated
emission is also along the axis of the cavity so that the photon
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flux along the axis rapidly builds up in intensity. The laser then
reaches a steady state when the flux of emitted photon in the
cavity is constant, and therefore the radiative rate of the laser
medium compensates the excitation rate and the nonradiative
deactivation rate.

There are many types of laser media, either gas,
liquid, or solid. Furthermore, there are different electronic
structures that can be used to facilitate an inversion population.
A simple two-level scheme is indeed not optimal. A four-level
scheme where two levels are used to excite the medium and
two others are used to emit light is much better. In such a
conformation, the excitation takes place between the ground
state and an upper excited state with two other available levels
in between the initial and final state. The excited compound
then quickly relaxes nonradiatively down to the closer lower
excited state where the emission takes place down to the first
excited state. The first excited state finally relaxes down to the
ground state similar to the relaxation between the fourth and
third level. This way, the emission process always occurs to
a statistically empty level (provided that the relaxation is fast
enough). The inversion population is therefore maximized.

Owing to their narrow line emission, lanthanide ions
are very attractive for lasers. The numerous electronic lev-
els also provide many possible output wavelengths, even for
a same ion, and are appropriate for an efficient four-level
laser medium. The most common laser made of lanthanide
ions is the Nd:YAG laser. Here, the neodymium is the
active ion, whereas YAG is a solid host material with the
proper physical characteristics to yield an efficient laser. The
laser medium can be excited by various light sources (halo-
gen—tungsten, krypton lamp, LED, etc.). The excitation of the
laser medium is taking place at 808 nm. It corresponds to the
F; /25 ZH, /2 1 /2 transitions of the Nd3* ions. In Nd:YAG,
the absorption coefficient at 808 nm is lower than 10cm™!,
which is low and comes from the forbidden character of the
f—f transitions. Nevertheless, it enables an excitation through
the whole laser. A highly absorbing material would indeed
not be transparent enough to allow the excitation light source
to penetrate through the laser medium. The classical output
wavelength of the Nd:YAG laser is 1064 nm (NIR). It corre-
sponds to a *F3, —*1;;, transition. The Nd:YAG laser is a
good example of a four-level laser as shown in Figure 6.

Other modes are possible with a Nd:YAG laser
(other output wavelengths). They correspond to transitions to
the higher #I, states (represented in gray in Figure 6), or to
the ground state if working as a three-level laser.

7 DESIGN OF AN EFFICIENT SENSITIZER
FOR A LANTHANIDE ION

Up to now, some basic applications have been
presented which apply in some cases to lanthanide complexes
and in other cases to lanthanide phosphors or inorganic
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Figure 6 Main transition of the Nd>* ion involved in a Nd:YAG
laser lasing at 1064 nm

materials. We now exclusively focus on luminescent
lanthanide complexes, and how to design, improve, or adjust
the photophysical properties of such complexes.

Lanthanide ions can form complexes with various
organic molecules such as S-diketones, polyaminopolycar-
boxylic acids (EDTA and the like), (poly)pyridines, and
calixarenes. As already explained in Luminescence, there
are two parts in a ligand: the coordination site and the chro-
mophore. Some have a coordination site that is part of the
chromophore (e.g., B-diketones, pyridine derivatives), while
others have a more separate architecture where the chro-
mophore may even not be involved in the coordination (e.g.,
polyaminocarboxylates). The design of a ligand then firstly
aims at combining a proper coordination site and a suitable
chromophore so that the complex forms, is stable, and has a
luminescence high enough to be useful for a particular appli-
cation. On a first approach, the higher the luminescence, the
better the ligand. The characterization of the photophysical
properties of a luminescent lanthanide complex includes the
determination of the quantum yield, the excitation wavelength
and the associated extinction coefficient, the location of the
triplet state of the ligand (the energy of its 0—0 vibronic
transition), the observed lifetime of the excited state of the
lanthanide ion, the radiative lifetime of the lanthanide ion
and its intrinsic quantum yield if possible, and the hydration
number ¢ in the first coordination sphere. The investigation
of a complex also required physicochemical characterization
though, in order to check its stability. Some of the requirements
to make a good luminescent probe are the following:

1. The ligand should strongly coordinate to the lanthanide
ions. The highest stability constant ensures that no
dissociation of the complex occurs, which may lead to a
decline of the luminescent properties. The stability of the
complex has to be established from a thermodynamic as
well as a kinetic point of view, which implies that the
complex should be stable over time.

2. A full coordination sphere with coordination number
CN=>8 in solution is required. The full coordination
sphere prevents any solvent molecule, especially the
presence of water molecules (which are known to be
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strong quenchers), to come in the first coordination sphere
and coordinate to the lanthanide ion. Their presence
is determined by the determination of the hydration
number g.

3. The presence of OH, NH oscillators should be avoided,
especially in case of NIR sensitization, to prevent the
quenching of luminescence. Ideally, even C—H oscillators
should be replaced by lower energy oscillators such as
C—F groups.

4. Ligands should possess chromophores exhibiting high
extinction coefficients to maximize the number of
absorbed photons and thus decrease the ratio of unused
photons. The distance between the chromophore and the
lanthanide ion and also its orientation should be taken into
account since dipole—dipole transfer varies as 1/r° (where
r refers to the distance between the two entities).

5. The triplet state of the ligand has to be located not too far
in energy from one of the excited state of the lanthanide
ions, in order to have an optimal rate of the energy transfer;
yet not too close to avoid energy back transfer from the
lanthanide excited state to the triplet state, which would
drastically decrease the luminescence intensity.

The limiting point is often (5). A sensitizer must
possess the correct triplet energy in order to sensitize the
desired lanthanide ion. It requires then a triplet emission or
phosphorescence of the ligand that is higher in energy than a
threshold limit fixed by the energy of the lower luminescent
excited spectroscopic level of the lanthanide ion.

The phosphorescence is usually measured at 77 K to
limit the temperature-dependent nonradiative deactivations,
and a time delay is added between a pulsed excitation and
the measurement to discard any residual fluorescence. The
phosphorescence is typically located at the lower energy end
of the fluorescence spectrum.

There are no precise rules that guarantee a proper
energy of the triplet state. Some computational methods
exist to predict the photophysical properties of an organic
molecule, but their accuracy is not always satisfactory. Some
empirical rules have been developed by Woodward in order
to determine the absorption wavelength by an incremental
method, but even if the absorption is known, there is little way
to find out where the triplet state will be located relative to the
absorption. The best method is then to study known structures
and compare already used chromophores. The purpose of the
forthcoming discussion is to have a look at different structures,
how they can be altered to modify their photophysical
properties, what are the similar patterns that they might
share, and ultimately how to rationalize their efficiency by
structural and comparative considerations. To finish, a new
interest for computational chemistry dealing with lanthanide
complexes has recently emerged with the development of
new models, in particular based on density functional theory
(DFT); it has been successfully applied to the determination
of structure, vibrational spectra, nuclear magnetic resonance
(NMR) chemical shifts, hyperfine interactions, excited states,

and on the conformational properties of some lanthanide(I1I)
polyaminocarboxylate complexes.!!

7.1 Chromophores, Conjugation, and Auxochromes

7.1.1 B-Diketonate Ligands

To illustrate the common motifs or chromophores,
sensitizing luminescent lanthanide ions, one should begin with
B-diketones. They are very simple and yet highly derivatizable
so that many chromophores can be formed. B-Diketones are
based on two keto groups as presented in Scheme 1, which
form six-membered metal-containing rings. Most of the times,
the ligand is stabilized as its monodeprotonated form and can
easily coordinate a given metal cation. Although coordination
compounds from B-diketonate ligands are reported for nearly
all groups of the periodic classification, the lanthanide-
containing ones are of great interest and yields several highly
luminescent lanthanide complexes. The simplest S-diketone
is acetylacetone (Hacac, see Scheme 1). Once coordinated to
a lanthanide ion, one of the two protons between the two
ketones is removed and the negative charge is delocalized
between those two ketones. The limit structure is a diketonate
(acac™) with one ketone and an enolate (Scheme 1).

The delocalization also induces a higher conjugation
of the chromophore (resonance over a longer distance): In the
protonated form, the chromophore has only a C=0 double
bond, whereas in the deprotonated form, the chromophore
now extends through four bonds O=C—C=C-O0. The increase
of the delocalization, conjugation, or resonance also increases
the absorption wavelength (lower the energy of the excitation,
see Luminescence). The triplet state of acac once complexed
with a lanthanide ion is well located to efficiently sensitize
terbium. Nevertheless, an additional neutral ligand has to
be added to complete the coordination sphere and yield a
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coordination number of at least eight; phenanthroline (phen)
is a typical example (Scheme 1) of such a ligand forming a
ternary complex.

Acetylacetone is one of the few B-diketone that can
sensitize terbium because more extended B-diketones usually
have a triplet state lower than the emissive level of Tb*.
Dibenzoylmethane (Hdbm) is an example of such an extended
B-diketone. Here, two phenyl moieties are replacing the
methyl group of Hacac (Scheme 1). The deprotonation joins
the two acetophenone chromophore together. The absorption
of dbm™ then goes up to the visible spectrum. The absorption
of some blue light yields a yellow solution under daylight. The
triplet state is well suited for europium, which is well sensitized
by dbm™, provided that an additional neutral molecule such as
phenanthroline is added to complete the coordination sphere.

The most efficient europium complex up to now
is made of thenoyltrifluoroacetone (Htta, see Scheme 1) as
a pB-diketone and phen as the additional neutral ligand.
[Eu(tta)sphen] has an absorption up to 400 nm. The 8-diketone
has a thenoyl moiety on one side of the S-diketone and a
trifluoromethyl group on the other side. The introduction of
C—F bonds instead of C—H bonds has two main effects:
it decreases the vibrational deactivation due to the C—H
vibrations because C-F vibrations are much lower in
energy, and it pulls the electrons toward the CF; group
(electron-withdrawing group). The introduction of an electron-
withdrawing or electron-donating group on a chromophore
usually lowers its transition energy, so that the absorption
occurs at higher wavelengths. Such substituents are called
auxochromes (from the Greek av&® increase). Usually, the
lowest wavelength (highest energy transition) is obtained
from the unsubstituted chromophore (hydrogen at position R).
Nevertheless, the exact effect depends on the structure of the
chromophore, and on the position at which the auxochrome
is added. An auxochrome may also induce solvatochromic
effect, so that unexpected results are sometimes observed.

The tta™ ligand (Scheme 1) is a typical example of
a push—pull chromophore where one extremity is electron
rich (the thenoyl part) and the other electron poor (the
O=CCF3). Push—pull systems are convenient designs where
the absorption wavelength can be well predicted according
to the distance between the push and pull moieties.
Further derivatizations introducing electron-withdrawing or
electron-donating groups on the chromophore can then finely

tune the photophysical properties of the chromophore or
fluorophore.!?

Those preliminary considerations are good basis in
chromophore design to tune the absorption and emission
properties. The chromophore usually directly coordinates
to the lanthanide ion, as depicted in Scheme 2 for S-
diketonate complexes. Without the phen ligand (or any other
coordinating ligand), the B-diketonate complexes generally
forms hydrated complexes [Ln(B-diketonate);(H,0O);]. The
shielding provided by the phen ligand (or any nondeactivating
coordinating ligand) then greatly improves the luminescence
properties.

Steric hindrance is also very important in ligand
design. An extended ligand may not coordinate properly, or
may decrease the stability of the complex so that the lanthanide
ion may be exposed to the solvent molecules. Such phenomena
are less relevant when the coordination moieties are not part of
the chromophore. A separate configuration thus allows more
flexibility in the chromophore design, but lowers the efficiency
of the energy transfer.

The same problem of complex stability may happen
when electron-withdrawing groups are conjugated with the
coordination moieties. The coordination sites should be good
hard electron donor to yield the best ionic interaction with
the lanthanide ion. Because electron-withdrawing groups
withdraw part of the electronic density from the coordination
sites, the stability of the coordination bonds are weakened
by this kind of derivatization. This effect is experienced in
the case of the fluorinated ligand such as tta”. However,
the photophysical properties of the europium complexes are
impressive, with a quantum yield of 0.72 (to be compared
to ~0.48—0.50 with other cited complexes) and a nearly
quantitative sensitization efficiency (7sens ~95—100%). The
limit is here the stability of the complex that may also be
weakened in the excited state (photobleaching).

7.1.2  Dipicolinic-Acid-Based-Ligands

The next ligand that will be discussed is one of the
most studied ligand in the photophysics of the lanthanide
coordination complexes. Its versatility and its efficiency with
a broad range of lanthanide ions are impressive and very
useful. It is also the representative of a whole family of
ligand, the tridentate chelates forming 1:3 nonacoordinated
complexes. Such complexes have a full coordination sphere



146 THE RARE EARTH ELEMENTS

and do not require any additional ligand to enhance their
luminescence. This ligand is the dipicolinic acid (H,dpa) also
known as 2,6-pyridinedicarboxylic acid (Scheme 3) that forms
trisdipicolinate complexes (1:3 Ln:L) with the lanthanide
ions.

The chromophore in this ligand is not very extended.
It encloses only a pyridine ring and the two carboxy
groups. The ligand absorbs below 300nm, in the UVC
region. It exhibits no fluorescence, but at low temperature,
its phosphorescence is observed between 360 and 500 nm
with a maximum at 395nm. The first band is called the
0—0 transition because it involves no vibrational quantum
(from the 0 vibrational state of the triplet excited state
down to the O vibrational state of the single ground state).
In the [Gd(dpa);]*~ complex, it is clearly seen at 370 nm
(around 27 000 cm™! in wavenumber units usually preferred
for spectroscopy). The 0—0 phosphorescence transition is the
value reported in literature to characterize the location of the
triplet state of the ligand.

Such a high triplet state is efficient for a sensitization
of terbium, but also shows a very good efficiency with
europium (even better than with terbium), and interesting
efficiencies with dysprosium and samarium. Even the NIR
emitters are quite fairly luminescent relative to other
structures. The complex is very stable in aqueous solutions
due to the tridentate effect and overall negative charge of the
edifice. It is also well soluble and can be crystallized under
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certain conditions. The terbium and europium complexes are
often used as standards for quantum yield measurements. They
exhibit 22% and 24% quantum yields, respectively.!

An extensive derivatization of this framework is
still running nowadays. The starting material is then often
chelidamic acid (commercially available, obtained from
chelidonic acid and ammonia) rather than dipicolinic acid.
The para position of the chelidamic acid is substituted by
a hydroxyl substituent, leading to a keto-enolic tautomerism
forming either the 4-hydroxypyridine or 4-pyridinone forms.
This confers different photophysical properties of the 1:3
Ln:L complexes. Numerous substitutions can be undertaken
at this para position. The most extensive work was performed
by Latva etal. in an attempt to correlate the triplet state
location with the efficiency of the complex.!* The best
result considering the increase of the quantum yield for
an addition of a phenylethynyl group for europium and a
trimethoxyphenyl for terbium. However, the solubility should
be greatly affected by those substitutions. Another advantage
yet is that the excitation wavelength was increased up to
320 nm. The extinction coefficient is also higher, particularly
for the para-phenylethynyl derivative.

One strategy to keep the water solubility of these
complexes is to introduce in this para position polyoxyethylene
arms fitted by different functions, such as alcohol, amine,
or carboxylic acid. This later can be coupled to a second
chromophore, such as a coumarin, with a higher excitation
wavelength, which enables a double sensitization of the
lanthanide ions (dominated by the efficient sensitization of
the pyridine chromophore under 300nm and by the sole
absorption, and hence sensitization, of the coumarin moiety
above 300 nm).'3

The Hyppedpa (see Scheme 3) architecture was then
further investigated and derivatized to a whole new series
of dpa derivatives with a triple bond at its para position. It
was shown that such ligands have very interesting two-photon
absorption abilities. For further details about these lanthanide
complexes, the reader should refer to the work of Andraud
and Maury.'6

7.1.3  Polyaminocarboxylate Ligands

Another significant derivatization of the pyridine
structure from the work of Latva et al. is the replacement of
the tridentate coordinating moieties by polyaminocarboxylates
that add six-coordination sites. The best result for europium
and terbium are a bis(pyridine)pyrazolyl (H4bpyp) and a
bis(N-pyrazolyl)pyridine (H4bppy) derivative, respectively
(see Scheme 4).

The important points to retain here are that the
complexes have a 1:1 stoichiometry (one ligand per
lanthanide ion), are mononegatively charged, and have a quite
rigid coordination site on the chromophore. The extension
of the absorption wavelength is here up to 330nm for
both ligands, but the extinction coefficient is quite low. A
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derivatization of Hsbppy with a carbamoyl substituent at the
para position of the pyridine ring yielding H4sbppcpy resulted
in the most efficient terbium complex with a near unity
quantum yield.!

The pyridine core is found in many other chro-
mophores such as bipyridines, terpyridines, and, as already
seen, phenanthroline ligands.

7.2 Correlation Between the Energy of the Triplet State
and the Quantum Yield of the Sensitized Lanthanide
Luminescence

Europium and terbium have emission peaks originat-
ing from a single excited spectroscopic level (i.e., the Dy and
the 3Dy, respectively). Those levels are then threshold limits
for an energy transfer from a triplet state to occur. It means
that the triplet state has to be located higher in energy than the
5Dy (>17 500 cm™!) to yield a sensitization of europium, and
higher than the *D, (>20 200 cm™!) to yield a sensitization
of terbium. The rate of the energy transfer depends on the
Franck—Condon factor between the initial and final state, so
approximately on the overlap between the absorption spec-
trum of the acceptor and the emission spectrum of the donor
for a donor—acceptor energy transfer. The closest the match,
the higher the rate, but this is also true for the back energy
transfer from the acceptor back to the donor. A certain amount
of energy difference between the energy state of the donor and
of the acceptor is thus required to have a net energy transfer
in the forward direction. If this difference is yet too important,
the spectral overlap integral diminishes, so that the rate of the
energy transfer falls down. In a lanthanide complex, we then

need to find a phosphorescence spectrum that overlaps with
an excited spectroscopic level of the lanthanide ion, yet keeps
a sufficient energy gap between the spectroscopic levels of
the lanthanide ion and the 0—0 triplet state to prevent back
transfers.

As seen in Luminescence, the sensitized quantum
yield depends on three parameters: the intrinsic quantum yield
of the lanthanide ion, which defines how efficient the radiative
pathway is compared to the other relaxations; the intersystem
crossing efficiency, which describes the percentage of excited
ligand that are converted to their triplet state; and the energy
transfer efficiency, which determines how many ligands trans-
fer their energy onto the lanthanide ion. The energy transfer
efficiency is of course directly related to the energy transfer
rate. The quantum yield should thus be correlated to the energy
difference between the triplet state and the spectroscopic lev-
els of the lanthanide ions (for example, of the europium or
terbium ions shown in Figure 7).

Experimentally, this correlation between the energy
of the triplet state of the ligand and the quantum yield is
well established.!* Terbium shows the most dramatic effect.
A triplet state lower than 465 nm is required (or higher than
21 500cm™") to ensure a good terbium sensitized quantum
yield. For europium, the correlation is somehow less clear
(maybe because of the hypersensitive transition and because
of the greater number of levels onto which the energy can
be transferred). An investigation with a series of similar
ligands (benzymidazolpicolinic acid derivatives, Hbpa, see
Scheme 5) coordinating in an identical way revealed a much
better correlation.!” The quantum yield seems to increase as
the triplet state grows higher than the D, spectroscopic
level at least up to the 3D,. The work by Latva et al.
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Figure 7 Spectroscopic levels of the excited states of Eu’* and
Tb>* that might be sensitized by a ligand. The levels with an
underneath arrow are the levels from which the main transitions of
the luminescence are observed
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had already shown that the optimal triplet state should be
located somewhere just above the D, (around 455nm or
22000cm™"). The chromophore quite similar to Hbpa is
described in Luminescent Bioprobes to illustrate the huge
scope of applications of a good lanthanide complex.

7.3 Solubility, Stability, and Additional Features

The highest quantum yield is quite attractive, but
other considerations are also to be taken into account.
Solubility is the most obvious one, because depending on
the application, a solid state complex, an organic solvent,
or an aqueous solution might be needed. Stability is also a
very important point and depends on the medium. Most of
the B-diketones are not soluble in water and B-diketonate
complexes would even not be stable in water because the
coordination is not strong enough to compete with the
water molecules. However, B-diketonates are extensively used
when incorporating lanthanide complexes in host materials.
Nanoparticles are particularly well investigated because they
may efficiently protect the sensitive complex inside their
core, yet be functionalized on their shells to be soluble or to
interact with the desired target. A lot of these nanoparticles
containing pB-diketonate lanthanide complexes have been
tested as electroluminescent devices.

Another argument against a too high quantum yield
is to take advantage of the residual emission (fluorescence)
of the ligand that is often encountered when the chromophore
also exhibits a strong fluorescence (usually a blue emission).
A dual mode emission may thus be interesting. The
fact that the fluorescence of the ligand is much quicker
than the luminescence of the lanthanide ion is also very
attractive for discriminating the two emissions in a time-
resolved experiment. If the ligand is composed of several
chromophores, a multimodal and excitation-wavelength-
dependent emission is even achievable, as long as one
chromophore does not quench the whole luminescence.

7.4 Sensing Ability of a Lanthanide Complex

A growing field of research nowadays is to design
ligands for probing or sensing. A group is often grafted to
quench or activate the luminescence of the complex or of the

ligand and be sensitive to an analyte. The analyte may either
induce a change of the configuration of the sensitive group, or
acleavage of part of the moiety that would change the emissive
state of the complex. The easiest probe is a pH-sensitive ligand
that undergoes a protonation that quenches the luminescence
of the complex. Some Forster resonance energy transfers
(FRETSs, sometimes also known as fluorescence resonance
energy transfers or donor—acceptor energy transfers) are also
possible between lanthanide complexes and other complexes
or other organic fluorophores.

In such complex applications, 1:1 complexes
are sometimes needed because the ligand is to be
stoichiometrically attached to another material, whereas for
other purposes, a branched or polymeric architecture requires
a maximum number of ligand per lanthanide ion.

The problem with many ligand designs is to
obtain a soluble complex, and particularly when water
solubility is needed. Apart from the coordination moieties,
the chromophores are generally quite hydrophobic. They
tend to remain together and interact through n-stackings
and Van der Waals interactions. Some functional groups
are known to confer some water solubility, for example,
sulfonates, quaternary amines, or polyethylene glycols, but
the functionalization has to take place at a position that
would neither affect the photophysical properties of the
chromophore too drastically nor prevent a proper coordination
with the lanthanide ion because of the steric hindrance or the
coordinating ability of the solubilizing group. The reader is
referred to Sensors for Lanthanides and Actinides dealing
with sensors for more details.

7.5 Coordination Moieties, Flexibility, and Complex
Architectures

The choice of the coordinating moieties is critical
in ligand design because it dictates where the lanthanide ion
is located relative to the chromophore, how it is linked to
ligand, and how many ligands may be coordinated to it. Good
coordinating groups are carboxylates, phosphonates, aromatic
nitrogens (such as in pyridine, bipyridine, terpyridine, pyrazol,
and benzimidazol), amines, carbonyls, and ethers. When they
compete with water molecules, the softer groups such as
ethers, carbonyls, and amines are only appropriate to fill a
few coordination sites near strong coordinating groups, which
prevent the complex from disassembling.

The flexibility of the coordination sites is also an
important feature. A rigid structure with multiple directional
coordination sites does not enable binding a single ion, but
rather forms polymeric-type structures. Terephthalic acid, for
example, is a bidentate ligand with two carboxylic moieties
in a para position. A single ligand hence cannot bind to
a single ion with both sides, but must coordinate to at
least two different ions. The ligand geometry thus set up
many coordination modes that all tends toward a polymeric
structure rather than a molecular complex. Depending on the
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choice of the binding ligand, supramolecular edifices with
various 2D and 3D architectures are obtained. For further
reading, one can refer to the book of Jean-Marie Lehn dealing
with supramolecular chemistry, and which contain application
with lanthanide ions.'”® Some metallopolymers containing
lanthanide ions were also successfully used for applications
in photovoltaics, electro, and photoluminescent materials.!”

On the other hand, when a selective flexibility is
introduced in a rigid structure, a molecular complex with
several lanthanide ions can be designed. For example, helix
structures formed by a 2:3 stoichiometry (2 Ln** and 3 L)
are achieved by taking two rigid tridentate ligand such as
a Hbpa derivative, and fuse them together with a flexible
bridge such as a methylene (—CH,—). The resulting structure
will be thoroughly discussed in Luminescent Bioprobes, and
an example of emission of various Ln complexes has been
illustrated in Section 3.1, with the ligand depicted in Figure 2.

Macrocyclic coordination moieties are also a very
important way to coordinate a ligand to a lanthanide ion.
They usually form highly stable complexes even though
the coordination may take a very long time relative to the
other structures. A very well used ligand is the 1,4,7,10-
tetraazacyclododecane-1,4,7,10- tetraacetic acid, for which
the acronym is dota (see Scheme 6). It comes from the cylen
(1,4,7,10-tetrazacyclododecane which is the aza analog of the
crown ether 12-crown-4), the amines of which have been
fitted by N-CH,CO,H substituents. The dota ligand (Hsdota
is the fully protonated form containing four carboxylic acid
moieties) is then an octadentate ligand. Having a strong
binding constant for lanthanide ions (logB;; = 23.5 for Gd**)
and with a at least one water molecule in the first coordination
sphere, the dota-containing gadolinium complex has proved
to be a great magnetic resonance imaging (MRI) contrast
agents. For more information about MRI and contrast agents,
see Lanthanides: Magnetic Resonance Imaging.

This ligand being devoid of an antenna group is,
however, not a good one for sensitizing the lanthanide
ions (see Luminescent Bioprobes for an application of these
complexes for competitive titrations experiments). The interest
is then to modify at least one of the four carboxylic acid
substituents and to selectively introduce the antenna group
(=chromophoric unit) through an amide function. The organic
chemistry with these compounds in not trivial and require a
thoughtful planning. Bulky chromophores or chromophores
with two coordinating groups may however effectively shield
the lanthanide ion. This kind of substitution has offered
many possibility of derivatization, leading to lanthanide
complexes with ability for bioimaging (see, for example, the
bioprobes responsive to cellular events developed by Parker
and coworkers?® and for acting as sensors see Sensors for
Lanthanides and Actinides) among other applications.

A similar structure based on a cyclam macrocycle
(two opposite bridges between the four nitrogen atoms are
one carbon longer) is also commonly encountered. The
presence of the carboxylic moieties ensures the high stability,

/ \ /\ /\
[NH HN] HOOC [N/ \N] COOH
NH HN N N
Cylen H,dota
EN o
Hooc ™/ \(
[ ] NH~R
N N
HOOC— \__/ “~—COOH

Hadota -R with R = antenna group

Cyclam

Scheme 6

but phosphonic acids or phosphoryl-containing coordination
moieties are also very efficient.

The cyclen/cyclam architecture also allows uncoor-
dinated chromophores, additional probing groups, and even
biological materials to be ‘‘easily’’ grafted on a lanthanide
complex. Such systems are therefore, and also due to their
higher stability, often chosen for biological applications.

Cyclen/cyclam-type ligands are also very useful to
introduce several coordination sites in a same ligand, thus
enabling polynuclear complexes. Ultimately, polyheteronu-
clear complexes can be constructed, combining the lumines-
cence properties of many lanthanide ions (e.g., Eu** and
Tb3*) on a same ligand. Actually, any ligand (coordination
site) forming a 1:1 complex with a lanthanide ion is well
suited for such designs. The introduction of coordination sites
for d-elements is even feasible. The sensitization of a lan-
thanide ion by a d-element complex such as a ruthenium
complex or a platinum complex has been observed on many
occasions.

In the example of Ln,LRu(bipy), (Scheme 7), the
complex is obtained by first coordinating the lanthanide ions,
which bind to the cyclen-based coordination sites, and then
coordinating the ruthenium(II) on the bipyridine moiety at the
center of the ligand.!” The bipyridine is not strong enough
for an efficient coordination of a lanthanide ion when no
strong electron donors are in the coordination site, but is a
typical good coordinating site for ruthenium(Il) which then
requires two other bipyridine to reach its octahedral geometry.
A sensitization of Nd** by the ruthenium moiety was shown in
this case. The lanthanide ions have a coordination number of
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LnyLRu(bipy),

Scheme 7

eight in this architecture; the hydration number ¢ is consistent
with one water molecule in the first coordination sphere, the
quantum yields are thus low with either Tb’* or Eu** and
very low with the NIR-emitting lanthanide ions.

8 DESIGNING A COMPLEX EMITTING IN THE
NEAR-INFRARED (NIR) RANGE

Most of the lanthanide ions are NIR emitters,
sometimes alongside visible emissions and sometimes purely
in the NIR region. Obtaining an efficient NIR emission is quite
challenging and nowadays, the best sensitized NIR emitters
do not exceed 4% quantum yields with ytterbium complexes.
For other lanthanide ions, the quantum yield is usually below
1%, especially in aqueous solution where the deactivation is
favored by the OH vibrations of the solvent molecules.

NIR emitters are important because their applications
in biomedicine and photomedicine are very attractive.
Biological tissues are indeed quite transparent in the NIR

SOGH
HO |
N
0" N~
OH (0]
N N ~_N I
|
7 N~ OH
SOgH oo N
XN
HgT2s0xMe

region, which may enable a deep visualization of biological
materials.

Among selected examples with a quantum yield
considered as high for an NIR emission, one can cite ligands
with a quinoline chromophore such as [YbT2soxMe] (0.13%
in H,O, pH 7.4);?! ligands with a chromophore that has
a seven-membered ring such as tropolonate, which give a
very good quantum yield in the ytterbium complex (1.9% in
DMSO) but that also efficiently sensitize all the other NIR-
emitting lanthanide ions; or such as azulene derivatives (up to
3.8% in CH3CN) (see Scheme 8).22

Common strategies to have a better efficiency include
the deuteration of the ligand (CH, OH, and NH bonds) and
of the solvent, as well as the halogenation, principally of the
CH bonds of the ligand into CF bonds. Such modifications
aim at decreasing the energy of the vibrational quanta so
that more quanta are needed to deactivate the excited state
of the lanthanide ion, thus decreasing the efficiency of the
nonradiative relaxation. The encapsulation of the complex
inside solid matrices such as nanoparticles or the development
of functionalizable NIR-emitting doped phosphors at a

by,
HO

HTrop HAz
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nanoscale are other efficient ways to have an NIR emitter
in solution where the sensitive lanthanide ions are yet shielded
from the deactivation from the solvent molecules.

9 CONCLUSIONS

After a survey of the photophysical properties
exhibited by lanthanide complexes emitting in the visible
or the NIR range, including their emission properties, we
have focused on the important field of applications for these
complexes, with a particular interest for the lanthanide ions
emitting in the visible range, and which are so important
for color reproduction. We then emphasized some of the
requirements needed to design a complex with highly
luminescent properties, and we introduced some of the families
of ligands commonly used for an efficient sensitization
of the lanthanide ions. We illustrated that the choice and
design of the chromophores allow a fine tuning of the
photophysical properties, but also takes into account the
requirements for a specific application (electroluminescence,
biological applications including bioimaging or sensing) such
as solubility, stability, absorption in a specific spectral domain,
high conversion rate, and presence of a targeting group.

Several new interests have emerged for lanthanide
chemistry over the last years. Many exciting applications
are reported in literature every month, presenting numerous
examples of elegant ligand designs and complex architectures.
The chapters in the session ‘‘advances topics’® present
several applications in the domain of ionic liquids, sensors,
medical applications (including MRI agents), etc. In
particular, Luminescent Bioprobes will present a case study
of a lanthanide-containing complex from its physicochemical
properties and photophysical properties to its application as a
probe for biological materials.

10 GLOSSARY

Auxochrome: Electron-withdrawing or electron-donating
groups added on a chromophore to modulate its photophysi-
cal properties.

Helicate: Ligands that wraps around metal ions in a helical

way.

Color space: Mathematical representation of the colors in a
three-dimensional space by three color components or color
primaries.

Conjugation, resonance: A conjugated molecule is
composed of interacting p orbitals forming a long range «
molecular orbital. Organic molecules with alternate single

and double bonds are conjugated molecules. The electrons in
a conjugated system are delocalized through the whole
conjugated structure. A conjugation is shown by a resonance
structure.

11 END NOTES

& To the contrary, in every day life, most of the colors
that we see are composed of absorbing materials that reflect
or transmit the ambient white light source such as daylight.
The color then comes from the reflected and transmitted white
light that has been more or less attenuated by the absorbing
surfaces in different part of the spectrum. The colors are in
this case made by subtractive color synthesis, starting from
the white light or illuminant that represent the white color and
then removing red, green, blue, to yield respectively cyan,
magenta, and yellow, or removing cyan, magenta, yellow or
white to yield red, green, blue or black.

12 RELATED ARTICLES

Luminescence; Near-Infrared Materials; Upconver-
sion Nanoparticles for Bioimaging Applications; Luminescent
Bioprobes.

13 ABBREVIATIONS AND ACRONYMS

CCT = correlated color temperature; CFL=compact
fluorescent lamps; CIE = commission internationale de
I’éclairage; CQS=color quality scale; CRI=color-rendering
index; CRTcathode ray tube; DFT = density functional the-
ory; FRETs = Forster resonance energy transfers; LCDs =
liquid crystal displays; LEDs = light-emitting devices;
MRI = magnetic resonance imaging; NIR = near-infrared;
NIST = National Institute of Standards and Technology;
NMR = nuclear magnetic resonance.
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1 SUMMARY

Rare earths are among the most important mag-
netic sources in the modern industry. Owing to their
large spin—orbital coupling and unquenched angular
momentum, many magnetic materials nowadays contain
rare earth elements as magnetic carriers. For example,
neodymium—iron—boron magnets are the most commonly
manufactured and commercially available high-strength per-
manent magnets. They are widely used in modern technology
and can be found almost everywhere, from cell phones, disc
drives, computers, and household appliances to magnetic
resonance imaging (MRI) imaging, hybrid cars, satellites,
and wind-power generators. In this chapter, the magnetic
properties and exchange-coupling interactions between rare
earth ions and radicals and 3d transition metal ions are
introduced briefly. These are the fundamental concepts for
understanding the magnetic behavior of rare earth containing
systems.

2 INTRODUCTION

Rare earth elements are widely used in traditional
magnet technology and in the new field of molecular magnets
owing to their intrinsic large atomic magnetic moment. As
important sources of magnetism, the magnetic properties of
rare earth elements are dominated mainly by the spin, orbital
angular momentum, and the interactions of their f electrons.

Their magnetic properties are quite different from those of
the transition metal ions, whose magnetism mainly comes
from spin magnetic moment, the orbital contributions being
quenched by the ligand field. Normally, the trivalent rare earth
ions are characterized by f* configurations, termed 25*t!L
multiplets, which are further split by spin—orbit coupling to
give J states. The corresponding energy spectrum of the states
can be calculated as

EFTLHy=0/D[JUJ + 1) — LIL +1) — S + D] (D)

where J is defined by the angular momentum summation
rules |L — S| < J < |L + S|, and A is the spin—orbit coupling
constant. According to the number of f electrons n, the sign
of A implies that in the ground state / = L — S forn < 7 and
J=L+ Sforn>7.

The Landé factor g of a given J multiplet is given by

_ 3 SE+DH-LEL+D
g1 =5+ 200+ 1) @

Within this multiplet, the total angular moment of
rare earth ion can be expressed as

L 4+ 28 = gJ (3)

and corresponding effective moment on the atom is

w = gusJ @

The Rare Earth Elements. Edited by David A. Atwood. © 2012 John Wiley & Sons, Ltd. ISBN 978-1-119-95097-4
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where wp is Bohr magneton. If J is nonzero, the magnetization
for the ground-state multiplet will be

N
M(H,T) = < 8usJ B (Bgus/ H) ®

where the Brillouin function Bj is

2J +1 2J +1 1 1
B;(x) = 2_; coth( 2—; x)—ﬁcoth(ﬁx) x =gugJH/kgT

6

If gugJH is small compared with kg7, the
theoretical magnetic susceptibility can be calculated as

M guiJUJ+DN _C
X=—="—"——"—=_ )
H 3kgT vV T

where C is the Curie constant and the equation is known as
Curie’s law.

Combined with the J and g values mentioned above,
the basic physical chemistry parameters and the calculated,
experimental x T values at room temperature for the rare earth
ions are listed in Table 1.

Besides the spin and orbital contribution to the total
magnetic moment, the ligand field can also affect the magnetic
properties of rare earth elements-containing compounds. For
the inorganic or organic ligands surrounding the rare earth
ion, this can be simplified as a normal charge distribution with
definite local point symmetry. The electric field produced
by these charges acts on the 4f electrons, affects the ground
and low-excited energy spectra of the ions, and induces large
magnetic anisotropies and versatile magnetic properties. This
electric field, often called a crystal field, contributes to the
potential energy of a 4f electron in the form

_ [ e®
Ver(r) = — f ROk ®)

where p(R) is the charge density surrounding the ion.
For a pure electrostatic treatment, the crystal field can be
solved from Laplace’s equation and expanded in spherical
harmonics as

Ver(r) = Y A'r Y () ©)
Im
where Y}, (r) is the corresponding spherical harmonics and

Al = — (=" Yi-m(R)dR (10)

4 / ep(R)
20+ 1 RI+!

Because the wave functions of the 4f electron are
highly contracted, the crystal field is much smaller than the
interelectronic repulsion and also smaller than the spin—orbit
coupling term. For the electron configurations of a rare earth
ion, the degenerated ground states are split by interelectronic
repulsion in spectroscopic terms, the one with the highest
spin multiplicity (25 + 1) has the lowest energy according to
Hund’s rule of maximum spin multiplicity (Figure 1). Each
of these terms is further split by the spin—orbit interaction
into 25*1 L ; spectroscopic levels, with |[L — S| < J < L + S.
These energy levels are in the range of 10*cm™! for a rare
earth ion. The ligand-field effect can be weaker than the
interelectronic repulsion and spin—orbit coupling, and split
the levels into Stark sublevels in the range of 10> cm~! for the
shielding of the 4f orbitals, which are much smaller than those
for the 3d orbitals of transition metal ions. The magnitude of
these energy levels is comparable to the kg7' value, so the
population of sublevels can be changed when the temperature
decreases. At the same time, the orbital moment makes a
non-negligible contribution to x ,7 values. As a result, the
temperature dependence of i, deviates from the Curie law at
low temperatures.

As mentioned above, the magnetic sources of
magnetic materials containing rare earth ions not only come

Table 1 Electron configuration, ground-state spectral term, g values, calculated and

111

experimental x T values at room temperature for Ln"" ions

Ground X Tcal X Texp
Ln!" Configuration state (emu mol~! K) (emu mol~! K)
Ce f! 2Fs; 6/7 0.80 0.66—0.78
Pr 2 3Hy 4/5 1.60 1.45-1.62
Nd £ o2 8/11 1.64 1.45-1.53
Pm * Sy 3/5 0.90 1.05
Sm 5 Hs), 2/7 0.09 0.32
Eu fo "Fo — — 1.53
Gd 7 8372 2 7.88 7.61-7.80
Tb 8 "F 32 11.82 11.76—-12.01
Ho £10 3Tg 5/4 14.07 13.26—-13.78
Er fll s/ 6/5 11.48 11.05-11.28
Tm f12 3He 7/6 7.15 7.03
Yb f13 21 8.7 2.57 2.53
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Figure 1 A schematic energy diagram showing the relative magnitude of the interelectronic repulsion, the spin—orbit coupling, and
ligand-field effect. (Reproduced from Ref. 1. © Wiley-VCH Verlag GmbH & Co. KGaA, 2005.)

from possible large magnetic moments associated with spin
and large orbital moments, both of which originate from
the internal nature of the f electrons, but also from the
exchange-coupling interactions between lanthanide ions and
transition metal ions, radicals, or lanthanide itself. Comparing
these magnetic materials with magnetic materials composed
of transition metals ions and radicals, it is observed that
the magnetic properties of all paramagnetic lanthanide ions
except for Gd™' and Eu"' with f7 electron configuration are
considerably influenced by the large spin—orbit coupling and
ligand-field effect. So the introduction of magnetic coupling
between lanthanide ions and other paramagnetic centers of
exchange-coupling systems can be divided into two parts,
namely, Gd"' containing systems and other Ln"! ions with
first-order orbital momentum, respectively.

3 MAGNETIC COUPLING INTERACTIONS

The orbital model to understand the exchange-
coupling interactions was developed by Anderson about
50years ago. He reduced the complex theory to only take
account of simplified magnetic orbitals, which contain one
unpaired electron. The magnetic interaction is antiferromag-
netic when the two magnetic orbitals on different centers have
nonzero overlap. On the other hand, the magnetic interac-
tion will be ferromagnetic and the electron spin allies will
be parallel if the magnetic orbitals are orthogonal to each
other and overlap such that integral S tends to 0. There
are also some other theoretical models to understand the
magnetic properties of molecular magnetic materials, but
almost all simplified models regard the exchange or superex-
change interaction as a form of weak bonding between two

paramagnetic centers including rare earth element containing
compounds.

For a 4f’, rare earth ion such as gadolinium(III),
its magnetic behavior is contributed only by a pure spin
state S = 7/2. The exchange coupling interaction with other
paramagnetic centers can be described by the well-known
Heisenberg-Dirac-Van Vleck (HDVV) spin Hamiltonian

H = —J Sgq-Ss (11)

where Sgq is the spin operator associated with gadolinium(III)
and S; is the spin operator associated with the other magnetic
center. A positive J value means ferromagnetic coupling and
a negative value, antiferromagnetic coupling.

Distinguished from the unpaired d electrons of
transition metal ions and s, p electrons of organic radicals, the
unpaired f electrons of rare earth ions are highly contracted
and energetically shielded deeply by the outer 5d, 6s shells.
So the direct magnetic interaction between 4f” —4f’ electrons
is very weak, the value of the coupling constant J is normally
smaller than 1cm™'2. The situation is quite different from
the indirect pathway involving the 4f localized electrons and
conduction electrons responsible for the magnetic ordering of
rare earth intermetallic compounds.

Because the f electrons of gadolinium(I1I) are highly
contracted, the magnetic interaction is mediated by the spin-
polarized 5d, 6s valence electrons. To a good approximation,
the 4f7 exchange field can be viewed as a kind of contact
effect’, which only exerts its influence on the orbitals centered
on the Gd atom. Both the valence 5d and 6s electrons can
penetrate to some extent and experience the 4f’ exchange
field of the atom core, only the more contracted 5d electrons
experience greater exchange interaction with the 4f7 core.
Consequently, the valence 5d, 6s electrons are spin-polarized
and the 5d orbital possesses larger spin density in ab initio
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or density functional theory (DFT) calculations. This local
character of the 4f” exchange field can be treated by a simple
perturbative molecular orbital (PMO) model that accounts for
the perturbation of the 4f7 cores exerted on electrons that
reside in 5d and 6s molecular orbitals.

Figure 2 illustrates how the potential from the 4f’
core affects the spin character of the 5d and 6s electrons.
On the left side of the figure, the valence d electron in
an ‘‘unperturbed’’ system experiences an average exchange
potential from the half-filled 4f shell, so it has no preferred
spin orientation. Upon application of the exchange field
of 417 electrons, the spin aligned with (or against) the 4f
spins is stabilized (or destabilized) by an energy §. These
exchange interactions are intrinsically °‘ferromagnetic,”
favoring parallel alignment of the 4f and 5d spins.

Mixed 3d—4f compounds are the most studied
molecular magnetic materials containing rare earth ions
owing to their attracting properties in the field of molecular
magnetism and coordination chemistry. Gd"'-3d systems,
especially, are widely studied by experimentalists and
theoretician because of the presence of the largest possible
spin magnetic moment S = 7/2 and the lack of orbital
contribution that facilitates the analysis of the magnetic
properties. Among these clusters, a large number of binuclear
and polynuclear complexes containing Gd'"'~Cu! unit have
pronounced magnetostructural correlations and exhibit the
widespread ferromagnetic coupling between Gd"" and Cu"
ion with only a few exceptions.

Gatteschi et al* proposed a spin polarization
mechanism that is due to the orbital interaction between
the 6s orbital of Gd and delocalization tails of the 3d orbital
of Cu on the ligand. In this scheme, it is considered that the
most important contribution comes from the overlap of the
magnetic orbital of copper(Il) with the empty d or s orbitals of
gadolinium(III). Therefore, a fraction of unpaired electrons is
transferred into the empty orbitals and the electrons have spins
that are parallel to each other according to the Hund’s rule.
In fact, this is a generalization of the Goodenough—Kanamori
rule for Gd™' —Cu'" system, which suggests that ferromagnetic
coupling takes place when a magnetic orbital of one site has
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Figure 2 Orbital energy splitting of the Gd atom as a function
of 4f—5d exchange perturbation. (Reprinted with permission from
Ref. 3. Copyright (2006) American Chemical Society)

nonzero overlap with an empty orbital of the other site. This
idea is consistent with the theoretical PMO model treatment
of Hughbanks, except that the contribution of 6s orbitals is
replaced by that of 5d orbitals, as shown in Figure 2 above.

Also inspired by the general schemes of Goodenough,
Kahn® gave an alternate explanation that attributes the
ferromagnetic coupling to the interaction between the
GdM-Cu" ground-state and excited-state configurations
arising from the occupied 3d (Cu) — vacant 5d (Gd) electron
transfer. They used the extended Hiickel approach to check the
efficiency of the mechanism by the calculation of the electron
charge transfer integral 85434, but were limited because they
could not offer a proper account for the subtle configuration
interaction problems at that time. Chen® reported the spin
density maps and Mulliken-type population analysis based on
the calculations of DFT-combined broken symmetry method,
and reached an interpretation of the magnetic coupling as
the spin delocalization from the copper center and the spin
polarization from the gadolinium center.

More detailed magnetic coupling mechanisms are
further discussed by Hirao using state-of-the-art CASSCF and
CASPT?2 calculations’. They concluded that the ferromagnetic
gap is intrinsic to the Cu"'—~Gd™ pair but appears with a low
magnitude for the naked dimer. The pure ligand field with
only electrostatic and polarization effects slightly increases
the ferromagnetic gap. Within an appropriate definition of
magnetic orbitals, Kahn’s proposal can be certified as an
effective mechanism of ferromagnetic coupling, involving
orbitals not genuine Cu (3d) and Gd (5d) atomic orbitals
(AOs), but molecular orbitals (MOs) already containing a
small tail of Gd-origin on the orbital located mainly on the
[CuL] side as well as a slight mixing between 4f and 5d
AOs of Gd™. The spin polarization picture is supported by
the computation experiments based on the CASSCF method,
involving the ligand and the 5d orbitals of Gd'"'. From the view
of state-of-the-art calculation, the polarization mechanisms of
Kahn and Gatteschi are not mutually contradictory, but are
even interconvertible by appropriate transformations of the
magnetic orbitals, thereby adjusting the portion of pure Cu
(3d) and ligand tails, in the active orbital that interacts with
Gd (6s) or Gd (5d). In general, the contribution of 5d orbitals
of Gd™ is larger than that of the 6s orbital and plays a
more important role in the magnetic coupling of Gd™—Cu"
compounds. The magnetic orbital analysis shows that the
orbital orthogonal exchange pathway transmits ferromagnetic
interaction in complexes of this kind. In fact, the important
effect of 6s, 5d orbitals for rare earth magnetism is also widely
accepted in the magnetic studies on rare earth metals, alloys,
and oxides.

Other Gd"-3d compounds are less documented and
characterized, and have no strong tendency to be ferromagnetic
or antiferromagnetic like the obvious magnetostructural
correlation of Gd™—Cu" systems. It seems that the magnetic
coupling properties are mainly governed by the nature of
the chemical linker between the spin carriers, but this is
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Scheme 1 Geometry structures of nitronyl nitroxide radical, imino nitroxide radical, and semoquinonato

not always right. For example, ferromagnetic couplings are
found for Mn'", Fe', Co", and Ni"' when the bridges are
the oxygen atom of Schiff base derivatives, but both ferro-
and antiferromagnetic interactions were found for Gd'"' - vV
system. When the CN ligand is the linker, antiferromagnetic
interactions are favorable for Gd™-Cr™ and Gd™-Fe!
compounds.

Organic radicals can also be linked to paramagnetic
rare earth ions. This is because the direct bonding can shorten
the interacting distance of the spin carriers, and the strength
of the exchange interaction is improved to approach the
4f-3d system. Nitronyl nitroxide radical, imino nitroxide
radical, and semiquinone derivatives are often selected for
their stability and ease of coordinatation with rare earths. The
structures of the radicals concerned are depicted in Scheme 1.
For example, the exchange interactions of nitronyl nitroxide

b

radical and Gd™' are mainly ferromagnetic and can be as
large as 6.1 cm™!.# For compound Gd (Tp),(SQ) (Tp stands
for hydro-trispyrazolyl borate and SQ stands for 3,5-di-tert-
butylsemiquinonato), the coupling constant J = —11.4cm™!
of the Gd—semiquinone interaction is the maximum value
for the magnetic coupling intensity between Gd'! and other
paramagnetic centers including lanthanide ions,

Owing to the highly contracted character of 4f
electrons, the magnetic interactions of 4f—4f electrons are
commonly very weak. Some oxygen (from carboxylate, phe-
noxide ligand, and so on)-bridged dinuclear Gd"' complexes
are reported and they exhibit weak antiferromagnetic and
ferromagnetic interactions. The exchange coupling constants
range from —0.2 to 0.2cm™', all values being much smaller
than the values from Gd""—TM compounds. It turns to nearly
0 in some compounds. If it turns to other rare earth ions
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Figure 3 Temperature dependence of xm7 for [NdFe] 1 () and [NdCo] 2(J) at 10kOe. Inset is the curve of w7 versus T at 500 Oe.
(Reproduced from Ref. 9. © Wiley-VCH Verlag GmbH & Co. KGaA, 2001.)
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with orbital moment contribution, the analysis of the magnetic
properties will be much more complicated for the ligand-field
effect and orbital part have overlapped contribution to the
overall magnetic properties and no general analytical model
can well simulate the rare earth magnetism at low tempera-
ture. Fortunately, knowledge of the periodic table provides a
rather simple experimental approach to overcome the problem
and can give some qualitative insight into the interactions
between rare earths and other spin carriers. In general, this
approach requires two compounds, one being a cluster-type
molecule including a rare earth ion and the other an exchange-
coupled spin carrier; the other molecule is an isostructural
compound in which the coordination sphere of the rare earth
ion is identical but corresponding coupled spin carrier is
replaced by a diamagnetic ion. Then, the comparison of the
magnetic behaviors of the two compounds could reveal the
nature of the magnetic interaction in the exchange-coupled
system.

The magnetic studies on [NdM(bpym)(H,0)s—
(CN)]-:3H,0 (M = Fe, Co) coordination polymers by Gao
etal. provide a good example to show the strength of
this method’. The temperature dependence of the yyT for
crystalline samples Nd—Fe" and Nd—Co™™ measured at
10kOe and 500 Oe fields are shown in Figure 3. To exclude
the magnetic contribution of the single Nd™! ion, the 7 of
Nd-—Co™! was subtracted from that of Nd—Fe'!. It was found
that the difference (solid line in the inset of Figure 3) increased
steadily with cooling, indicated ferromagnetic interactions
occurred between the Nd!! and Fe'! ions.

The strongest exchange-coupling interaction between
rare earths and other spin carriers yet reported was
found in a dinuclear Ln"™ complexes, [K(18-crown-
6)l{[(Me3Si),N],(THF)Ln}, (u-n*:7°-N;) Ln = Gd, Dy)."*
The N,3~ radical bridged two rare earth ions and trans-
ferred the large antiferromagnetic-coupling interaction. The
exchange-coupling constant J is as large as -27 cm™! assuming
spin-only Hamiltonian H = _Z'J'Sradical'(SGd(l) + SGd(Z))-
The unprecedented strength of the coupling is attributed to
the diffuse spin orbital of the N, radical, which gener-
ates an unusually effective direct exchange pathway between
the rare earth ion and the radical, despite the contracted
nature of the Gd M4f orbitals. It is a promising method
for enhancing the exchange-coupling interactions of rare
earths.

Some other examples have been also reported for
Ln"-3d and Ln"'-radical systems. But there is no general
magnetostructural correlation deduced from the reported
compounds owing to the limited number of studies. These
studies are still restricted by the difficulties of theoretical
modeling and calculation for electronic structure of rare earths.

4 CONCLUSIONS

Magnetism of rare earths is briefly introduced in
this chapter. The large unquenched orbital momentum and
spin—orbital coupling of rare earths are the key points
in determining the rich magnetic properties of rare earth
containing compounds. Because the contracted nature of
rare earth 4f orbitals, the exchange-coupling interactions are
usually weak compared with those of 3d transition metals.
For the same reason, the spin-polarized 6s, 5d orbitals are
responsible for the superexchange interactions in the rare
earth complexes.
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1 SUMMARY

Lanthanide compounds with the lanthanide in the
42 oxidation are known for chalcogenides and halides.
Binary examples are EuO and TmS as well as Lal, and
NdCl,. Two cases of electronic configurations have to
be distinguished, [Xe]6s°5d°4f" and [Xe]6s'5d'4f"~!. The
former with electrons occupying only 4f orbitals are salt-
like insulators and their crystal chemical behavior is very
similar to that of the respective alkaline-earth compounds.
In the latter, there is one voluminous, outer-shell 5d orbital
occupied. This 5d electron might be localized and involved in
chemical bonding in cluster complexes (these are the subject
of chapter Rare Earth Metal Cluster Complexes). It may
also be delocalized into a 5d band causing semiconducting or
metallic behavior. In this chapter, only halides of both classes
of compounds are discussed.

2 INTRODUCTION

The lanthanides (R, lanthanum through lutetium)
have, as atoms in the oxidation state 0, the general
electronic configuration [Xe]6s>5d'4f" with n =0 for La
and n = 14 for Lu. In the trivalent state, as R3>* ions, their
electronic configuration is, accordingly, [Xe]6s°5d°4f". In the
divalent state, the 6s° electrons are released but the electronic
configuration may be [Xe]6s°5d°4f" or [Xe]6s°5d'4f"~!. This
phenomenon is called (electronic) configuration crossover;
symbolically, the first configuration is addressed as R?* and

the second one as R3*(e™). Structurally, lanthanides with the
R?* configuration act as pseudo alkaline-earth ions; Eu?*
has, for example, the same ionic radius as Sr>*. The R3*(e™)
configuration leads to metallic or half-metallic compounds or
to cluster complexes. The latter is discussed in Rare Earth
Metal Cluster Complexes.

Halides of the lanthanides in the oxidation state +2
have been known since the early decades of the twentieth
century. EuCl,, SmCl,, and YbCIl, were the first to be
reported.’”> For these 3 elements, all 12 possible halides
are known. This is not the case for the elements thulium,
dysprosium, and neodymium for which only the halides of
the triad chlorine, bromine, and iodine have been synthesized
and crystallographically characterized. They structurally bear
close resemblance to the respective alkaline-earth metal
halides.®” The electronic configurations of the M?* ions of
these six elements are 6s°5d°4f" with n = 4 (Nd), 6 (Sm), 7
(Eu), 10 (Dy), 13 (Tm), and 14 (YDb).

Diiodides RI, of the elements lanthanum, cerium,
praseodymium, and gadolinium are also known. These were
once called metallic diiodides;® in these the electronic
configuration of the respective lanthanide is [Xe]6s°5d'4f*~!
and the 5d electron is delocalized in a 5d band.*~1?

Although scandium is not a lanthanide element, it
belongs to the group of rare earth elements. Scandium diiodide
should be mentioned in this connection. It is a special case as
it is a scandium-deficient compound, Scy ¢I,. It does, however,
qualify as a member of the R3*(e™) group, at sufficiently high
temperatures.'314

The Rare Earth Elements. Edited by David A. Atwood. © 2012 John Wiley & Sons, Ltd. ISBN 978-1-119-95097-4
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All of the dihalides, insulators or metallic, are
produced as solids either by comproportionation reactions!>1¢
or by Wéhler’s metallothermic reduction from the trihalides
with alkali metals.”!”

3 SYNTHESIS

3.1 Reduction Methods in General

The reduction of rare earth metal trihalides, RX3, is in
principle possible with all kinds of reducing agents as long as
they have standard electrode potentials E° that can overcome
that of the respective potentials of E° (R* — R?*). This
is discussed below in more detail. Therefore, the classical
reducing agents, nonmetals such as hydrogen or carbon, or
like metals (comproportionation route) and unlike metals
(metallothermic reduction) are all possible but (may) lead to
different products. Cathodic reduction of appropriate melts is
also an option.

Metal oxides or halides may be reduced to the
respective metal by a number of reductants; hydrogen and
carbon are the most easily available and are inexpensive for
large scales. When pure compounds or even metals are desired,
the use of carbon as reductant is disadvantageous because the
rare earth metals form carbide halides and carbides. These
are in fact metallic carbides with carbon atoms occupying
octahedral or tetrahedral voids in the metal’s lattice. Hydrogen
is more advantageous, although hydrides are also ubiquitous
with the rare earth metals. However, with sufficient care,
hydrogen can be pumped off at elevated temperatures and,
subsequently, the metals or compounds may be sublimed or
distilled, whatever is possible and feasible.

Indeed, hydrogen has been used in the early days as a
reductant, for example, for the trichlorides RCls, when the rare
earth metals for comproportionation reactions were either not
available or were too valuable. As it is a solid—gas reaction,
temperature and surface blocking are always a big issue, as
also time. Only for europium, ytterbium, and samarium, the
dichlorides RCI, are stable enough and can be produced at
reasonably low temperatures. At higher temperatures and with
all the other trichlorides, the metals are produced, actually
as hydrides, the hydrogen content depending upon hydrogen
pressure and cooling procedures.

The comproportionation reaction is straightforward
whenever the respective phase diagrams are known. One can
also make use of a melt of some kind. If properly carried out,
pure products will be obtained. This method can also be used
to prepare ternary and quaternary compounds with the proper
choice of starting materials. The only problem here is that the
phase diagrams are in most cases not known. This research is,
therefore, exploratory and rather serendipitous.

The reduction of rare earth metal halides with unlike
metals, Wohler’s metallothermic reduction, has originally

been used to produce the rare earth metals. When used
properly, intermediates with oxidation states between +3
and 0 can be obtained.

Cathodic reduction of appropriate halide melts
(mostly chlorides) is an important process to produce rare
earth metals, unless in certain cases, lower-valent halides have
not been obtained or did not form during the cooling process.

In the following sections, only the comproportiona-
tion route and the metallothermic reduction route are discussed
as the two most commonly used synthetic methods.

3.2 The Comproportionation Route

The comproportionation route'>!¢ is widely used and

is very efficient when pure phases are desired, especially when
the phase relationships are known. It led to a great variety
of “‘reduced’’ rare earth halides, binary, ternary, and higher,
simple and complex salts and such that incorporate metal
clusters interstitially stabilized by a nonmetal atom or by a
(transition) metal atom; for example,

2EuCl; + Eu = 3 EuCl,

GdCl; + Gd = Gd,Cl;

3CsCl + 2 SmCl; + Sm = 3 CsSmCl;

11 Scl3 +7 Sc + 6 C = 3 {C,Sce )1

RbCl + 3 PrCl3 4 2 Pr + 2 C = [{C,Prs},Clo]Rb

One disadvantage of this route is the often
high reaction temperatures and unknown phase equilibria.
Especially when it comes to ‘‘higher’’ systems, phase
diagrams are not known at all.

It was a great thrust for reduced rare earth metal
chemistry when it was discovered that sealed metal ampoules
(mostly produced from niobium and tantalum tubing by He arc
welding) were reaction containers inert enough to the corrosive
molten salts to allow for pure products.'® Still, all constituents
of air need to be excluded, which is possible, thanks to
modern dry box techniques. The unintended incorporation of
ubiquitous hydrogen or carbon led to a whole new world
of cluster complexes with endohedral atoms, mostly with
extended structures, as in {H,Lu}Cl or in {CLu;y}Cl, (see
Rare Earth Metal Cluster Complexes).

3.3 The Metallothermic Reduction Route

The metallothermic reduction of SmCl; designed
for the preparation of samarium metal with an (apparently)
insufficient quantity of sodium, resulting in the formation of
SmCl,,’

SmCl; + Na = SmCl, + NaCl

gave birth to a new approach to ‘‘reduced’’ rare earth
metal halides that were previously synthesized only by the
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comproportionation route or by reduction with hydrogen,
namely,

2 SmCl; 4+ Sm = 3 SmCl,
2 SmCl; + H, = 2 SmCl, + 2 HCI

In principle, the same experimental techniques as
outlined above for the comproportionation route may be
used for the reduction of rare earth metal halides with
unlike metals, i.c., the metallothermic reduction route,”!’
with low melting and highly electropositive metals, alkali,
and alkaline-earth metals in particular. The low melting
points of these metals are certainly an advantage, as the
reaction temperatures may be much lower than for comparable
comproportionation reactions. The most obvious disadvantage
is that pure products are in most cases (but note the reaction
Cs 4+ SmCl; = CsSmCls) not available as one of the driving
forces of this route is the production of high-lattice-energy
alkali-metal halides.

The separation of the products is not easy, although
not impossible. For the exploration of the respective
systems and their phase contents, it is, however, often not

Ba

La Ce Pr Nd 51

|

necessary to obtain pure products because modern, fast X-ray
crystallography is an easy means to analyze even multiproduct
reactions. Afterwards, when the respective compounds are
known, care has to be taken to produce the new compounds
in pure phase by whatever route is desirable. One major
advantage of the metallothermic reduction route is the fairly
low reaction temperatures as these allow for the synthesis
and crystal growth of compounds that decompose in the solid
state, melt incongruently, or even form and decompose in the
solid state at fairly low temperatures. Also, low-temperature
modifications may be grown as single crystals below the
transition temperature.

4 BINARY HALIDES

Dihalides of the rare earth elements became known
shortly after the turn of the twentieth century. A first picture
was completed in the late 1920s when it was thought that
only the ‘‘classical four,”” europium, ytterbium, samarium,
and thulium, could be obtained in the divalent state. Klemm
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Figure 1 Klemm’s graph of 1929/1930 (top) exhibiting lanthanide elements with stable di- and tetravalent compounds; a modern version of

this graph for the divalent state is shown in the middle: the difference AE°

E° (Gd*t/Gd*t) -E° (R3*/R?T) is plotted to parallel Klemm’s

graph. Bottom: The third ionization potentials of the lanthanides, I3 = AH® (3), in kJ mol™"
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incorporated this knowledge in his famous graph, which is
displayed in Figure 1.!°

The picture became more complete (but also much
more complicated) through the seminal phase diagram
determinations by Corbett in the third quarter of the twentieth
century. These made clear that in a number of other systems,
dihalides can be thermodynamically stable under certain
conditions; see Figure 2 for the system Prl3/Pr. The picture

as of today, verified by X-ray crystallographic studies, is
summarized in Table 1.

Corbett also discovered a number of other binary
reduced lanthanide chlorides, bromides, and iodides through
phase diagram determinations and through further exploratory
research. For example, there is the scandium-deficient
“‘scandium diiodide,”” with a composition around Scggol,,
and the praseodymium excess PrCly3; = Prgo9PrCls, with

820 -

800 -

780 -

760 -

740

T,°C

720

700

680

+t

T T T
/o
b
T v

o

T +

o

660

640 -

Prly

mole % Prin Prlg

24 28 100

Figure 2 The temperature/composition phase diagram for the system Prl;/Pr exhibiting the existence of two intermediate compounds,
Prl, 5 = PrpIs and Prl,, respectively. (Reprinted from Ref. 9. Reproduced by permission of The Royal Society of Chemistry. DOI:

http://dx.doi.org/10.1039/DF9613200079.)

Table 1 Salt-like and ‘‘metallic’” (bold-type) dihalides of the rare earth

elements

Fluoride Chloride Bromide Todide
Scandium — — — Scy ol
Yttrium — — — —
Lanthanum — — — Lal,
Cerium — — — Cel,
Praseodymium — — — Prl,
Neodymium — NdCl, NdBr, NdI,, NdI,
Promethium — — — —
Samarium SmF, SmCl, SmBr, Sml,
Europium EuF, EuCl, EuBr, Eul,
Gadolinium — — — GdI,
Terbium — — — —
Dysprosium — DyCl, DyBr, Dyl,
Holmium — — — —
Erbium — — — —
Thulium — TmCl, TmBr, Tml,
Ytterbium YbF, YbCl, YbBr,

Lutetium

Ybl,
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additional praseodymium atoms incorporated in voids of the
UCl;-type structure of PrCl3.2% A number of sesquichlorides
were discovered following Gd,Cls, the ‘‘seventh wonder of
the rare earth world,’’2"*? with scandium, yttrium, lanthanum,
cerium, terbium, and erbium. And there are R, Xs-type halides
with R = La, Ce, Pr and X = Br, I which have interesting
magnetic properties.?3 Finally, there are class I mixed-
valence halides, i.e., with R?>* (large) and R3* (smaller)
ordered in defined positions in their crystal structures for the
elements R = Nd, Sm, Eu, Dy, Ho, Tm, Yb, for example,
DysCly; = (Dy*")4(Dy*") (C17);; 2

Although this seems to be rather confusing, there
are, of course, reasons. The relative stabilities of the di-
and trivalent states of the respective lanthanides throughout
the series follow, more or less, the third ionization
potentials of the elements, AH°(3) (Figure 1). With a standard
electrode potential of E°(Eu?*/Eu**) = —0.35 V (which can
be measured in aqueous solution), the ionization potentials
or disproportionation enthalpies can be used to calculate
standard electrode potentials E°(R>*/R3*) for the whole
series. This work has essentially been put forward by Johnson
and Morss.?32" These results may be summarized graphically
as shown in Figure 1. It is evident that the standard electrode
potentials perfectly parallel Klemm’s chemical intuition and
observations. And, of course, the data explain why there are
two further elements, neodymium and dysprosium, which
form salt-like dihalides. In all of these halides, the rare earth
ion R?* has the electronic configuration [Xe]6s°5d°4f" with
n =4 (Nd*"), 6 (Sm**), 7 (Eu?*), 10 (Dy?**), 13 (Tm**), and
14(Yb?).

These dihalides have crystal structures that are
also observed for the respective alkaline-earth halides (see
Table 2). Neodymium(II) iodide, NdI,, undergoes a high-
pressure phase transition from salt-like (SrBr, type of
structure) to metallic (CuTi, type of structure) subject to the
configuration crossover 4f*5d° — 4f35d'.28 The 5d electron
delocalizes into a 5d band with no volume such that the molar
volume of (Nd3*)(e™)(I7), is smaller than that of (Nd**)
(I7)2, a transition which is triggered by pressure.

As can be seen from Table 2, most of the crystal
structures that are observed for the rare earth metal dihalides
are classical structure types which are known for salts, purely
ionic or with some admixture of covalency, with coordination
numbers of 9 (PbCl,), 8 (CaF,, StBr,), 7 (Srl,, Eul,), and 6
(CdCl,, Cdl,). Halides crystallizing in these structure types
are insulating salts. The 2H- and 3R-MoS; types of structure
are intermediate as these layered compounds may generally
be insulating or semiconducting and may have very special
properties as seen in Gdl,. This is a ferromagnet with a Curie
temperature of 313 K, and shows collosal magnetoresistance.'?
The structural chemistry of all of these halides is quite
straightforward and classical and shall not be discussed further.

There are the four diiodides Lal,, Cel,, Prl,-I, and
HP-NdI, that crystallize with the CuTi, type of structure.
These halides are two-dimensional metals that becomes
obvious by an inspection of their crystal structure (Figure 3).
It is built from 4* nets of metal atoms and of iodide ions
which are stacked in the [001] direction of the tetragonal
unit cell such that the metal atoms are eight-coordinate. R-
R distances are between 393 and 386pm (R =La — Pr)
at ambient temperature. The metal atoms R, which are in

Table 2 Crystal structures of the rare earth metal dihalides, structure types (ST), coordination
numbers (CN), and shortest R—R distances (wherever known)

Salt-like (R**)(X"7),

“Metallic” (R** )(e™ )(X™)2

RX, ST, CN d(R-R)/pm
NdCl, PbCl,, 9 451
NdBI’z Pbclz, 9 —
Ssz Can, 8 415
SmCl, PbCl,, 9 449
SmBr, SrBr,, 8 —
Sml, Eul,, 7 501
Equ Can, 8 413
EuCl, PbCl,, 9 448
EuBr, SrBr,, 8 —
Eul,-1 own, 7 486
Eul,-11 Srl,, 7 —
DyCl, SrBr,, 8 —
DyBr; Srl,, 7 457
Dyl, CdCl,, 6 462
TmCl, Srl,, 7 432
TmBr, Srl,, 7 —
Tmlz CdIz, 6 452
YbF, CaF,, 8 396
YbCl, Srl,, 7 432
YbBI‘z SI‘Iz, 7 437
Ybl, Cdl,, 6 450

RX, ST, CN d(R-R)/pm
Lal, CuTi,, 8 393.6(1)
Cel, CuTi,, 8 388.8(1)
Prl,-1 CuTi,, 8 386.4(2)
Prl,-1I 2H-MoS,, 6 —
Prl,-111 3R-MoS,, 6 —
Prl,-1V CdCl,, 6 426.5(1)
Prl,-V own, 6 391.3(2)
HP-NdI, CuTiy, 8 384.3(1)
Gdl, 2H-MoS,, 6 407.5
SCo‘gglz CdIz, 6 410.2(1)
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Figure 3 Crystal structure (tetragonal) of the rare earth metal
diiodides Lal,, Cel,, Prl,-I, and HP-NdI,; projection approximately
down [100]

the oxidation state +2, have the electronic configuration
[Xel4f'5d" with n =0 (La), 1 (Ce), 2 (Pr), and 3 (Nd).
There is the paramagnetism of one to three core-like 4f
electrons in Cel,, Prl,-I, and HP-NdI,, respectively. The 5d
electron is, however, not localized; rather it is delocalized in
a two-dimensional 5d band which makes these compounds
two-dimensional metals, similar to graphite. Lal, is a special
case because here lanthanum has just one valence electron left.
Cel, has one 4f and one 5d electron. It therefore is not only a
metal but it also exhibits antiferromagnetism at temperatures
below 10 K.?*

Unfortunately, Prl,-I has never been obtained as a
pure phase except for single crystals suitable for structure
determination by X-ray diffraction. Prl,-IV, which exists only
at high temperatures, crystallizes in principle with the CdCl,
structure and appears to incorporate an additional 10% of
praseodymium atoms in octahedral voids between the layers
which are empty in the parent structure. On cooling, the
surplus metal can be released either from the additionally
occupied voids or from regular interstices. The layers of 3°
nets as found in all of the structures of Prl,-II, -III, -D, -1V,
and -V may be arranged differently. The transition from a 3°
to a 4* net as observed in Prl,-1 is an easy task. Structurally,
it is a shear process (see Figure 4).!1

Nucleation probabilities and enthalpies for the
transition from Prl,-IV on cooling to all the others must
be very similar. The temperatures for the beginning of the
nucleation in equilibrium are not known. Therefore, when
cooling Prl,-IV from, say, 700 °C to ambient temperature,
a mixture of I-V (except IV), depending on the cooling
process, is always obtained. Hydrogen stabilizes Prl,-D (D
for disorder), which is a polytype of Il and III. Prl,-V is unique
among the rare earth metal diiodides. It is a perfectly ordered
variant of the CdCl, type of structure in which iodide layers
are stacked in the cubic face-centered . . .ABC. .. manner and
octahedral holes between these layers are either all occupied

(1) or all empty (0). In Prl,-V, they are filled to 0.75 and 0.25,
and in a-Zrl,, another derivative, the ratio is 0.5/0.5.11

The only rare earth metal diiodides that crystallize in
the CdCl, type of structure are Prl,-IV and Dyl,. Interestingly
enough, the elements praseodymium and dysprosium are
homologs (see Figure 5) with electronic configurations for
Pr’* of [Xe]4f35d° or [Xe]4f25d" and Dy** of [Xe]4f'?5d°
(or [Xe]4f°5d").

An idea about the electronic structures of Prl, and
Dyl, can be obtained from band structure calculations.?®

O
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Figure 4 The shear transition from a 4* to a 3° net (above), the
crystal structures of Prl,-II and -III (middle), as well as of (bottom)
Prl,-1V and -V in equivalent projections showing the layer sequences

Figure 5 A periodic system of the rare earth elements, colored for
the examples of the diiodides RI,. Blue, 5d°4f" configuration; red,
5d'4f"~! configuration
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Figure 6 The electronic structures of Dyl, and Prl,-IV and -V.
Shown are from top to bottom, the band structures of Dyl, and
Prl,-1V and 5d densities of states (DOS) derived therefrom. Crystal
overlap Hamiltonian population (COHP) curves for Prl,-IV and
-V) for Pr—Pr and Pr—I bonding (to the left, negative signs) and
antibonding interactions (to the right) are exhibited

From these, the density of states (DOS) can be derived,
either for the whole unit cell content or for certain atoms or
atom types. This is shown in Figure 6. The DOS curves for
the isostructural Dyl, and Prl,-IV show that the 4f and 5d
states are much more separated for Dyl,; for Prl,-1V, they

overlap and, more importantly, the 5d state is considerably
lower in energy and touches the Fermi level. The crystal
orbital Hamiltonian population (COHP) curves, also derived
from band structure calculations, show furthermore that there
are considerable Pr—Pr bonding interactions just below the
Fermi level (lower left of Figure 6). They outweigh the Pr—I
antibonding interactions that also appear in this energy region.
Hence, for Prl,-IV, the rather large 5d orbitals can interact and
contribute further to the stabilization of the compound. This
is apparently not possible for the smaller 5d orbitals in Dyl,
(seven additional protons). As a result, Dyl is a salt under
ambient conditions. This result is also reflected in the R—R
distances in Prl,-IV (426 pm) and Dyl, (462 pm), which are
against the trend of the lanthanide contraction.

Further stabilization of Prl, is possible through the
transition IV — V on cooling, which results in the formation
of tetrahedral {Pr4} clusters. This stabilization can be ‘‘seen’’
through the shrinkage of the Pr—Pr distances to 392 pm. In the
COHP curves, bonding interactions are considerably lower in
energy.

The diiodides of thulium and ytterbium, Tml, and
Ybl,, crystallize with the Cdl, type of structure and are salts.
Scandium diiodide crystallizes also with this structure but
is scandium deficient, Sc,I; (x = 0.87, 0.93 from different
structure determinations; we refer to it with a Scygolo In
the following).!* Scggol, is interesting because 4f electrons
cannot be involved. It is the first 3d element, and the
3d orbitals are the most expanded in the fourth period.
Sco.g9l> is a metal above about 100 K, hence the electronic
configurations are [Ar]4s°3d' and [Ar]4s°3d°, above and
below 100K. According to the formulation Scygol, x 9 =
Scglig = (Sc3+)g(e*)6(I*)13 (see Figure 7), there are only
six electrons for eight scandium atoms which occupy

Figure 7 Crystal structure of Scggyl,. (a) Cdl, type of structure.
(b) A model for the under-occupation of one out of nine octahedral
voids, leading, in principle, to a 3 x 3 larger unit cell
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statistically the nine octahedral holes provided in the Cdl,-
like structure of Scy g9l,. At temperatures above 100 K, these
electrons delocalize and (partly) fill the 3d band. The under-
occupation of the scandium sites lowers the Fermi level and
thereby appears to stabilize the whole structure (fighting the
antibonding Sc—I interactions around the Fermi level). Below
100K, the six electrons localize and Scjgol, becomes an
insulating, paramagnetic, mixed valent iodide according to
(Sc*M)s(SE> (17 )15

5 TERNARY HALIDES

Complex halides are generally obtained from the
binary components; for example,

CsCl 4+ TmCl, = CsTmCl;

To avoid the tedious production of thulium(II)
chloride, TmCl,, by the comproportionation reaction

2TmCl; + Tm = 3TmCl,
a “‘one-pot’’ reaction can also be carried out.
Cs + TmCl3 = CsTmCl;

This works in principle for the rare earth elements
R =Nd, Sm, Eu, Dy, Tm, and Yb. In the case of the
other rare earth elements which have much higher third
ionization potentials /3, partial reduction to the metals and the
formation of ternary rare earth metal(IIT) halides is observed;
for example,

3Li+4 GdCl; = 3 GdLiCly 4 Gd

The structural chemistry of GALiCly and other ternary
lanthanide(I1I) halides such as Na3GdClg is not the subject of
this chapter, but is discussed in a handbook article.3! There are
a few reduced ternary compounds, however, with R = La, Ce,
Pr, which have similar behavior as the respective dihalides.

The metallothermic reduction with sodium appears
to be special, as Na™ has an ionic radius very similar to that of
the large trivalent lanthanides, R3*. Therefore, the reduction
of all of the trichlorides RClj; that crystallize with the UCl;3
type of structure with sodium produces stuffed derivatives
of this structure, NaysRCl; or NaR,Clg. These have been
crystallographically characterized for R = Ce, Pr, Nd, Sm, Eu
(see Figure 8).5 Two classes need to be considered: Those with
R = Ce, Pr are one-dimensional metals, in accord with the
formulation (Na™)(R3%),(e™)(C1™)s. The others with R = Nd,
Sm, Eu are mixed-valent chlorides, (Na*)(R?T) (R3*)(CI™)s.

& Na
& Nd
@ c

Figure 8 Crystal structure of the stuffed derivatives of the UCl;
type of structure: additional (yellow) sites along the hexagonal ¢ axis
are occupied statistically by Na* in NaR,Cly and by Pr** in PrCl, 3,
(= Pro.5sPr2Cle)

(b) ¢ ‘_T

Figure 9 Crystal structure of ARI4-type iodides exhibiting chains
of face-sharing [RIg/»] square antiprisms (a) and their connection via
A cations (b), A = Sr, Ba, Nd, Sm, Eu; R = La, Ce

The enigmatic black PrCl, 3, falls in the first class too, i.e.,
(PI'3+)0_58(P13+)2(6_)1_74(C1_)6, with 58% of the additional
sites occupied.?

Lanthanum and cerium triiodide, Lal; and Cels,
when reduced with strontium or barium or with the
pseudo alkaline-earth metals neodymium, samarium, and
europium, yield ARI4-type iodides, A = Sr, Ba, Nd, Sm,
Eu; R = La, Ce.?? These are built from square-antiprismatic
[MIg] polyhedra sharing common faces to columns running
parallel [100] (Figure 9). Although these iodides have one
excess electron per formula unit, e.g., (Ba>*)(La**)(e™)(17 )4,
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Figure 10 Crystal structure of BagPr;ljo (a) and the interaction
scheme of three linearly oriented d,; orbitals as well as the o bonding
three-center-two-electron orbital (b)

a Peierls distortion could not be detected, perhaps subject
to matrix constraints. The structures are one-dimensional
derivatives of the CuTi,-type rare earth diiodides RI, (R = La,
Ce) where [RIg] cubes are connected via four common faces
to layers (see Figure 9).

Surprisingly, with praseodymium, an analogous
iodide could not be synthesized. Rather, BagPr;lj9 was

Figure 11 Crystal structure of LiR;Xs
X = Cl, Br)

(R=Dy, Tm, Yb;

obtained as single crystals from a reduction of Prl; with
barium. This compound contains linear trimers, [Prs3li¢],
consisting of three Prlg square antiprisms sharing two common
faces (Figure 10). According to (Ba?*)s(Pr’*)s3(e™)2(I7)10,
there are two electrons available for an open two-electron-
three-center bond.3

With the smaller, harder rare earth elements (Gd
through Lu), such compounds have never been seen, except for
scandium where scandium-deficient hexagonal perovskites,
ASc, X3 (A = Rb, Cs; X = Cl, Br, I), have been observed.'4
These are discussed together with the perovskite-type halides
of R=Sm, Eu, Dy, Tm, Yb below. All other complex
halides with reduced rare earth metals contain clusters and
are discussed in Rare Earth Metal Cluster Complexes.

Divalent europium, ytterbium, samarium, thulium,
dysprosium, and neodymium can be incorporated in ternary
AX/RX, compounds.®?**3! With the larger rare earth elements,
R =Nd, Sm, Eu, mixed-valent Na[R,Clg] chlorides are
obtained, which crystallize with a stuffed UCl;-type structure,
as described above. In the systems LiX/RX, with the smaller
rare earth elements R = Dy, Tm, YD, the ternary halides
LiR,Cls and LiDy,Brs are obtained as single crystals. In
this crystal structure, which is known also from FeU,Ss,
R?* is eight-coordinate (bicapped trigonal prism) and the
polyhedra are connected to a three-dimensional network
(Figure 11).

With the larger alkali metals, potassium, rubidium,
and cesium, the perovskite-type structure with its variants
plays an important role.®3"* The usual concepts, radius
ratios including Goldschmidt’s tolerance factor, structure
field diagrams, or volume considerations derived from Biltz’s
concept of volume increments may be used to classify these
compounds and their behavior at different temperatures.3* For
example, CsTmCl; crystallizes with the (cubic) perovskite
type of structure (Figure 12); CsTmBr; and CsTml; with
tetragonal and orthorhombic variants with octahedral tilts; and
CsScy.71Cl3 with the so-called hexagonal perovskite structure
(Figure 12), isostructural with, for example, CsNiCls. In the
‘‘perovskites,”’ the R** cations are surrounded octahedrally
by halide ions (in the variants symmetry elements as the four-
and the threefold axes are given up), and common vertices
or faces are shared to ensure the Niggli notation A[RXs/>].
Variants with edge-sharing octahedra were also observed,
KTml; (FeUS; type) and RbTml; (NH4CdCl; type) are
examples (Figure 12). Isolated octahedra occur in Rbs[Ybls],
K4CdClg type of structure, which is the only example of that
kind in rare earth halide chemistry.

With the larger lanthanides, with neodymium,
samarium, and europium, a structure type was observed
which may envelope many different compositions as
Kle’IlC15, KSm2C15, K3Nd3BI‘10, and KgNd7IQ5.31 The parent
crystal structures are Us;Ses/PbU,Ss5/Y,HfS5/K;PrCls and
TIPb,Cls/NH4Pb,Cls. They have unit cells of the same
shape. However, the first are orthorhombic (Pnma) and
the latter monoclinic (P2;/c, with a B angle very close



170 THE RARE EARTH ELEMENTS

¢ o

(b)

Figure 12 Crystal structures of AMX;-type compounds. (a—d) The cubic perovskite type of structure, e.g., CsTmCls; the so-called hexagonal
perovskite, e.g., CsScy 71 Cls; the stuffed PuBr; or FeUS; type of structure, e.g., KTmls; the NH4CdCl; type of structure, e.g., RbTml;

to 90°) by symmetry. For a general formula ABRXj, the
ARXs type is generated with A = B, eight- and seven-
coordinate, and with B =R, the AR,Xs type with A and
one R eight-coordinate and the other R seven-coordinate.
The RXs = RXj3,1 X4/, part of the structure is built from
monocapped trigonal prisms that are edge-connected to
chains (see Figure 13). For KgNd;I,s, for example, a mixed-
valent iodide, the formula must be understood as follows:
K, ¢Ndj ,[Nd{',Nd{'I5s]. Needless to say that many other
compositions are possible because neodymium(II) and -(III)
can afford both coordination numbers, seven and eight, in
these halides.

Another interesting structure was found in the
AX/RX; (A=K, Rb; X =Br, I) systems with dyspro-
sium and thulium for the composition AsR3Xj,. These

Figure 13 Part of the

RXS = RX3 /1X4 /2
edge-connected monocapped trigonal prisms as an important struc-
tural feature of the A;RXs/AR, X5 family

chain of trans

are mixed-valent halides, too; for example, KsDy;l;» =
(K™)s(Dy?")(Dy**)(I7)12. The anionic structure consists
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of chains of edge-sharing octahedra, Dy;l;; = Dyl, =
Dyl ls> (Figure 14) in which the Dy"/Dy" cations
are statistically distributed. Antiferromagnetic coupling is
observed at low temperatures.3’

6 OXIDE HALIDES

Accidental oxide ‘‘impurities’> or the deliberate
addition of rare earths, R,O3;, with europium, samarium,
and ytterbium leads to the formation of {OR4}Xe-type
oxide halides with isolated oxide-centered R>* tetrahedra
(Figure 15). This structure type was first observed with the
rare earth metals europium and ytterbium, as {OEu4}Clg and
{OYDb4}Clg, and is the antitype of KgHgS4/NagZnO4. The
oxide chlorides {OR4}Clg are now all known with Ae, R = Ca,
Sr, Ba, Sm, Eu, Yb, for {OR4}Brg (R = Sm, Eu) as well as for
{OR4}I¢ (Ae, R = Sr, Ba, Sm, Eu).3¢ Isostructural compounds
with neodymium, dysprosium, and thulium are elusive. This
cannot be a size effect. If it is not an experimental disability,
it must have thermodynamic reasons. Indeed, in systems
where such {OR4}X¢ compounds are usually obtained, for
example, in the system Na/EuCl;/Eu, 03, elements with higher
reduction potentials form oxide chlorides such as NdOCI or
even oxides such as Sc,03 as single crystals under reducing
conditions.37-38

In an attempt to prepare a large sample of {OEuy4}Brg
and during the reduction of a mixture of Eul, and {OEuy}lg
with barium metal, two new oxide halides of europium

Figure 14 Crystal structure of KsDy31;5. (a) Part of the trans-edge
connected Dyly/»15/1 chains; (b) a projection down the chains

Figure 15 Crystal structure of {OSm4}ls as an example of
{OR4}X¢-type oxide halides

Figure 16 A chain of trans-edge-connected {OEuy4,>} chains in the
crystal structure of Eu, Ol,

were obtained, the mixed-valent Eu,O,Br = (Eu*") (Eu?t)
(0%7),(Br™) and the Eu(II) oxide iodide Eu,OI,.3** In both
{OEuy} tetrahedra occur. They are edge-connected, just as in
SiS5, in Eu,OL, = {OEuy4,}15, surrounded by and connected
through iodide anions (Figure 16). In Eu,O,Br, the {OEu4}
tetrahedra are connected to two kinds of chains that combine
to corrugated layers [O,Eu; ] and sheath likewise corrugated
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Figure 17 Corrugated layers built from two types of edge-connected
chains {OEuy/4} in the crystal structure of Eu,O,Br

layers of Br~ ions (Figure 17). The Eu** and Eu** cations can
be clearly distinguished in the crystal structure of Eu,O,Br,
likewise in the isostructural Sm,0,1.41

7 GLOSSARY

Band structure:  k-space-dependent energy level diagram
for an extended solid, similar to the molecular orbital
diagram at the gamma point

Binary halides: Compounds of two elements, one typically
a metal and the other a halogen

Cathodic reduction: Electrochemical reduction at the

cathode

Configuration crossover: Transition from one electronic

configuration to another

Comproportionation:  Compounds with higher and lower
oxidation states of one element react to a compound with an
oxidation state in between

Coordination number (CN): The number of atoms
surrounding a central (metal) atom in a coordination complex

Cluster: According to Cotton, ‘‘a group of two or more
metal atoms in which there are substantial and direct bonds
between the metal atoms’’, put in waved brackets {...} in this

chapter
Cluster complex: A cluster surrounded by ligands, {R,}X;

Crystal orbital Hamiltonian population (COHP): From the
density of states of band structure calculations, showing the

degree of bonding and antibonding interactions between
atom types in a solid

Density of states (DOS): Number of states per interval of
energy at each energy level that are available to be occupied
by electrons in a solid

Electronic configuration: Energy levels in the shell of an
atom which are occupied with electrons; symbolized by
quantum numbers

Endohedral atom: Atom Z in the center of a cluster,
{ZR,}X,

Extended structures: Crystal structures with polyhedra
connected to a one-, two-, or three-dimensional arrangement

Fermi level: Highest occupied energy level in a solid

Incongruent melting: A compound decomposes at an
elevated temperature yielding at least one liquid phase

Lanthanides: The elements La, Ce—Lu

Metallothermic reduction: Reduction of a metal oxide or
halide with a highly reductive metal

Mixed valence halide: A metal halide in which the metal
atoms are in two different oxidation states (class I: the
oxidation states can be clearly distinguished)

Nucleation: Process of forming a crystal nucleus

Oxidation state (... number): According to Pauling (1949),
the “‘number which represents the electrical charge which an
atom would have if the electrons in a compound were
assigned to the atoms”’

Peierls distortion: Distortion that occurs to break the
symmetry in order to avoid a degeneracy of states at the
Fermi level, similar to the Jahn—Teller distortion in
molecular compounds

rare earth elements (metals): The elements Sc, Y, La, and

the lanthanoids Ce through Lu

Rare earths: Oxides of the rare earth elements, in most
cases of the composition R,0;

Ternary halides: Compounds of three elements, of which
two are metals and the third a halogen

Valence: According to Pauling (1949) ‘‘the number of
other atoms with which an atom of a certain element
can combine’’

Valence electron(s):  Electron(s) constituting the valence
shell beyond the core (usually a noble gas configuration)
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8 ABBREVIATIONS AND ACRONYMS

[...] =square brackets indicate a Werner-type
complex; {...} = waved brackets indicate a cluster; A =
alkali metal atom; Ae = alkaline-earth metal atom; [Ar] =
electronic configuration of an argon atom; °C = degrees
Celsius; temperature scale after Celsius; CN = coordination
number; COHP = crystal orbital Hamiltonian population;
d = distance (between the nuclei of two atoms); DOS =
density of states; E° = standard electrode potential (in V);
AH°(3) = third ionization potential (in kImol™'); HP =
high pressure; I3 = third ionization potential (in eV or
kJmol™!); K = Kelvin; absolute temperature scale; pm =
picometer, 107'> m; R = rare-earth and lanthanide element
(Sc, Y, La, Ce—Lu); ST = structure type; X = halogen atom,
X~ halide ion; [Xe] = electronic configuration of a xenon
atom; V = Volt; unit of voltage.
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1 SUMMARY

The lanthanide halide compounds represent one of
the key precursors that are used to develop the chemistry
of lanthanide cations. There are numerous researchers
who have contributed to characterizing and understanding
these amazing precursors, including the founding father of
lanthanide chemistry F. H. Spedding, as well as G. Deacon,
M. G. B. Drew, K. Izod, and J. C. Gordon, to mention
just a few. Their efforts and many others have led to the
development and structural understanding of these extremely
important lanthanide halides. This chapter covers some of
the synthesis and structural properties of lanthanide halides
and solvates reported in the literature. This is not meant to
be a comprehensive review but a description of some of
the structural properties reported for this unusual family of
compounds.

2 INTRODUCTION

Lanthanide halide (LnX, where X =F, Cl, Br, I)
precursors are some of the most important and versatile
compounds available for anyone interested in using lanthanide
cations. Researchers have found use for this family of
compounds in an extensive range of applications, such

as for catalyst in organic transformation processes (see
Tetravalent Chemistry: Inorganic), biomedical applications
for the determination of cellular activity, contrast agents for
magnetic resonance imaging (MRI) studies (see Lanthanide
Shift Reagents), nuclear magnetic resonance (NMR) shift
reagents (see Lanthanide Shift Reagents), scintillators for
detection of nuclear materials, pyroreprocessing of spent
nuclear fuel, and many other efforts. The increased utility
of Ln cations is driven by the diverse metathesis chemistry of
LnXj that has made a wide range of important organometallic
and metalloraganic precursors. All of the LnX; derivatives
(i.e., F, Cl, Br, and I) are commercially available; however,
the promethium (Pm) adducts are notably absent from all
discussions because of its radioactive nature and omitted from
all discussion below for the lack of available research on this
element.

In order to fully understand the crystal chemistry of
the anhydrous LnXj; and their solvates ([LnX3(solv),]), the
Ln atomic properties of these species must be considered.
The predominant oxidation state for LnX, species is the
+3 state; however, for a number of these cations, the +2
(see The Divalent State in Solid Rare Earth Metal Halides)
and +4 (see Tetravalent Chemistry: Inorganic) states are
available. Since the bonding in these compounds is mainly
ionic, the cation size and sterics of the binding solvent play
a significant role in determining the final crystal structures
isolated. The ionic nature of the LnX, complexes makes

The Rare Earth Elements. Edited by David A. Atwood. © 2012 John Wiley & Sons, Ltd. ISBN 978-1-119-95097-4
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Fourier transform infrared spectroscopy (FTIR) data less
useful for identifying the structural properties. Further, owing
to the paramagnetic nature of the majority of cations in the
family, NMR data is also not typically of use for characterizing
these compounds. The limited number of analytical handles
for these compounds results in single crystal' and powder
X-ray diffraction (XRD) being the tools of choice to
characterize these useful precursors. Therefore, the following
sections focus on the specific structural aspects of LnXj3
species reported; however, for more details, several reviews
are available.>~¢

3 HYDRATES

Hydrates are probably the most widely used LnXj
precursors (albeit most researchers remove the water prior to
use). The production of the anhydrous LnXj3 species has been
approached from a wide variety of synthetic pathways, but
typically, the hydrate species have been isolated. In fact, at

one time, it was feared that there would be no reasonable route
to anhydrous LnX3 materials (the only known route at the time
to generate Ln(0) employed LnX3) and thus it was claimed
that Ln would only be a laboratory curiosity; obviously, this
proved unfounded. However, the hydrates have demonstrated
novel properties that make this family of compounds unique.
Two of the more common routes that are employed to gen-
erate these materials are the reaction of a halide acid with
lanthanide oxide (Ln,O3) (equation 1) or metal (equation 2).
Other halogen-containing reagents such as ammonium halides
or carbon tetrachloride have also been successfully employed
to generate the halide derivatives.

Lny O3 + HX(5q) — 2[LnX3(H,0),] + H,0 (€))

Ln® + HXoq — [LnX3(H,0),] + H, (@)

Little information pertaining to structural aspects of
the LnX;3(H,0), compounds was available until the early
2000s.7-!! By the late 2000s, the entire [LnCl3(H,0),] (X =
Cl, Br, I) series was structurally identified from the dissolution
of the metal in the specific halide acids in water.!* Table 1

Table 1 Structural arrangements for (i) [LnCl3(H,0),] and (ii) [LnCl;(MeOH),, ]

(i) Chloride

Bromide

Todide

H0 | Solv | IS | 0S| Nu

Solv | 1S | 0S | Nu

La 2(w)
Ce 2(w)
Pr 2(1)
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

(o) Nie e Ne o e NN N

[o) 3= =)o Ne e No Ne e Mo N SRR BEN BEN ]
NN RN NDNDNDNDNNDN

e e e e " " N
SN VI I I VU N S O S )

Chloride

2(w)
2(n)
2(w)

[ N
[N SN )

Bromide

z
=

LIIUILI’!LIIUILI’!LIIUI'

PR N

._.._.._.._.._.._.._.._.|

(i) H,O color key: Green (11S/20S-dimer) [Ln(u-X)(H,0);],(X)4; brown (21S/10S)

[LnX,(H,0)1(X) ; Blue (30S) [Ln(H,0),1(X);.

(i) MeOH color key: Red (3IS-dimer) [(MeOH),,(X),Ln(1-X)],, 3IS) [Ln(X);(MeOH),],;;
brown (2IS/108) [LnX,(MeOH)](X); blue = (30S) [Ln(MeOH), 1(X);; purple for [(MeOH),Eu(u-1),],,.

Different shades indicate slight structural variations.

Ln, lanthanide; Solv, number of solvent molecules bound per metal; IS, innersphere; OS,

outersphere; Nu, nuclearity; “—" no structure.
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(@) (b)

Figure 1 Schematic structure plots of hydrate species (a) [{(H,O);Ln(u—X)}12[X] referred to as 11S/20S-dimer shown in
[Ce(u-Br)(H,0)6]122[Br], (b) [(H,0)sLn(X),][X] termed 21S/10S as observed for [GdBr,(H,0)s][Br], and (c¢) [Ln(H,0),]3[X] called 308
adopted by [Yb(H,0)s]3[Br]. (Obtained from Cambridge Structural Database. Obtained from Ref. 12)

lists the structurally characterized [LnX;5(H,O),] species
arranged by cation (i). Combined, these reports illustrate the
different structures available to the [LnX3(H,O)n] family of
compounds; however, information concerning the structures
of the fluorides is limited to the crystal structure of
[LnF3(H20);/2], which is highly insoluble in water.® The
wide range of structure types noted for the other hydrates are
shown in Figure 1 (Lnin green, O from water in red, and halide
in orange throughout the chapter unless otherwise stated) and
involve halide atoms directly bound to the metal (referred to
as innersphere (1S)) and halide anions not bound to the metal
but in close proximity (referred to as outersphere (OS)). The
three structure types shown in Figure 1 are abbreviated, based
on the number of IS and OS halide ligands and are referred to
as (a) 115/20S dimer, (b) 215/10S, and (c) 30S.
[LnCl3(H,0),] family of compounds was found to
adopt two general structure types. The first was identified as
the 71S/20S dimer (Figure 1a), which was solved for the Ln
cations ranging from La to Pr. This structure consists of two
IS bridging chloride (u-Cl) atoms that connect the Ln cations.
The two remaining anions are located in the OS of the Ln
cation. The metals finish their coordination sphere by binding
various numbers of water molecules. Structural ‘‘cross-over’’
points were clearly established for the [LnCl3(H,0), ] species
to occur from Pr to Nd. The structure from Nd to Lu was
shown to adopt a monomeric structure with two IS and one
OS Cl atoms (or 215/10S), as shown in Figure 1b. The degree
of hydration varies on the basis of the size of the cation.
Switching to the bromide anion, the same two structure types
were noted for the early lanthanide cations: the 11S/20S dimer
was observed through the Pr cation followed by the 2IS/10S
structure, which was isolated up to the Dy cation. After this, a
different structure type was adopted, where all of the Br anions
were located in the OS with the cation being coordinated only
by water. This was termed the 30S and is shown in Figure lc.
The iodide derivatives, independent of the Ln cation, were all
found to adopt a 30S arrangement with the degree of solvation
changing on the basis of the decreased cation size. As can be
determined, the size of the Ln® and the X atoms directs the
final structure, with water filling in open coordination sites.

4 ANHYDRIDES

Attempts to generate the anhydrous LnXj species
have dominated research efforts for decades since they are
widely used to generate Ln metals. Typically, it is reported
that heating of the hydrates to drive off the water will result
in oxide formation through the preferential elimination of
HX. The most common method to circumvent this problem
is to heat [LnCl3(H;0),] in the presence of NH4ClI under a
vacuum. Removal of the residual NH4Cl is easily achieved
through sublimation. Generating HX species in sifu from
the reaction of the desired precursor such as Ln,O; or
Ln,(COs); in the presence of thionyl chloride or halosilanes
have also been demonstrated. In contrast to earlier reports,
it has been shown that [LnCl;(H;0),], under vacuum with
careful heating can also yield anhydrous material.!> Once
isolated, however, the LnX; compounds are extremely
deliquescent and require careful handling under inert
atmospheres.

[LnCl3(H,0),] + HXy) — LnX; 3)

The structures of the anhydrous LnX3; have been
characterized by powder XRD phase identification.%13
Figure 2 shows the (2 x 2 x 2) unit cell observed for
the various LnX; anhydrous species. Dimorphism (or two
different atomic arrangements) based on cation size is reported
for the LnF; series, with the preferred phases identified as
either tysonite (YF;: Ln = La to Nd) or -YF; (Ln = Sm
to Lu). Tysonite is an 11-coordinated fully capped distorted
trigonal prismatic coordination of the Y by F atoms, whereas,
the B-phase of YF; is a nine-coordinated tricapped trigonal
prismatic coordinated Y metal center. The size of the cation
dictates the degree of coordinated F atoms. For the chlorides,
the UCl; structure is noted for La through Gd, while Tb adopts
the PuBr; structure, and the rest form the AICI; (or YCl3)
phase. Again, cation size controls the coordination numbers
achieved by the lanthanide cation. For the UCl; structure,
the central cation adopts a tricapped trigonal prismatic
arrangement using nine equidistant Cl atoms. As the Ln series
is transversed, the PBr; structures are reported for the TbCls
species, which forms an eight-coordinated bicapped trigonal
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(€)

Figure 2 2 x 2 x 2 unit cell drawing of (a) tysonite, (b) 8-YF3, (c) UCls, (d) PuBr3, (e) AlCls, and (f) FeCls. Y atoms are shown as blue
spheres, F is pink, U is blue, Cl is green, Pu is blue, Br is brown, Al is pink, and Fe is dark blue. (Pictures courtesy of R. Cygan (Sandia

National Laboratories))

prismatic structure. The remaining Cl derivatives adopt the
AICI; or YClj structure with each cation surrounded by an
octahedron of Cl atoms. For the bromides, three structure
types have been identified: UCl; (La to Pr), PuBr; (Nd to
Eu), and the FeCl; (Gd to Lu). The UCl; and PuBr; phases
have been described (vide infra). Some reports indicate that
the PuBr;3 structure is retained upto Lu, while others state
that the FeCly structure is predominant. The FeCl; phase is
a simple octahedral arrangement of the Br atoms around the
metal center. The early iodides (La to Pm) have been isolated
in the PuBr; structure with the remainder crystallizing in the
FeCl; phase.

Lower (LnX,, see The Divalent State in Solid Rare
Earth Metal Halides) and higher (LnX4) oxidation states
are available for a number of lanthanide halides. For the
+4 species, the anion is typically the fluoride and they
are mainly synthesized by the fluorination of the metal or
LnF;. Of particular interest for organic transformations are
the +2 derivatives, which can be generated from several
routes: thermal decomposition, iodination of metals from
organic species, or comproportionation of the metal with the
+3. Of these, Sml, has found particular use as a catalyst
in organic chemical processes. While structures of these
species may be limited, complexometric titration techniques
have been of use to verify the composition of the bulk
materials.

5 ALCOHOLS

The next largest set of structurally characterized
[LnXj3(solv),] species are the alcohol-coordinated com-
pounds. These species are typically generated by the crys-
tallization of the anhydride materials out of an alcohol (ROH)
solvent (see Lanthanides: Coordination Chemistry).'? Or,
more often than not, these have been the result of an accidental
crystallization of a by-product.

The methanol (MeOH) derivatives have found a
great deal of attention since LnX; precursors are readily
soluble in this alcohol and the Ce adduct has demonstrated
use as a molecular scintillator material. The structure types
noted for these compounds were similar to those observed for
the hydrates and are shown in Figure 3 and in (ii) Table 1.
Again, no fluoride structures are reported. For the chlorides,
a 31IS dimer (Figure 3a) was observed for the La through
Gd cations. This species is an edge-shared complex with
u-Cl, two terminal Cl atoms, and four -coordinated MeOH
solvent molecules filling in the remainder of the Ln cation’s
coordination sphere. After this, a 3IS monomeric species
(Figure 3b) forms with various MeOH degrees of solvation and
appears to extend to the end of the Ln series; however, the final
three (Tm, Yb, and Lu) structures were not isolated. Switching
to the Br derivative, only monomeric species were isolated.
Up to the Nd metal, the MeOH derivatives were identified
as 3IS species, which then converted to a 3OS (Figure 3c)
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(@) (b)

Figure 3 Structure types for MeOH: (a) 31IS dimer shown in [Sm(u-Cl)(Cl)2(MeOH)4]5, (b) 31S as found in [DyCl;(MeOH)4], and (c) 30S
as noted for [Tm(MeOH)g3[1]]. (Obtained from Cambridge Structural Database. Obtained from Ref. 12)

monomer; however, the structure cross-over point was not
established since the Sm and Eu derivatives were not isolated.
Of the sporadic iodide derivatives, only the 3OS complexes
were observed with variations in the number of bound solvent
species. Comparison of the MeOH derivatives to the H,O
species reveals different structures for the same Ln cations. In
addition to the anion and the cation size controlling the final
structure, the size of the coordinating solvent appears to play a
role as well. So, tuning the structure for the desired ligand set
should be achievable on the basis of the solvents employed.

6 OTHER SOLVATES

With this in mind, it is of interest to understand
how other solvents affect the final LnXj3 structure. Few struc-
turally characterized [LnX3(solv),] species of the complete
lanthanide series are available or have been reported.” A
comprehensive review of complex [LnX3(solv), ] with neutral
oxygen and nitrogen donor ligands has been reported that
covers complex Lewis basic ligands (i.e., lactones, gyms,
polyethylene glycols, crown ethers, pyridine and pyridine-
based polydentate ligands, and mixed O-, N-donor ligands).*
Below, the more simple solvents are discussed.

Single crystal X-ray structural characterization
is again the predominate methodology to identify these
[LnXj3(solv),] species. From this family of compounds, a

number of different structure types have been identified. For
the chlorides, there are more than 160 solvated compounds that
contain three Cl for each Ln. For the more than 50 monodentate
solvated LnCl; species, the majority adopt either six- or
seven-coordination geometries. Of the few eight-coordinated
[LnX3(solv),] species reported, two of these compounds
possess six p-Cl along with one tetrahydrofuran (THF) and one
H,O0 solvent, forming polymeric structures. Four additional
noncharged species were isolated as dinuclear species adopting
the general 3IS dimer structure [(solv),(CI)Ln(u-Cl)]. In
addition, several salts have also been isolated. An analysis
of the LnBr; system reveals that only 20 compounds have
been reported but only one of these is a dinuclear species,
[Br,(DME),La(u-Br)] (DME), and no polymeric compounds
have been observed. As noted for the CI derivatives, a number
of salt derivatives with all IS anions have been characterized.
The Lnl; system has more than 80 structures available in the
literature” which include (i) monomeric 3IS Lnl; species that
utilize combinations of bulky neutral ligands, solvent, or both
to fill the coordination sphere; (ii) 2IS/10S [Lnl, ][I] that utilize
bulky ligands, solvents such as HOPr', THF, py, other complex
solvents, or mixture of solvents; (iii) salts; and (iv) polymers.
The following section discusses the solvated structure types
noted from above. While the structure of these compounds are
varied, there are a few general structure types that they can
be grouped in (i) dimers, (ii) monomers, (iii) salts, and (iv)
polymers.! Representative molecules for each of these species
are shown in Figure 4 and discussed in the following sections.

Figure 4 Representative structures observed as (a) 3IS dimer observed for [La(u-Br)(Br),(DME),], (b) 3IS monomer as reported for
[LuCl3(THF)3], (c) salts noted for [EuCl;Cl(Py)-H" py], and (d) polymers as shown for [Gd(CH;CN)(H,0)(u-C1),Cl]». (Obtained from

Cambridge Structural Database. Obtained from Ref. 7)
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6.1 Monomers

For this set of compounds, there are three general
substructure types observed, which is determined by the
number of bound solvents. The number of solvents vary
for such solvents as THF, iso-propanol (HOPr'), acetonitrile
(CH;3CN), pyridine (py), and dimethoxyethane (DME). Some
examples of these systems are as follows:

1. The three-solvent coordinated species forming a
[LnX3(solv);] (where Ln = Lu, Yb; X = Cl, [; solv =
THF). All of these compounds adopt an octahedral (Oh)
coordination geometry.

2. The four-solvent coordinate system adopting [LnXj
(THF)4] when X = CI, then Ln = Nd, Gd, Eu, Sm; when
X = Br, then Ln = La, Ce, Pr, Sm; and when X =1,
then Ln = La, Ce, Pr, Nd. As can be noted, the higher
coordination is typically observed for the larger cations,
such as when [LnX3(HOPr');] forms using X = Br and
Ln = Sm or when X = I, then Ln = La or Ce. However,
when stronger Lewis bases are employed, smaller cations
can adopt this structures as observed for [LnX;(py)s]
when X = Cl and Ln = La, Eu, Er, Yb. Other bidentate
solvents also are included in this section since they fill
four coordination sites, such as in the [LnX;(DME)4]
system when X = Cl and Ln = Nd, Sm, Eu, Gd, Er, Yb
or when X = Br, then Ln = Pr, Nd, Sm, Eu, Yb. As can
be garnered, the smaller cations can easily accommodate
the seven-coordinated species because of the chelation
effect of the solvent.

3. A slight variation of the four-coordinated species is one
cation with two different solvents [LnX;(solv),(solv'),]
such as is noted for the [ErCl;(CH3CN),(H,0),] or
[NdBr3(THF),(HOPr'),]. One system that has generated
large families of mixed solvated compounds includes the
[LnX3(MeOH), (H,0),,] where two structure types were
isolated for these coordination compounds:

(@) [(solv),(X),Ln(u-X)], or 3IS-dimer
(b) [(solv),Ln]3[X] (or 30S), solv = H,0:MeOH).

More regular stoichiometries were noted for
[LnX3(solv)y(solv’),] systems such as [ErCl;(CH3CN),
(H,0),] or [NdCBr3(THF),(HOPr'),]. Of course mixed sol-
vents systems that employ bidentate solvents exist as well such
as for the [LnCl;(THF),(DME),] identified for Ln = Sm, Tb,
Ho, Tm, Lu.

6.2 Dimers

The family of dimeric-substituted LnXj3 species also
have been found to utilize a wide range of coordinating
solvents around the general core constructs of [X,Ln(u-X)]s.
For the Lewis base THF, only two solvents per metal center are
reported for [(THF),Cl,Yb(u-Cl)],. Interestingly, the larger
HOPr' allows for three solvents coordinating per metal for
the chloride derivatives of Ln = La, Nd, Ce. Not surprising
is the increased coordination for 1-methyl imidazole (Melm)

derivatives for the iodides of Ln = Sm and Eu due to its
increase Lewis basicity in comparison to the other solvents.
Retention of the dinuclear structure indicates the stability of
this arrangement since Melm typically yields monomeric
species. It is not unreasonable to observe even higher
coordination numbers for the sterically smaller but strong
Lewis base for the pyridine derivative of [(py)4Cl,La(u-Cl)],.
Also, the tetrasubstituted HOEt derivative has been reported
and is most likely due to the smaller size of the alcohol. The
bidentate species fill the same number of coordination sites
and are included here as well for the DME chloride derivatives
of Ln = La, Ce, Nd, Pr and the DME bromide derivatives of
Ln = La, Sm.

6.3 Salts

Interestingly, some of the species isolated have
formed salt (or charge-separated species located in the same
crystal structure) generated by solvent charging or halide
ligand exchange. Of the former, most are isolated in the
presence of pyridine. For example, in some of the structures,
a bis-pyridinium cation is formed, yielding [LnXs(py)l2[pyH]
for Ln = Eu, Er, Yb. In other instances, two py bind to the
Ln as noted for [YbCls(py)2][pyH]. Other salts result from
segregation of the halide ligands and are mainly observed
for the THF species. The general structure reported is
[(THF)sLnX,][(THF),LnX4] where the chlorides have been
identified for Ln = Gd, Dy, Er, Eu, Tb; the bromides for Eu;
and the iodides for Sm. Another chloride salt species adopts
the general structure type [CH3CN)s YbCl, ]J[(CH3CN)Yb(u-
CD(Cl)3]». Obviously, the shigher the halide coordination, the
lower the solvation coordination.

6.4 Polymers

Only three structure types were available for the
polymeric arrangements that employed coordinated solvents.
Interestingly, these were all for the chloride species. For one
of the polymers, the central seven-coordinated cation has
two solvent molecules and one terminal Cl anion and four
bridging (u-Cl) atoms. The w-Cl links to the neighboring
lanthanide atoms and forms a continuous chain. This occurs
for the THF adducts of Ln = Ce, Pr, Nd. In contrast, the
THF derivative of LaCl; as well as the mixed solvent species
THF/H,O derivatives of Ln = La, Ce, Nd does not possess a
terminal CI atom but instead forms a branched polymer using
wu-Cl for each link. This leaves the central cation as an eight-
coordinated species with six p-Cl ligands. Another derivation
of the four u-Cl arrangement has an eight-coordinated metal
center with a terminal Cl and three bound solvents. The two
examples of this are for La using two HOPr' and water and for
Gd using two H,O and CH3CN. While the majority of these
polymeric structures have been isolated for the larger cations,
the smaller cations may also adopt this structure but further
work is necessary to verify this.
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In addition to the Ln™> species, some of the Ln™?
halide derivative’s structures have also been disseminated
but these are typically a compartmentalized group of anions
and solvated species. All of the +2 species isolated utilized
I ligands with the Lewis basic solvents THF, DME, or
a combination of only these two solvents. The structure
isolated was the monomeric [Lnl,(solv),] arrangement. The
pentasolvated species includes THF adduct for Nd, Eu, and
Sm yielding a seven-coordinated metal center. The only lower
solvate species of this family of compounds is Yb, which binds
four THF molecules, achieving Oh geometry. Two species
(Tm and Sm) use two chelating DME and one THF to achieve
the seven-coordination. In contrast, Sm uses three THF and
one chelating DME to achieve the same coordination number.
For the DME-only solvated species, an eight-coordination was
achieved through the chelation of each DME as noted for Dy,
Sm, and Eu. Also, a seven-coordination occurred for Tm and
YD because of the monochelation of one of the DME solvates,
presumably due to the smaller cation size.

7 CONCLUSION

LnXj are very versatile sets of precursors that have
been incorporated in materials applications such as catalyst
for organic transformations, biomedical applications, NMR
studies, scintillators, and pyro-reprocessing of used nuclear
fuel. The most common oxidation state for these compounds
is +3; however, there are reports of +2 and +4 species. Since
the lanthanides tend to be highly paramagnetic and FTIR
analysis gives limited structural information for these mainly
ionic compounds, single-crystal X-ray structures and powder
XRD analysis help identify the structure types as well as the
phase of these materials. Synthesis of these LnXj often starts
with the preparation of the LnX3 hydrate. The hydrates have
been shown to adopt three structure types:11S/20S dimer,
2IS/108, and 30S depending on which lanthanide and halide
combination is used. To isolate the anhydrous LnX3, heating
of the hydrated compound can be done but it often results
in the formation of oxide; therefore, the most successful
route is to heat the hydrate in the presence of NH4CI under
vacuum, followed by sublimation for purification. These tend
to rehydrate, so inert atmosphere synthesis is vital. In addition,
other solvated LnX3 have been reported including the MeOH,
which was found to adopt a3IS dimer, 3IS, and 30S structure
type based on the anion and size of the cation employed.
Other neutral oxygen and nitrogen donor solvated LnXj
are available as well representing a wide range of solvents.
Lanthanide compounds have the ability to possess a wide range
of coordination numbers as well as structure types which are
displayed in LnX3, [LnX(H,0),], and [LnXj3(solv), ] that have
been reported. The cation, anion, and solvent employed tend to
direct the final structure adopted. As more systematic studies
are undertaken to understand the fundamental nature of these

types of compounds, new structure types will undoubtedly be
uncovered and fine-tuning the final structure will be realized.

8 GLOSSARY

Comproportionation: A mixture of two compounds of the
same element but in different oxidation states that react to
form a product with an intermediate oxidation state. Exam-
ple: Sm® reacted with Sm'" complex to form a Sm!' species.

Halide: A halogen (F, Cl, Br, I or At) bearing a negative
charge.
Innersphere: Ligand bound directly to the metal.

Ligand: Anything bound to a metal center.

Metallorganic: Broadly used term to refer to compounds
that possess both a metal and an organic ligand but does not
contain a metal carbon bond (see Organometallic). A typical
example would be a metal alkoxide.

Organometallic: Broadly used term to refer to a compound
that is a metal with an organic ligand but contains a metal
carbon bond. An example would be a Grignard reagent.

Outersphere: Ligand not bound directly to the metal but
present in the unit cell.

Scintillator: A material that luminesces (or glows) when
exposed to ionizing radiation.
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1 SUMMARY

The coordination chemistry of lanthanide oxides
and hydroxides originates from the hard Lewis acidity and
oxophilicity of the lanthanide ions. Once considered limited
in scope and generally undesirable, the rational synthesis,
structural characterization, and property investigation of
lanthanide oxide/hydroxide (Ln-O/OH) complexes have
attracted much recent interest, stimulated by the steadily
increasing number of such species that are nevertheless
synthetic serendipities. A breakthrough came about in the
late 1990s when the approach of controlled hydrolysis of
the lanthanide ions was developed; the degree of lanthanide
hydrolysis and the subsequent olation reaction of the
resulting hydroxo species are limited due to the limited
number of sites for aqua coordination as a result of the
preoccupation by inorganic and organic ancillary ligands of the
lanthanide coordination sphere. A large number of structurally
pleasing polynuclear lanthanide oxide/hydroxide complexes
characterized by distinct cluster-type Ln-O/OH core motifs
have since been prepared. Significant chemical, biomedical,
and advanced technological applications are envisioned for
these new members of the lanthanide complex family, which
serve to further this niche sub field of lanthanide coordination
chemistry.

2 INTRODUCTION

Lanthanides are a unique group of elements. Their
f electronic configurations, hard Lewis character of their
ions, and their large ionic radii render their coordination
chemistry distinctly different from that of transition metal
elements. Specifically, because of the large ionic size, a high
coordination number is required unless sterically bulky ligands
are utilized. As an alternative to satisfy this requirement,
formation of polynuclear species featuring bridging ligands
is a familiar scenario. The insignificant involvement of f
orbitals in chemical bonding means that lanthanide—ligand
interactions are primarily ionic, leading to generally labile
lanthanide complexes with flexible and irregular coordination
environment. For this very reason, the use of multidentate
ligands is a general practice in the making of stable lanthanide
complexes.

Because of their hard Lewis acid character,
lanthanide coordination toward O-based ligands is strongly
preferred, with water being the one arguably most prevalent
even mundane. Ironically, although the Ln-OH, motif is
ubiquitous in lanthanide complexes, the scope of this particular
chemistry has always been viewed as limited at best. A
dogma is that only within a narrow, low-pH range can aqua
complexes of the lanthanide ions be stabilized; at higher pH,
deprotonation of the aqua ligands occurs, leading to intractable

The Rare Earth Elements. Edited by David A. Atwood. © 2012 John Wiley & Sons, Ltd. ISBN 978-1-119-95097-4
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precipitates of lanthanide oxide/hydroxides. Instead, the major
players in lanthanide coordination chemistry are alkoxides,
aryloxides, as well as multidentate ligands featuring both
O and other non-O coordinating atoms."™ A hiatus clearly
exists between the chemistry of this branch of lanthanide
chemistry and that of lanthanide oxide/hydroxide complexes.
Although less developed, an increasing number of lanthanide
oxide/hydroxide complexes have appeared in the literature,
most of which have been structurally characterized.5® In
addition, many exciting applications have been realized or
envisioned of these interesting chemical species.’ The rapid
development certainly warrants a separate discussion of this
topical research.

The materials presented below are primarily con-
cerned with lanthanide complexes whose central motifs
are characterized by Ln—O, Ln—OH, or a combination of
both. The common structural features of such complexes
are summarized first, together with the various coordination
modes of the oxo and hydroxo ligands. The rational synthesis
of these otherwise elusive substances is then discussed after
a presentation of the historical context of how this partic-
ular chemistry is developed in the light of the widespread
belief that its scope is limited. Salient structural features of
selected examples are then discussed, based on which certain
general principles for the design and synthesis of polynuclear
lanthanide oxide/hydroxide complexes may be developed.
Interesting physical properties and chemical reactivity of these
complexes are detailed toward the end of the discussion, based
on which, useful applications, realized or envisioned, are pre-
sented. This chapter is concluded with a brief summary of
the current status of the research of Ln—O/OH complexes,
followed by an account of the challenging issues ahead and
suggestions as to toward what directions this chemistry may
be heading.

3 GENERAL COMMENTS ABOUT LANTHANIDE
OXIDE/HYDROXIDE COMPLEXES

Three general observations are of particular note
regarding the structure and composition of lanthanide
oxide/hydroxide complexes. First, the presence of OH
ligand is much more prevalent than O group. The latter
may be viewed as formally derived from an OH upon
deprotonation. Unambiguous assignment in crystallographic
work is not always possible, but can generally be made on
the basis of the different Ln—O distances in combination with
charge balancing consideration. Second, only one lanthanide
hydroxide complex has been verified to be mononuclear;’ the
core Ln—O/OH motifs are otherwise exclusively dinuclear and
polynuclear. For complexes of nuclearities >4, cluster-type
structures featuring the lanthanide atoms bridged by O/OH
groups are frequently observed. The ease of cluster formation
may be understood in terms of the unique coordination

behaviors of the lanthanide ions and the O/OH ligands.
On the one hand, the large size of the lanthanide ions
requires a high coordination number. On the other hand,
the negatively charged O/OH ligands are electrically and
“‘coordinatively insatiate,”” and therefore, in need of additional
metal ions. As such, a number of lanthanide ions are
coordinatively stabilized by a number of O/OH ligands, and its
assembly into a cluster type of core is presumably facilitated
by the ready structural reorganization of the Ln—O/OH
arrangement as a result of the primarily ionic nature of the
bonding interactions involving lanthanide ions. To keep an
easy line of discussion, the present discussion is arranged
according to the core nuclearity of the complexes. Third,
a small number of oxide/hydroxide complexes have been
prepared by the direct hydrolysis of lanthanide iodides,!”
nitrates,!’"1* perchlorates,!* and triflates,'> but most oxide
and hydroxide complexes feature organic multidentate ligands
in addition to the O/OH ligands.®® They are believed to
control or limit the degree of hydrolysis of the lanthanide
ions to avoid the formation of intractable precipitates of
lanthanide oxide/hydroxides due to extensive hydrolysis.
Ligands that are successfully applied in this capacity include
a-amino acids, polyaminopolycarboxylates, functionalized
carboxylates, B-diketonates, Schiff bases, and some other less-
commonly used ligands.® Lastly, just as with most lanthanide-
containing compounds, the solid-state structures of lanthanide
oxide/hydroxide complexes generally do not represent their
solution behaviors. Thus, our discussion of salient structural
features of selected examples obtained by single-crystal X-
ray diffraction studies should not be extrapolated for the
identification of corresponding solution species.

3.1 Coordination Modes of OH Ligands

The hydroxo ligand displays a number of coor-
dination modes, collected in Figure 1. Although there are
only three and four lone pairs of electrons on the OH™
and 0%~ group, respectively, thanks to the primarily ionic
nature of bonding of the lanthanide ions, up to five lanthanide
ions can be bridged simultaneously by the same OH lig-
and, and complexes featuring ues-O ligands have also been
reported.

3.2 Rational Synthesis of Lanthanide Oxide/Hydroxide
Complexes

As O/OH groups are formally derived from deproto-
nation of an aqua ligand, which is greatly enhanced by coor-
dination with the Lewis acidic lanthanide ion, conducting lan-
thanide coordination chemistry in aqueous solutions at low pH
(often below 4) is a common practice in order not to produce
precipitates of lanthanide oxide/hydroxides due to extensive
hydrolysis of the metal ion. This concern is easily understand-
able, and analogous chemistry is well established in the precip-
itation of gel-like oxide/hydroxides of Fe!'' and A1 when salts
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Figure 1 Coordination modes displayed by OH in lanthanide hydroxide complexes

of these Lewis acidic metal ions are left in an aqueous solution
for an extended period of time. One may find the situation
somewhat similar to sol—gel synthesis in which a metal alkox-
ide precursor hydrolyzes first to afford metal—-OH (MOH).
Following the condensation of the MOH species, M—O—M is
formed. As the sequential process of hydrolysis and condensa-
tion progresses, more extensive networks of the M—O—M are
formed, eventually producing a wet-gel material. Instead of a
similar condensation of the Ln—OH units, ‘‘olation’’ occurs
in which one OH ligand participates in bridging interactions
with additional lanthanide ions as shown in Figure 2. If the
degree of olation is not controlled, an intractable mixture
characterized by extensive Ln—OH bridging and undesirable
for the making of compositionally definitive and structurally
well-defined complexes would be obtained.

The first insight into the prospect of developing
an equally rich and exciting chemistry of the lanthanide
oxide/hydroxide complexes as that of lanthanide alkoxides
was provided by Evan and coworkers.!® Having isolated
and structurally characterized three unexpected polynuclear
Sm'"" hydroxide complexes, they made the note that
although ‘‘in the past, polymetallic lanthanide chemistry
involved primarily alkoxide ligands, an accessible hydroxide-
based polymetallic chemistry may now be available to the
lanthanides.”’ In the meantime, more examples of polynuclear
lanthanide oxide/hydroxide complexes featuring cluster-type
Ln—O/OH cores have appeared in the literature.!”~!* Although
adventitious hydrolysis was suspected to be responsible
for the assembly of these serendipitous discoveries, no
systematic studies were available until Zheng and coworkers
developed the rational synthesis of polynuclear lanthanide
oxide/hydroxide complexes using the approach of ligand-
controlled hydrolysis of the lanthanide ions.®® The essence
of this approach is that the ligands pre-occupy part of the
lanthanide coordination sphere, thus leaving only a small

number of sites for aqua coordination. Upon deliberate pH
enhancement, the aqua ligands, bound to and activated by the
metal ion, undergo deprotonation, affording the corresponding
hydroxo complex. Olation reaction ensues because the OH
group is unsaturated, both coordinatively and electrically,
leading to polynuclear hydroxo-bridged species. Clearly, it is
the preoccupation of the coordination sphere by the supporting
ligands with different numbers of coordinating atoms and
steric bulk that controls the number of sites available for aqua
coordination and in turn, the degree of hydrolysis and the
structure of the cluster eventually assembled.

3.3 Lanthanide Oxide/Hydroxide Complexes
of Different Nuclearities

Significant advancement has been made in the devel-
opment of the chemistry of lanthanide oxide/hydroxide
complexes. A great variety of species with different
nuclearity and often aesthetically pleasing core structures
(Figure 3) have been reported in which the O/OH groups
are engaged in extensive bridging interactions with the
lanthanide ions. We note that only one structurally char-
acterized mononuclear lanthanide hydroxide complex exists
in the literature.® The crystal structure of Sm(TpMe),(OH)
(TpMe2 —tris(dimethylpyrazolyl)borate, a sterically cumber-
some ligand) is shown in Figure 4. The steric protection of
the Sm'™" ion by the two extremely bulky ligands clearly pre-
vents the hydroxo group from participating in any bridging
interactions with other lanthanide complex unit(s).

If one takes the various supporting ligands into
consideration, a detailed discussion of these interesting
compounds becomes a challenge. The following discussion is
thus limited to selected and representative examples according
to the nuclearity of the cluster core. It is noted that many higher
nuclearity cores such as those shown in the bottom portion of

H, H
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H’O:,,/ \,O >0
H H H

Figure 2 Hydrolysis of aqua lanthanide complexes via olation of the intermediate Ln—OH species, affording lanthanide hydroxide complexes
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Figure 3 Core structures of representative polynuclear Ln—O/OH complexes. Ln (green), O (red)

eercee
WIOZOW

Figure 4 The crystal structure of Sm(TpM°?),(OH). (Reprinted
with permission from Ref. 9. Copyright (2002) American Chemical
Society.)

Figure 3 can be formally constructed by using smaller well-
defined Ln—OH building blocks shown in the top portion of
the same figure.

3.3.1 Dinuclear Complexes

A large number of lanthanide hydroxide complexes
featuring a diamond-shaped dinuclear core doubly bridged
by two w,-OH groups have been reported, most of which
are products of adventitious lanthanide hydrolysis, and are
not reproducible.!%2-24 With the ligand-controlled hydrolytic
approach, they can now be rationally synthesized starting
from a mononuclear aqua complex. Shown in Figure 5
is the synthesis of [(EDTA)Er(1-OH),Er(EDTA)]*~;¢ the

dinuclear core structurally resembles the active site of many
naturally occurring nucleases. In fact, dinuclear lanthanide
hydroxide complexes bearing such a core motif have been
shown to catalyze the hydrolytic cleavage of DNA and RNA
analogs,?>%7 which is of significance in the model studies of
these very important metalloenzymes.

3.3.2 Trinuclear Complexes

The first trinuclear lanthanide hydroxide complex
structurally characterized was reported by Evans and
coworkers,'® based on which the insightful suggestion of
accessible chemistry of lanthanide hydroxides was made.
Additional examples, though much fewer than dinuclear
or tetranuclear complexes, have since appeared in the
literature.?8-3% A triangular arrangement of the metal atoms
face-capped by one or two 13-OH ligands, above and/or below
the Lnj plane, is a prevalent motif found in these complexes.
This hydroxide core is then encapsulated and stabilized by
the organic supporting ligands through bridging interactions
along the sides of the trimetallic array.

3.3.3 Tetranuclear Complexes

Lanthanide oxide/hydroxide complexes featuring
discrete and recognizable tetranuclear Ln—O/OH units are
most abundant among all reported lanthanide hydroxides.
Three distinct core motifs, the distorted cubane, the rhombus,
and the square, have been found, with the cubane-like structure
being dominant.

The cubane motif, consisting of four metal atoms
and four u3-OH groups occupying the alternate vertices of
the cube, was reported as early as in 1968 in the crystal
structure of lanthanide-containing zeolites.3! The prevalence
of this motif was subsequently suggested by a number of
unexpected complexes that share the same cubane core
structure, despite the fact that they were obtained under
markedly different reaction conditions and with the use of
distinctly different organic ligands.!”"!” Most extensive and
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Figure 5 Synthesis of the dinuclear hydroxide complex [(EDTA)Er(1.-OH),Er(EDTA)]*~ by deliberately hydrolyzing [(EDTA)Er(H,0),]~

with aqueous NaOH
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Figure 6 Crystal structure of {[Euy(u3-OH), (nic)s(H,0)g]2}*+ (nic = nicotinate) featuring two-bridge tetranuclear [Eug(3-OH)4] units.
(Reproduced with permission from Ref. 5. © John Wiley & Sons (Asia) Pte Ltd, 2010.)

systematic work to rationally produce complexes bearing such
a core motif was accomplished by Zheng and coworkers who
developed the so-called high-pH coordination chemistry of
the lanthanide ions by employing ligands such as «-amino
acids, polyaminopolycarboxylates, and S-diketonate ligands
to control the hydrolysis of these unique metal ions.6832
In such an approach, the deliberate enhancement of the
pH of the reaction mixture ensures complete hydrolysis,
as opposed to adventitious hydrolysis suspected for the
formation of the serendipitous literature precedents, while
the organic supporting ligands prevent extensive hydrolysis
from occurring and thus avoiding the intractable precipitates
of oxide/hydroxides.

The prevalence of the cubane motif has now been
well established. In addition to being seen in complexes with

ligands derived from the aforementioned conventional ligands,
they are also found in complexes with rather sophisticated
or even unusual ligands including polyoxometalate and
cucurbit[6]uril.33 Furthermore, higher nuclearity complexes
can be assembled by using the cubanes as building blocks,
either through bridging ligands to produce linked cluster
arrays or networks or by directly sharing metal vertices to
generate fused multiclusters.3*-3% Shown in Figure 6 is the
crystal structure of the cationic cluster complex {[Eug(u3-
OH),(nic)s(H,0)3]2}** (nic = nicotinate) consisting of two
tetranuclear units of [Eus(us-OH)4(nic)s(H,0)g]> bridged
by two nicotinate ligands using the ligand’s carboxylate group
for two lanthanide ions of one of the cubanes while using its
pyridyl N atom to coordinate a lanthanide ion within the other
tetranuclear cluster core.34
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Figure 7 The structures of (a) dodeca-, (b) pentadeca-, and (c) octadecanuclear clusters templated by two p4-1" ions, a us-X~ (X = Cl,
Br) ion, and pue:n':n'in'inlint:n'CO2", respectively. Formal assembly of a 60-metal hydroxide complex featuring 24 vertex-sharing
[Lng(u3-OH)4] cubane units. These cubane building blocks form six dodecanuclear squares and eight octadecanuclear hexagons that are
further assembled into the sodalite cage. (Reproduced with permission from Ref. 5. © John Wiley & Sons (Asia) Pte Ltd, 2010.)

With four, five, and six vertex-sharing cubanes,
wheel-like cyclic structures (Figure 7), templated by anionic
entities such as halide and carbonate ions, have been
obtained.3-3® Even more sophisticated complexes can be
formed by using these wheel-like secondary building units,
for example, the 60-metal hydroxide cluster core composed of
24 vertex-sharing cubanes organized into a giant cage of the
well-known sodalite structure.®

Although not nearly prevalent as the cubane
motif, the rhombus-shaped tetranuclear core of Lng(us-
OH), (Figure3) is found in a number of lanthanide
hydroxide complexes. Such an arrangement can be viewed
as two edge-sharing equilateral triangles, each being face-
capped by a w3-OH group, one above and the other
below the tetrametallic plane. As an example, the crystal
structure of Lng(p3-OH), (1, n%-acac)s(n?-acac); (Ln=,
Nd; acac = acetylacetonate) containing such a core is shown
in Figure 8.3%40

3.3.4 Pentanuclear Complexes

A square pyramidal arrangement of lanthanide ions
face-capped by triply bridging OH groups constitutes another

Figure 8 Crystal structure of Lng(u3-OH),(u,n?-acac)s(n7%-acac),
(Ln =Y, Nd). (Reproduced with permission from O. Poncelet and
L.G. Hubert-Pfalzgraf, ‘‘Reactivity of neodymium(Ill) isopropox-
ide derivatives: Synthesis, characterization and crystal structure
of [Nds(u3-OH)a(u2, (r1-acac)e(acac)y],”” Polyhedron, 1989, 8,
2183-2188. Reproduced from Ref. 39, Copyright (1989), with per-
mission from Elsevier.)
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Figure 9 Crystal structure of [Dys(p4-OH)(i3-OH)4(1t, n*-Phyacac)s(n?-Phyacac)s]. (Reproduced with permission from Ref. 5. © John

Wiley & Sons (Asia) Pte Ltd, 2010.)

common motif for lanthanide hydroxide complexes. The
basal plane generally features a wu4-O/OH ligand. Shown
in Figure 9 is the crystal structure of [Dys(us-OH)(us-
OH)4(1¢,n*-Phyacac)s(n2-Phyacac)s ], one such example with
1,3-diphenyl-1,3-propanedionate (Phjacac) as the supporting
ligand encapsulating the pentanuclear core of [Dys(u4-
OH)(u3-OH)4].#!

Joining two such pentanuclear units by sharing
the nonbasal lanthanide atom affords an hourglass-like
nonanuclear motif whose basal planes are twisted by 90° with
respect to each other. As such, the eight basal lanthanide
atoms form a square antiprism. A number of hydrox-
ide complexes containing such a core have been reported,
including [Lng(j4-OH),(13-OH)s(acac)i6]* [Mo2(CO) o1~
H)]” (Ln=Sm, Eu, Gd, Dy, Yb) and [Smg(u4-OH),
(m3-OH)g(acac)is]t [CrW(CO)o(u-H)]~, obtained by the
hydrolysis of Ln(acac);-2H,0 promoted by homo or hetero-
dinuclear decacarbonyl hydrides.*>** The crystal structure of
[Smy(114-OH),(13-OH)g(acac)i¢]™ is shown in Figure 10.45
It is interesting to note that in the very first series of
complexes containing the nonanuclear core, [Lng(14-0),(13-
OH)sLjs]- [Ln =Y;L = MeC(O)CHC(O)OCH,CH=CH,
or MeC(O)CHC(O)OCH,CH3, Ln = Sm, Eu, Gd, Dy, Er,L =
CgH5C(O)CHC(O)CHs;], w4-0 rather than p4-OH is the end-
capping ligand, an assignment consistent with the noticeably
different Ln—O distances and corroborated by the number of
counterions.*6 That two different forms of the O-based ligands
are present in closely related core structures indicates the sub-
tlety of this class of lanthanide-containing compounds and the
coordination chemistry of lanthanide hydroxides in general.

3.3.5 Hexanuclear Complexes

By sharing the basal plane, two pentanuclear units
would make an octahedral, hexanuclear cluster core, with or
without an interstitial pg-oxo group. Such a core can also
be viewed as capping the above pentanuclear unit with an
additional and sixth lanthanide atom. The first lanthanide
complex containing one such discrete octahedral core is
[Ces(1t3-O)6(e3-OH)4(acac)i,], isolated from the hydrolysis
of Ce(OCHMe,),(acac),.*” It is interesting to note that only
four of the eight face-capping ligands are hydroxo groups of
this “‘hollow’” hexanuclear cluster core while the remaining
four are p3-oxo ligands. This combination is mandated by the
Ce'V ions. In a recent report, a similar hollow octahedral core
of [Gds(1e3-OH)g] has been found in a heterometallic 3d—4f
cluster assembly.#’” An almost identical hexanuclear cluster
motif with an interstitial ws-O group is more frequently
observed. Complexes containing such a core were obtained by
the direct hydrolysis of lanthanide perchlorates,'# nitrates, -4
iodides,!® and most recently by lanthanide hydrolysis in
the presence of a trivacant Wells—Dawson polyoxo-anion
a-[P; W15056]'2~.#8 The crystal structure of [Nds(6-O)(j43-
OH)g(H,0),4]%" obtained by base-promoted direct hydrolysis
of Nd(C104)3 is shown in Figure 11.14

There exist a number of tetradecanuclear lanthanide
hydroxide complexes whose core can be viewed as for-
mally constructed by combining two square pyramids of
[Lns(us-OH)(3-OH)4] with one “‘hollow’’ octahedron of
[Lng(e3-OH)g] by vertex sharing. The structural relationship
between the penta-, hexa-, nona-, and tetradecanuclear species
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Figure 10 Crystal structure of nonanuclear complex [Smg(u4-OH),(13-OH)g(acac) 6] . (Reproduced from Ref. 44, Copyright (2006), with

permission from Elsevier.)

Figure 11 Crystal structure of [Ndg(us-O)(u3-OH)g(Hy0)p413+.
(Reprinted with permission from Ref. 10. Copyright (2006)
American Chemical Society.)

can be easily discerned from the relevant structures presented
in Figure 3.4°-51

In addition to the regular octahedral cluster core
structure, a rare example of an open, chair-like hexanuclear
lanthanide hydroxide motif (Figure 12) was identified in

the structure of [Lnz(u3-OH),(BDC);35(H,0),]-H,O (Ln =
Y, Yb, Er; BDC = 1,4-benzenedicarboxylate) coordination
polymer obtained under hydrothermal conditions.5? The
hexanuclear building block, consisting of six lanthanide ions
and four p3-OH groups, can be conveniently described as four
edge-sharing units of [Lnz(u3-OH)].

3.3.6 Octanuclear Complexes

The octanuclear lanthanide hydroxide cluster core
was first identified in EI'g([L4-O)(,u,3-OH)12(THD)g (THD =
2,2,6,6-tetramethy1heptane-3,5-dionate).53 It is a triangu-
lated dodecahedron with an interstitial oxo group; each
of its triangular faces is capped by a wu3-OH group.
The same cluster core has also been found in [Eug(ue-
0)(u3-OH)12(12-OTf)15(OTH),]  (Figure 13)'° and  [Eug
(4-0)(13-OH)12(DMF)g(Ses)(Ses)3(Ses),]. > That  the
same cluster core is obtained with different ancillary lig-
ands suggests the prevalence of this motif in the lanthanide
hydroxide coordination chemistry.

4 PROPERTIES AND POSSIBLE APPLICATIONS

Lanthanide oxide/hydroxide complexes are a class of
intriguing lanthanide-containing compounds, not just because
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Figure 12 Crystal structure of [Y3(u3-OH),(BDC);.5(H,0),]-H,O with its chair-like core motif. (Reproduced with permission from Ref. 5.

© John Wiley & Sons (Asia) Pte Ltd, 2010.)

Figure 13 (a) Crystal structure of [Eug(u4-O)(1t3-OH)12(12-OTH)14(0OTH),] with its coordination sphere (b) and cluster core (c). (Reproduced
with permission from Ref. 5. © John Wiley & Sons (Asia) Pte Ltd, 2010.)

of the beautiful Ln—O/OH core structures, but because
of the inherent Lewis acidity of the trivalent metal ions,
unique magnetic properties, and luminescence characteristics.
Diverse applications in developing novel catalysts, hybrid
materials, molecular magnetic materials, and bioimaging
contrast agents are envisioned.

4.1 Catalysis

The ability of lanthanide hydroxide complexes
to catalyze the hydrolytic cleavage of DNA and RNA
analogs, mimicking the function of natural nucleases, has
long been recognized.?>"*’ Many dinuclear complexes have

been prepared for model studies. A possible mechanism as
suggested by the crystallographic studies of natural nucleases
entails first the coordination of the phosphate group of a
nucleic acid by the Lewis acidic lanthanide ion, followed
by nucleophilic attack by the metal-bound OH group. The
lanthanide ion is believed to (i) activate the substrate by
removing part of the electron density from the negatively
charged phosphate O atom; (ii) enhance the nucleophilicity of
an OH group; and (iii) facilitate the departure of the leaving
group following the nucleophilic attack. Other propitious traits
include the large size of the metal ion to accommodate both
the substrate and nucleophile in the same coordination sphere
and the primarily ionic nature of the bonding interactions
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that would facilitate any necessary structural reorganization in
order to achieve an optimal substrate/nucleophile arrangement
for reaction.

The catalytic potential of lanthanide hydroxide
complexes have also been shown in more chemistry-
oriented schemes. For example, the air- and moisture-
stable pentanuclear complex, [Ys(u4-OH)(u3-OH)4(ue, n>-
Phyacac)s(n?-Phsacac)s], has been found to catalyze the
oxidation of aldehydes to the corresponding carboxylic acids
in the presence of air.5

4.2 Cluster—Polymer Hybrids with Enhanced Properties

Three-dimensional cationic frameworks featuring
lanthanide hydroxide clusters as building blocks have been
prepared by using amino acids or other types of bridging
ligands.35 As-prepared materials possess nanosized pores that
are occupied by water and counterions from the original
synthesis. These substances may find zeolitic applications for
anion exchange or occlusion and activation of electron-rich
substrates.

In addition, hybrid materials have been made by
doping diketonate cluster complexes of lanthanide hydroxide
into organic polymers. The resulting materials exhibit lowered
coefficients of thermal expansion, increased moduli, reduced
solvent sensitivity while preserving acceptable thermal and
mechanical properties.’’

4.3 Lanthanide-Containing Molecular Magnetic
Materials

Possessing a large number of unpaired electrons and
magnetic anisotropy, lanthanide complexes are particularly
attractive for developing single-molecule magnets for
information storage. As an example, trinuclear Dy""" hydroxide
complexes have been shown to exhibit single molecular
magnet-like slow relaxation behavior within its excited states,
even though it possesses an almost diamagnetic ground spin
state.?®58 This peculiar magnetic showing has been ascribed
to noncolinearity of the easy axes of magnetization of the Dy!!!
ions that lie in the Dyj3 triangular plane, but are disposed at 120°
with respect to each other. Clearly, the trimetallic arrangement
bridged by two w3-OH groups is critical in determining the
observed magnetic properties. A more recent report describes
an anion-dependent slow magnetic relaxation behavior in two
tetranuclear Dy'"" hydroxide complexes. Thus, it appears that
there is a real possibility to realize novel molecule-based
magnetic materials whose properties may be tuned by altering
the core structure of the magnetic clusters.

Magnetically active lanthanide oxide/hydroxide
complexes are also of potential applications in developing
magnetic refrigeration, an energy-efficient and environmen-
tally friendly technology operating on the magnetocaloric
effect (MCE).® MCE is an intrinsic property to a magnetic

solid, and it has been shown that a molecule exhibiting a
large MCE usually possesses a large spin ground state, neg-
ligible magnetic anisotropy, existence of low-lying excited
spin states, dominant ferromagnetic exchange, and a large
metal/ligand mass ratio. Recent literature reports clearly point
to the potential use of high-nuclearity Gd'"" clusters in this
capacity, in particular those featuring extensive bridging inter-
actions via O/OH ligands.

4.4 New Paradigms of Biomedical Imaging Contrast
Agents

Mononuclear aqua complexes of Gd™' with stabi-
lizing ligands such as DTPA and DOTA are valuable in
enhancing the contrast of clinical magnetic resonance imag-
ing (MRI).%%6! The greater the contrast, the higher the quality
of the images, and the greater their value to the physician
performing the diagnosis. Moreover, the greater the contrast,
the smaller the body structures that may be visualized in the
imaging procedure. In other words, enhanced contrast can
lead to improved resolution. As a result, much effort has
been devoted to identifying methods of enhancing contrast
in diagnostic imaging. Gd"-based contrast agents work on
the principle of shortening the relaxation time (77) of water
molecules in the vicinity of the complex via exchange of the
body fluid water molecules with the aqua ligand. In other
words, the higher the number of aqua ligands on a contrast
complex, the higher the efficiency of the agent. However, there
is only one aqua ligand in the current clinically used contrast
agents, and their uses are not based on their efficiency. Rather,
it is out of the consideration of costs and stability/clearance
profile. In principle, the efficiency as judged by the contrast
agent’s relaxivity can be increased if a complex with a large
number of exchangeable aqua ligands is used. Indeed, with the
use of [Gdie(e-OH),(1e3-OH)16(H,0)s(L-serine)zo] ™% a
tetradecanuclear cluster with serine as supporting ligand, a sig-
nificantly increased relaxivity over the clinically utilized Gd™
contrast reagent has been achieved, portending the significant
applications of high-nuclearity lanthanide oxide/hydroxide
complexes as MRI contrast agents. Furthermore, the high con-
tent of lanthanide elements, heavy atoms capable of effectively
attenuating X-ray radiation, makes such complexes potential
new paradigms of contrast agents for radiographic imaging.%?
The key roadblock to further development appears to be the
stability (or lack thereof) of the currently available complexes.

S CONCLUSIONS

The development of the chemistry of lanthanide
oxide/hydroxide complexes has come a long way, from the
dogma of such chemistry being limited and not interesting, to
academic prerogative stimulated by the unexpected isolation
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of structurally pleasing cluster complexes, and finally to
systematic and rational synthetic studies toward the reliable
production of potentially useful materials. The number of
reports dealing with their preparation, physical properties,
and potential applications of practical significance is steadily
increasing, and it appears that tremendous opportunities exist
for further development.

Significant progresses notwithstanding, there is still a
tremendous potential for further development of this research
field, but significant challenges remain. For example, a large
number of complexes displaying diverse and often pleasing
structures have been obtained, but reliable reproduction of
many of these species remains elusive, in particular for
polynuclear hydroxide complexes. As such, ‘‘the ‘rational
design’ of polynuclear lanthanide (cluster) complexes with
specific properties is currently an inexact science, and
exploratory syntheses, with the hope of discovering new
materials with useful properties, has been a common
alternative.”’® On the other hand, interesting properties
and potentially significant applications of many lanthanide
oxide/hydroxide complexes have been demonstrated. For
example, some of these clusters have been used as precursors
for oxide materials in advanced technologies. Efficient
synthetic nucleases have been developed that show superior
catalytic properties in the hydrolytic cleavage of nucleic
acids. Potential applications of certain cluster species as
new paradigms of contrast-enhancing agents in biomedical
imaging have also been demonstrated. Fixation of atmospheric
CO; has also been observed in a number of cluster species,
which carries significant ramifications from the environmental
viewpoint.®%% More fundamentally, many novel chemical
transformations have been found to be facilitated by
lanthanide-containing clusters. It is entirely reasonable to
predict that this particular research will continue to grow with
high possibility of producing many new species with novel
structures and realizing useful applications that may not even
have been contemplated.

6 GLOSSARY

Cluster: A chemical species containing three or more metal
atoms that are directly metal-metal bonded, or within normal
bonding distances and with significant inter-metal interaction,
or bridged by some nonmetal atoms.

Contrast agents: Contrast agents are a class of pharma-
ceuticals that when administered to a patient, enter and pass
through anatomic regions of interest to provide transient
enhancement of contrast in medical imaging procedures.

Hydrolysis: A chemical reaction in which a substance
reacts with water to be converted into one or more other
substances.

Nuclearity: The number of metal atoms in a polynuclear
complex.

Nucleases: Enzymes that hydrolyze nucleic acids.

Olation: The process by which metal ions form polymeric
oxo or hydroxo species in aqueous solution.
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1 SUMMARY

The use of metal alkoxide [M(OR), ] precursors con-
tinues to grow, driven mainly by their use in the development
of complex ceramic materials (i.e., electroceramics, super-
conductors, and computer memories) but also as catalysts
supports, biological applications, power sources, and many
other research efforts. Of this particular family of compounds,
the lanthanide alkoxides ([Ln(OR)3]) have been found to be
of interest because of a number of the inherent properties of
these unique cations. In particular, the systematic changes in
the cation size that the lanthanide contraction delivers without
changing the charge allows for the fine-tuning of material
systems. The first [Ln(OR);] was reported in 1958 and their
study was greatly accelerated in the 1980s as they proved to be
excellent precursors to luminescent materials. Since that time,
there has been substantial effort to further develop this family
of compounds; however, only a handful of reviews are avail-
able concerning the properties of [Ln(OR)3;] compounds.'~
This section details some of the general trends noted in these
and other literature reports with a particular emphasis on the
structural properties of the [Ln(OR);].

2 INTRODUCTION

A [M(OR),] is a derivative of an alcohol (HOR),
where the proton has been replaced by a metal. The bonds
of the M—O are typically considered to be polarized with the

8 + residing on the metal and the §- on the OR ligand. The
degree of polarization is heavily dependent on the metal and
the OR ligand. Therefore, it is not surprising that [Ln(OR)3]
is considered to be highly ionic in nature because of the high
electropositive nature of the Ln and the high electronegativity
of the oxygen. This polarization greatly reduces their solubility
and volatility in comparison to other tervalent alkoxides. The
molecular complexity of these precursors has been thoroughly
investigated using a number of analytical tools. However,
NMR data is often limited because of the paramagnetic nature
of the Ln cations and results in a heavy effort associated with
single crystal X-ray diffraction studies to elucidate the solid-
state structure of these compounds. Therefore, the following
discussion focuses on the homoleptic [Ln(OR),] species that
have been crystallographically characterized.

A Dbrief discussion of the synthetic routes to the
[Ln(OR),] is presented in the following sections. The reader
is urged to find the original literature that detail the different
efforts necessary to successfully isolate the compounds
discussed. The various problems/limitations associated with
these strategies are addressed below.

3 SYNTHETIC ROUTES

The syntheses of [Ln(OR), ] are air-sensitive because
of their susceptibility to hydrolysis. Therefore, most work is
performed under strict anhydrous conditions using glovebox
and Schlenk line techniques. While the +2 and +4 states have

The Rare Earth Elements. Edited by David A. Atwood. © 2012 John Wiley & Sons, Ltd. ISBN 978-1-119-95097-4
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been reported for the [Ln(OR),] species, the general chemistry
of the lanthanide elements is dominated by the tervalent
oxidation state (Ln**). A number of synthetic routes are
available to prepare the +3 homoleptic lanthanide alkoxides
along with their Lewis base adducts. The majority of these
pathways involve the reaction of various anionic ligands (i.e.,
alkoxide, halide, amide) with the alcohol of choice. Detailed
descriptions of synthetic methodologies are available in the
literature but a general description is provided below along
with the various problems and limitations associated with
these strategies.!

The simplest method for generating [Ln(OR),] is
termed metal alcoholysis (equation (1)). In this effort, the
metal is dissolved in the alcohol (often in the presence
of a catalysts (i.e., HgCl, or Hg(CsFs),). However, the
effectiveness of the reaction between the Ln® and excess
HOR is limited by the general nonreactivity of both
precursors. The surface oxide layer that readily forms on
the bulk metal significantly reduces the utility of this
pathway. Of the diverse, readily available alcohols, the
iso-propoxide (OCHMe, or OPr’) derivatives are the most
commonly reported product. Using the above methodology
(equation (1)), ligand decomposition or adventitious water
caused by the difficulties in drying alcohols often leads to
alkoxy, oxo clusters, as evidenced by the numerous structurally
characterized examples of Lns(u5-O)(OCHMe,);3 (Ln = Eu,
Nd, Gd, Er, Yb). While equation (1) is the preferred route
since this will avoid any number of other side products that
plague other metal alkoxide synthesis routes (equations (2—4),
it is often not effective because of the reduced reactivity based
on oxide coatings or low acidity of the ROH employed.

Additional solventless, inert fluxes, or transmetala-
tion/ligand metatheses have also become established routes
for the synthesis of La(OAr); derivatives and the more favored
of these (equations (2—4)) are briefly discussed.

Ln® + 3HOR — “Ln(OR);”’ + 3/2 Hy(g) (1)
Ln(OR’); + 3 H-OR — ““Ln(OR);"* + 3 H-OR’ )
LnX; + 3 A(OR) —= “Ln(OR);” + 3 AX 3)

LnX; + 3 ANR; A;( Ln(NR»);

-3

“Ln(OR)3”” + 3 H-NR; 4
TIhOR n(OR);”* + 2 4

If the [Ln(OR);] of interest are commercially
available, one of the easiest syntheses is to react the precursor
with the desired alcohol. The alcoholysis methodology
involves a protonolysis reaction (exchange) of one or more
coordinated alkoxide ligands (alcohol exchange, equation (2))
with another alcohol of interest. The extent of ligand
substitution is dependent on numerous conditions, so an excess
of alcohol followed by heating is typically used to induce
complete exchange. However, this is not always successful
and care must be taken to fully characterize the final product.
Unfortunately, few [Ln(OR)3] are commercially available and

their limited solubility often leads to solutions at low molarities
being sold, which greatly restricts the use of equation (2).

The halide metathesis route (equation (3)) utilizes
anhydrous lanthanide halides, LnX3 complexes (X = Cl, Br,
I), in exchange with alkali metal or thallium alkoxides. The
general metathesis reaction (equation (3)) is often frustrated
by the reduced solubility of the base-free LnX3 compounds, as
well as the retention of the halide, the metathesis metal, and/or
oxo-group formation. An ammoniacal synthesis is sometimes
employed to circumvent the low solubility of LnXj3. For this
route, ammonia gas is condensed at low temperatures (i.e., dry
ice/acetone bath) onto the LnXj3 precursor. The appropriate
alkali metal (A°) is then added to precipitate the AX by-
product, yielding a blue solution believed to be a short lived
“Ln(NH,),”” species. After this, the desired HOR is added
and the reaction allowed to stir, and the [Ln(OR);] obtained
by allowing the ammonia to slowly boil off as the reaction
warms. This approach is similar to the aminoloysis route
(equation (4)) with the amide generated in situ. Some reports
indicate that the use of simple alkyl-substituted groups can
lead to the incorporation of the alkali metal but a wide number
of solvent-free aryloxides have been successfully generated
by this method. However, there are some instances where the
NHj; was found to bind to the Ln metal center.

Of all the routes reported, the most useful, versatile,
and reproducible for the production of [Ln(OR), ] compounds
is the aminolysis route shown in equation (4). This is
particularly true if the tris-amido ‘‘Ln(NR;);’’ complex
produced in step (i)is adequately purified by multiple
recrystallizations or sublimation. The most common Ln(NR;);
precursor is the trimethylsilyl amide [NR,; = N(SiMe;);]
derivative, which has been crystallographically characterized
as monomeric species supported via a distorted trigonal planar
arrangement of amide ligands. The reaction with alcohols
(step ii) usually proceeds rapidly in a variety of solvents and
is often performed at low temperatures.

While the +3 oxidation state dominates the chemistry
of'the [Ln(OR), ], other oxidation states are available. Divalent
lanthanide alkoxides [Ln(OR),] are the next most abundant
for the [Ln(OR),] family. In general, two specific routes
are favored for production of [Ln(OR),] species: (i) metal
alcoholysis or (ii) divalent precursors. Following equation (1)
sometimes yields the +2 derivative; however, the conditions
that favor this oxidation state have not been explained. Other
routes to divalent [Ln(OR);] that use the bulk metal include
redox transmetallation/ligand exchange reactions, which
employ either Hg(CgFs), or thallium(I) phenolate reagents.
The other often-used approach to synthesize [Ln(OR),]
species is to undertake the direct metathesis with [A(OR)]
or aminolysis using Ln +2 derivatives. As can be discerned
while synthetic routes to [Ln(OR),] species are available,
additional research is necessary to develop rational methods
that yield [Ln(OR),]. For the +4 species, the Ln** cation is
typically part of a charge separated (i.e., salt) system.
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4 CHARACTERIZATION

As discussed previously, [Ln(OR);] compounds are
frustratingly difficult to identify using common analytical
methodologies. This is due to several factors, including their
tendency to retain spurious atoms or molecules (i.e., halides,
alkali metals, solvents), the large cation to small charge
on the alkoxide, and the ionic nature of the Ln—O bond.
[Ln(OR)3] can easily decompose upon exposure to air or heat,
making elemental analyses vary considerably from sample to

Table 1 General list of crystallographically identified [Ln(OR)3]

sample. Further, these compounds often burn before melting,
making classical melting point determinations difficult. In
addition, most of the Ln cations possess a high degree of
paramagnetism, rendering NMR spectroscopic investigations
difficult. FTIR spectroscopic data is useful in determining
some compositional information but distinguishing the various
constructions is difficult. Therefore, single crystal X-ray
diffraction studies have led the way in terms of understanding
the solid state structural properties of this family of
compounds.’ The rest of the chapter discusses some of the

Type Ligand Formula Lanthanide Nu Coord
Alkyl OPr OCH(CHj3), Ce, Nd, Yb 2 On
Eu(I1I, 1I) 4 6
OBU/ OC(CHs)3 La, Ce, Nd, Dy, Er 3 Op
ONep OCH,C(CHj3);3 La, Ce, Pr, Nd, Sm, Eu(II), Gd, 4 sbp
Tb, Dy, Ho, Er, Tm, Yb, Lu
TBM OC(C(CH3)3)3 Ce, Nd 2 Ty
Yb(ID) 1 Ty
Di-substituted OPh DMP OC¢H;(CHj3),-2,6 La 1 8
Ce, Nd, Eu(Il), Pr 2 Op
Dy, Er Oh
Dy 3 tbp
DIP OCgH;3(CH(CH3),)-2,6 La, Pr, Sm, Gd, Dy, 1 Varied
Ho, Er, Lu
La, Eu, Nd, Sm, Er, Dy, Pr 2 3LPS
DBP OC¢H3(C(CHj3)3)2-2,6 Ce, Pr, Nd, Eu, Dy, Er, Sm, 1 Varied
Yb, Lu
DPhP OC¢H3(CgHs),-2,6 La, Ce, Pr, Nd, Yb, Lu, Yb, 1 Varied
Tm, Sm, Ho, Eu(Il)
Yb(I/IIT), Yb(II), Eu(II/IIT) 2 Varied
DBP-3,5 OC¢H;3(C(CHj3)3)-3,5 La 4 tbp
Nd 3 Op/pbp
Er, Yb, La 2 O, tp
DBzP OC¢H;3(CH,CgHs),-2,6 La, Eu(Il), Yb 2 sbp
Tri-substituted OPh OMes OC¢H,(CHj3)3-2,4,6 Nd, Eu, Yb 2 Op
Sm, Er, Yb 1 Oy
Eu 3 Oh
Er 4 tbp
DBP-Me-4 OCsH;3(C(CH3)3),- Yb 2 Varied
2,6-(CHj)-4 Sm, Eu(Il), Yb(II/III) 1 tbp
Nd, Er, Yb(II) 1 Td
TBP OC¢H,(C(CHj3)3)3-2,4,6 Sm(II) 1 5
Sm(1T) 1 6
Yb 1 sbp
Yb(I) 1 sbp
DBP-OMe OC¢H,(C(CHj3)3)2-2,6- Nd, Ho 1 Tq
(OCH3)-4
Sm, Yb 1 sbp
Tetra-substituted OPh DPP-3,5-Me OCH(C¢Hs),- Yb 1 Tp
2,6-(CHj3),-3,5 Yb(II) 1 tbp
DPP-3,5-BUI OCGH(C6H5)2- Yb 1 Tp
2,6-(C(CHj3)3)2-3,5 — — _
DPP-3,5-Ph OC¢H(C¢Hs)4-2,3,5,6 Yb 1 sbp
Siloxides ™S OSi(CH3); Nd 4 On
TPS OSi(CgHs)s3 La, Ce, Pr, Sm, Dy, Er 1 Oy
Ce, Dy, Er 2 Varied

Oy, octahedral; sbp, square base pyramidal; Ty, tetrahedral; 3LPS, 3-legged piano stool; tbp, trigonal bipyramidal; pbp, pentagonal bipyramidal;

tp, trigonal pyramidal; sbp, square base pyramidal.



200 THE RARE EARTH ELEMENTS

more general trends noted for the various sub-groups of
[Ln(OR)s].

Table 1 gives an abbreviated listing of the crystal-
lographically characterized homoleptic [Ln(OR);] reported.!
Again, this is not meant to be a complete listing of the numer-
ous ligand variations but to give an overview of the existing
structures. There are two major groups that these alkoxide
ligand sets can be broken down into: (i) alkyl and (ii) arylox-
ides, with the latter being the predominant section. The rest of
this chapter describes some of the rich and diverse structures
observed for the [Ln(OR);] species.

4.1 Alkyl Compounds

For the numerous alkyl alkoxides isolated for
[Ln(OR);], only a handful of ligands have been investigated
for a majority of the different Ln cations, including (i) OPr’,
(ii) tert-butoxides (OC(CHs;); or OBu'), (iii) neo-pentoxides
(OCH,C(CHj3); or ONep), and (iv) tri-z-butyl methoxide
(OC(C(CH3)3); or TBM). This list omits the oxo species
that are prevalent throughout the development of alkoxide
compounds.

For the OPr' homoleptic species, dinuclear com-
plexes have been generated always with bound Lewis basic
solvents (i.e., HOPr', THF, DME). The coordination of the
Ln metals with a homoleptic OPr’ ligand set was found to
adopt an octahedral (Oy,) arrangement. The number of OPr’
derivatives increases dramatically when the oxo species are
included. An unusual tetranuclear Eu(II/IIT) OPr’ species has
been reported with seven-coordinated metal centers adopting
a “‘butterfly’” arrangement. Figure 1 shows the structure plot
of this complex. For all the figures in this section, the O and C
atoms are drawn as red and white spheres, respectively. Each
Ln cation has its own particular colored sphere. For example,
in Figure 1, Er is pink with red O and white C atoms for the
HOPr' ligand—the same color scheme is used for Figure 4(d).

Typically for transition metal complexes, as the steric
bulk is increased on the ligand, both nuclearity and the number
of uncharged bound ligands (i.e., solvents) decrease because

Figure 1 Structure  plot  of  Eug(ug-OPr')(u3-OPr)y(u-

OPr),(OPr)3(H-OPr' ),-H—OPr’

of steric hindrance. For Ln, increasing the steric bulk from the
OPr’ to the OBu’ ligand set results in a surprising increase
in nuclearity but a reduction in the number of bound solvent
ligands. These species have all been identified as trinuclear
solvated species with Oy, geometries around the metal centers.

The neo-pentoxide (ONep) ligand is often found to
be more sterically demanding than most primary and even
some secondary alcohols. This is thought to be due to an
increased steric hindrance caused by rotation of the z-butyl
groups around the methylene carbon. When the ONep ligand
was introduced to the Ln cations, a tetranuclear species was
isolated, independent of the size of the cation. For each
of these compounds, the metal centers are oriented in a
square arrangement and inter-connected via eight bridging
u-ONep ligands (four above and four below the plane of
the Lny fragment). Figure 2 shows the general structure type.
The four remaining terminal ONep ligands radiate outward
from each metal center (i.e., one per Ln ion). Each metal is
therefore penta-coordinated, adopting a distorted square-based
pyramidal geometry with a terminal alkoxide ligand occupying
the apical position. This is surprising, since independent of
the size of the cation (including Sc and Y —often added as a
part of the Ln series), the general structure type is not varied;
however, metrical data does show the changes wrought from
the cation contraction. Further, no solvents were found bound
to these metal centers. The only member of the Ln(OR); that
has every member crystallographically characterized is the
neopentoxide derivative (ONep).b

The final dominant alkyl alkoxides are the tris(fert-
butyl)methoxide (TBM) derivatives. These were found for
the +3 to adopt a dimer structure with the bound solvents.
For the Yb%t cation, a monomer with the bound solvent was
isolated. It is of note that other alkyl alkoxide ligands have
been sporadically structurally investigated with the majority
of these compounds yielding solvated dinuclear complexes.
One interesting species is the methoxyethoxide (OEtOMe)
derivative of Dy’, which forms an unusual decanuclear star-
shaped species (see Figure 3).

Figure 2 Structure plot of [Ln(u-ONep)2(ONep)]4
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Figure 3 Structure plot of [Dy(u-OEtOMe),(OEtOMe)];o

4.2 Aryloxide Compounds

For the aryloxide derivatives, numerous substituents
on the ring have been reported. This section focuses on
the homoleptic alkyl derivatives of phenol (H-OPh or
H—OC¢Hs5). It is of note that no unsubstituted OPh species
have been reported for the Ln compounds, which is most
likely due to uncontrolled oligomerization causing low
solubility. Further, only one monosubsituted alkyl species
has been structurally characterized, the Oy, bound monomeric
Ce(0BP);(THF);, where (oBP = OC¢Hs(Me)-2). However,
a great deal more effort has been put forth for the 2,6-
disubstituted species.”

For the 2,6-dimethylphenoxide (DMP) species, a
wide range of nuclearities are observed for the final species
characterized, ranging from mono to di to tri (linear). All
of these compounds have coordinated solvents that assist
in minimizing oligomerization with all of the metal centers
adopting either a five- or a six-coordination geometry. Shown
in Figure 4 are some of the THF adducts and the structure
types observed for these compounds.
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Figure 4 Structure plots of Ln(DMP);(THF), derivatives showing
the diverse arrangements available: (a) monomer for Er(DMP);
(THF)3, (b) dimer for [Nd(u-DMP)(DMP),(THF);],, and (c) linear
trimer for Eu[(u-DMP); Eu(THF)3],

Increasing the steric bulk of the 2,6-substituents
on the OPh ring to an iso-propyl group or the 2,6-di
(iso-propyl) phenoxide (DIP) species results in a reduced
number of structure types—only monomeric and dinuclear
species are observed as shown in Figure 5. All of the
monomers were coordinated by a Lewis basic solvent such
as THF, py, or NH3; however, the degree of solvation varies
based on the size of the Ln cation, which leads to a number of
different coordination environments available. The observed
dinuclear species are m-bound by the phenyl ring of the DIP
ligand to the neighboring Ln cation. The increased steric bulk
prevents isolation of any trinuclear complexes as of now.

Finally, the di-fert-butyl or DBP derivatives are
all found to be monomeric, adopting 3—5 coordination
environments. These derivatives are the few that can be
isolated without solvents; however, they can be easily solvated
by simple dissolution in a Lewis basic solvent. The monomeric
nature is not solely due to the 2,6-7-butyl substituents, since
the mesityloxide (OMes) species have been found to form
both monomeric and dinuclear complexes. Figure 6 shows

< X
¢

Figure 5 Structure plots of Ln(DIP)s, derivatives: (a) monomer as for Dy(DIP);(NHj3), and (b) dinuclear shown for [Nd(n-DIP)(DIP), ],
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representative monomeric DBP compound structures and the
monomeric and dinuclear OMes compounds. Other alkyl
derivatives are available but most involve a sterically hindering
ligand (i.e., #-Bu groups) that results in monomeric species
with bound solvents.

Additional 2,6-substitutents that possess phenyl rings
are also available and have unusual interactions. These
diphenyl (DPHP) and dibenzyl (DBzP) phenoxide ligands
tend to reduce nuclearity using m-interactions to form unusual
mono- and di-nuclear complexes. These can be simple
monomers with no m-interactions to unsolvated monomers
with a phenyl ring m-bound to the metal center. In addition,
dinuclear species where the pendant phenyl rings of a «-DPhP
ligand of one metal center binds to that of the other. As
expected, with the large cation size of the Ln cations, the
various arrangements of these compounds can become quite
complex with salt species being frequently reported. Figure 7
shows some of the structure types noted for the DPhP species.
The 2,6-benzyl derivatives (DBzP) have been fully explored
and were found to form dinuclear species that utilize bridging
u-DBzP ligands that m-bind back to one of the metal centers
and/or the terminal DBzP mt-binding to the metal center.® The
various structural binding modes can be observed in Figure 8
for the Eu derivative. It is of note, once again, that this
just scratches the surface of “‘simple’” aryloxide species. Bi-,
tri-, and tetra-dentate polysubstituted aryloxides have been
successfully reacted with the various Ln cations. The reader
should delve further into the existing literature to get specific
structural information on any alcohol of interest.
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Figure 6 Structure plots of DBP and OMes derivatives shown for
(a) Pr(DBP)3, (b) Nd(DBP-Me-4);(THF), and (¢) [Yb(u-DBP-Me-4)
(DBP-Me-4)]1,
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of DPhP derivatives:

Figure 7 Structure plots (a) solvated
monomer with no m-bonds shown for [La(DPhP);(THF),], (b) mono-
mer with 7-bonds as in [Tm(DPhP);], (c) dimer with m-bonds
noted in [Euy(u-DPhP);(DPhP)], and (d)salts as shown for
[Tb, (1-DPhP);]*-[Yb(DPhP),]

4.3 Siloxides

One alternative set of ligands that have been
explored are the siloxides (OSiRj3). These species induce
a slight electronic variation in the alkoxide ligand from the
introduction of Siin place of the C. The commercially available
trimethyl and phenyl derivatives appear to give structural
species that resemble their alkoxide analogs. A wide variety
of silanols are available and more diverse structure species
are expected as work with these ligands increases (see Rare
Earth Siloxides).

5 CONCLUSIONS

The lanthanide contraction allows for a controlled,
systematic study of the inclusion of lanthanide cations

Figure 8 Structure plot of [Eu(#, u-DBzP)(n-DBzP)(DBzP)],



LANTHANIDE ALKOXIDES 203

in materials to fine-tune their final properties. Because
of this tenability, [Ln(OR);] species have been used as
precursors to a variety of ceramic oxide materials for use
in such applications as scintillators, magnets, nanoparticles,
bioimaging agents, luminescent, and thermal materials. The
Ln cations typically adopt the +3 oxidation state; however,
the +2 and +4 are accessible for a number of these
metals. Synthesis of the [Ln(OR),] compounds requires
inert atmosphere conditions to avoid hydrolysis through
circumjacent water. There are several synthetic routes to
obtain useful precursors, with the aminolysis route yielding
the highest purity compound. To characterize these often-
paramagnetic [Ln(OR);] compounds, NMR is typically of
little use and FTIR mainly gives information about the ligand,
so single crystal X-ray structure analysis has dominated this
area of research. Both alkyl and aryl alkoxides have been
studied crystallographically and are summarized in Table 1.
The structure types range from mononuclear to tetranuclear,
with a wide range of coordination numbers. Many [Ln(OR);]
contain irregular geometric arrangements in addition to a wide
range of coordination numbers, which necessitates the need
for crystallographic characterization to fully understand the
structure before it is employed in materials systems. It is
important to note that this chapter discusses only a few of
the many homoleptic, homocationic [Ln(OR);] species, and
none of the heteroleptic or heterocationic species that are
available. The existing work on [Ln(OR),] should lay the
groundwork for an understanding of the exciting and diverse
structure types that are possible with this family of compounds.
Further, control over the nuclearity and arrangement can be
achieved using steric substituents and solvents, which will
lead to greater tailored materials.

6 GLOSSARY

Electroceramic: a group of metal oxide (ceramic) materials
that are of interest due to their electrical properties, such as
computer memories, high dielectric materials, and capacitors.

7 RELATED ARTICLES

Lanthanides: Coordination Chemistry; Lumines-
cence; Lanthanide Oxide/Hydroxide Complexes; Rare Earth
Siloxides; Organic Synthesis.

8 ABBREVIATIONS AND ACRONYMS

oMP = 2-methylphenoxide; DMP = 2,6-di-methyl
phenoxide; DIP = 2,6-di-iso-propyl phenoxide; DBP = 2,6-
di-#-butyl phenoxide; TBM = tri(#-butyl)methoxide; ONep =
neo-pentoxide; [Ln(OR)x] = lanthanide alkoxide.
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1 SUMMARY

Rare earth siloxides, also referred to as rare earth
silanolates or silyloxides, are molecular compounds of the
general bond sequence Ln—O-SiR;, where R = alkyl, aryl,
silyl, alkoxy, or siloxy. These well-defined species are
believed to be useful as precursor for silicate materials and
heterogeneous catalysts as well as homogeneous catalysts in
organic transformations. A brief discussion of the electronic
and steric properties of various siloxide ligands used in
the chemistry of rare earth siloxides is followed by a
representation of important synthetic and structural aspects
of divalent, trivalent, and tetravalent rare earth siloxides along
with selected reactivity studies. Special emphasis is given to
the chemistry of trivalent rare earth siloxides and involves
a discussion of synthetic methods, structures, coordination
modes, and important bond parameters of the Ln—O-Si
bond sequence. Applications of some heteroleptic rare earth
siloxides as homogeneous catalysts in the polymerization of
isoprene and hydrosilylation of olefins are discussed briefly.

2 INTRODUCTION

The chemistry of rare earth siloxides, also referred
to as rare earth silanolates or silyloxides, dates back to 1970,

when Batwara and Mehrotra! reported the first synthesis of
homoleptic and heteroleptic erbium and gadolinium trimethyl-
siloxides of the general formula Ln(OSiMe;),(OPr');_,.
These compounds were prepared by reacting trimethylsi-
lylacetate with Ln(OPr); via transesterification and were
characterized by elemental analysis and infrared (IR) spec-
troscopy. The molecular complexities of the homoleptic
siloxides [Gd(OSiMes)s], (n = 3-4) and [Er(OSiMes)s],
(n =3-5) in benzene were measured, but their solid-state
structures were not determined by X-ray crystallography. It
took until 1989 for the first crystal structure of the octahe-
dral cerium(IV) triphenylsiloxide, (Ph3Si0)4Ce(DME), to be
reported by Gradeff and coworkers.? Soon after the synthesis
and structural characterization of further rare earth siloxides,
the field developed rapidly, in part driven by the belief that rare
earth siloxides have the potential of being useful as homoge-
neous catalysts in organic transformations (see Homogeneous
Catalysis), as molecular precursors for novel silicate materi-
als, and as model compounds for silica-supported rare earth
metal catalysts. The commercial availability of various stable
organosilanols and rare earth metal precursor compounds has
helped generate further progress in the field.>-3 This chapter
aims to take a more general view of the synthetic and struc-
tural aspects of rare earth metal siloxides in different oxidation

states. Particular emphasis is given to the steric and electronic
eject
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influence of siloxide ligands on the structure, stability, and
reactivity of the supported rare earth metals.

3 PROPERTIES OF THE SILOXIDE LIGAND

By far, the most popular siloxides employed as sup-
porting ligands for rare earth metal ions are monoanionic
Ph3SiO~, bidentate monoanionic (Bu’0);SiO~, dianionic
[(OSiPh,),0]?>~, and trianionic [R7Si;O09(0)3]*~ formally
derived from the silanols Ph3SiOH, (1); (Bu'O);SiOH, (2);
(HO)SiPh,OSiPh,(OH), (3); and the ‘‘incompletely con-
densed’’ POSS R;Si;09(OH)3, (4), respectively. (Scheme 1).
The structure and chemistry of these synthetically readily
available silanols are well documented in the literature and
have been reviewed thoroughly.®-8

Siloxides (R3SiO™) are electronically analogous
to alkoxides (RO7); they may act as o + 2n donors for
metal ions and can formally be described as monoanionic
6e~ donors.’ However, the Opr-to-Mp back-bonding is
reduced compared to aliphatic alkoxides owing to back-
bonding of the O, orbitals into fairly low lying and vacant
silicon—carbon o* orbitals of the SiR3 group. This in turn
decreases the overall electron-donating power of siloxides
and further increases the Lewis acidity of the metal center.
However, the electronic and steric properties of R have
a significant impact on the electron-donating property of
R3Si0™. A good estimate of the electron-releasing properties
of R3SiO~ can be obtained from the relative acidity of its
protonated form, R3;SiOH, which progressively decreases as
R becomes more electropositive. This is consistent with
the following order: (siloxy);SiOH > (alkoxy);SiOH >
(aryl);SiOH > (alkyl);SiOH > (silyl);SiOH. As pointed
out by Wolczanski,!’ siloxides behave electronically very
similar to phenoxides, as both bind with somewhat more ionic
character to early transition metals than aliphatic alkoxides.
There is even more ionic character in the Ln—OSiR3 bond
than in the early TM—OSiR3 bond because of the much larger
ionic radii of the highly Lewis acidic rare earth metal ions and
the fact that the 4f electrons are effectively shielded toward the
influence of o, m-donor ligands (see The Electronic Structure
of the Lanthanides).

4 LN" SILOXIDES

Relatively little is known about the chemistry
of divalent rare earth siloxides, primarily because of the
sensitivity of these cations to oxidation as reflected in their
highly negative standard reduction potentials [E anH Lty =
—0.35 V (Ew), —1.05 V (Yb), —1.55 V (Sm), —2.30 V
(Tm), —2.50 V (Dy), and —2.6 V (Nd)]. The first report on a
divalent rare earth siloxide dates back to 1996, when Hitchcock
et al." reported the synthesis and X-ray structure of dimeric
[(Bu’'Me,SiO), Yb(DME)],. The compound was prepared in
70% yield from the reaction of elemental ytterbium with
Bu'Me,SiOH and DME in liquid ammonia.

The synthesis and chemistry of the first struc-
turally characterized samarium(Il) complexes supported by
the bidentate monanionic siloxide, (Bu’Q);SiO~, are shown in
Scheme 2.!% Reaction of (Cp*),Sm(THF), with (Bu’0);SiOH
gave the dinuclear samarium(II) trisiloxide (5) in 93% yield,
which served as a useful precursor for a variety of chem-
ical transformations at both the Sm!' centers and the Cp*
ligand. Most remarkable are reactions of (5) with the triva-
lent rare earth siloxides, (Ph3Si0); Sm(THF);, [(Bu’O);SiO];
Sm(THF),, and [(Bu’'O);Si0]3Gd(THF),, which with loss of
THF gave the Cp*-bridged trinuclear Ln''-Sm!! siloxides
(6) in excellent yields. Treatment of (5) with divalent Sm[N
(SiMes),]2(THF), generated the ionic samarium(I) hexas-
iloxide (7). X-ray analysis revealed that the two dinuclear
samarium(II) trisiloxide subunits are bridged via the Cp* lig-
and to form a tetranuclear samarium(II) hexasiloxide cation.

5 Ln'"" SILOXIDES

5.1 Synthetic Methods

There are a number of synthetic pathways to trivalent
rare earth siloxides and their Lewis base adducts such as
salt metathesis, transesterification, acid—base chemistry, and
silanolysis. Less frequently used are insertions of organo
rare earth complexes into cyclic and linear siloxanes!*~15 and
CO;, insertion into rare earth silylamides.16 Transesterification
is a common route for the preparation of sterically less-
hindered early transition metal trialkyl siloxides and involves

P \i/OH
P BuQ Py Ph 0’5 O o,
< B z s / i
Phar’ —~OH BuOa_’ ~OH Pher: -O-—_ _aPh H>g0p7 S™R P
Si Si Si Si \ _/\ 0—sj
| iy ] o 50
Ph OBu OH OH \ O R g~
/Si—O/\
(1) @ (3) R L@

Scheme 1 Most commonly used silanols in the synthesis of rare earth siloxides
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Scheme 2 Synthesis and reactivity of dinuclear samarium(II) siloxide (5)

treatment of transition metal alkoxides with trialkylsilyl
acetates !7. This method requires elevated temperatures but
can be applied to rare earth metals and provides easy access
to homoleptic trimethyl and triethyl siloxides in very high
purities (equation 1). Deprotonation of silanols with rare earth
metal alkyls, hydrides, alkoxides, or silylamides provides a
second important and convenient synthetic route to homo-
and heteroleptic siloxides in high yields and purities useful
for metal organic chemical vapor deposition (MOCVD)
applications.!® These reactions often proceed smoothly at
room temperature with elimination of highly volatile and
easily removable by-products such as H,, RH, ROH, or
HN(SiMe3), (equations 3—5). This synthetic protocol also
avoids separation of salts by filtration.

n R3SiOAc + Ln(OR); — (R3Si0),Ln(OR)s_, +nROAc (1)
n R3SiOM + LnX3 — (R38i0),LnX;_, + nMX )
n R3SiOH + LnR3 —= (R3Si0),LnR;_, + nRH 3)
1 R3SiOH + Ln(OR); — (R3Si0),Ln(OR)s_, + nROH  (4)
n R3SiOH + Ln[N(SiMes),]5 — (R3Si0),Ln[N(SiMe3)2]5-n

+ n HN(SiMes), )

Reactions of anhydrous rare earth halides with
alkali metal siloxides, R3SiOM, yield hetero- and homoleptic
rare earth siloxides via salt metathesis (equation 2). The
aforementioned alkali metal siloxides can be conveniently
generated from deprotonation of silanols with Bu”Li or MH.
However, these reactions require donor solvents such as THF
and Et,0 and are often accompanied by solvent coordination
to the final product or lead to the formation of salt adducts and
““ate’” complexes.>~5

5.2 Structure and Aggregation

The structural chemistry of homoleptic trivalent rare
earth siloxide shows striking similarities to that of rare earth
alkoxides (see Lanthanide Alkoxides)."® Both classes of
compounds form aggregated structures in the solid state and in
solution, particularly when the metal ion is sterically accessible
and coordinatively unsaturated (Scheme 3). Aggregation
preferentially occurs via bridging; each of the bridging
R3Si0~ ligands may coordinate to two or more metal ions,
which typically results in the formation of dimers or highly
aggregated clusters. For example, the sterically less-hindered
siloxide, [Nd(OSiMej3)3]s, forms a tetramer in the solid
state. 2"

All bridged dimers feature a central Ln,O; core (type
I), which in the presence of strong donor molecules such as
THF, DME, OPPh;, or pyridine dissociate into mononuclear
species with either octahedral (type IT) or trigonal bipyramidal
structures (type III). Similar structural motifs are found
in cyclic silsesquioxane-based rare earth siloxides. In the
presence of donors, distorted octahedral (V) or distorted
trigonal bipyramidal complexes (IV) are formed, which in
solution through loss of donor solvent may be in equilibrium
with their respective dimers (see Lanthanides: Coordination
Chemistry).?

The structural chemistry of the dianionic disiloxide
ligand, [(OSiPh,),0]*", is somewhat different from the
aforementioned systems as in all cases either spirocyclic
“‘ate’” complexes (type VII) or spirocyclic salt adducts (type
VI) are formed with rare earth metal ions.?=23 The formation
of these two structural types is heavily dependent on the size of
the rare earth ion and synthetic protocol applied (Scheme 4).
Thus, the smaller ions Y3* and Sc3* preferentially form salt
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Scheme 4 Synthesis and structure of rare earth tetraphenyldisiloxane-1,3-diolates

adducts, whereas the larger ions Sm** and Nd3* can form
both types of siloxide complexes.

5.3 Ln—-0O-Si Bond Parameters

It is generally accepted that M—O distances are
shorter for M—O—-R groups that have M—-O-C angles
approaching 180° owing to ligand to metal n-bonding. The
case of rare earth siloxides, however, should be approached
with caution, since silicon is more electropositive than carbon,
and siloxides bind with somewhat more ionic character to
rare earth metal ions. Table 1 displays the average Ln—O

and Si—O distances and Ln—O—Si angles of selected dimeric
and monomeric Ln" triphenylsiloxides (9-18) along with
cerium(IV) siloxide (19) and aluminum(IIl) siloxide (8).
From a comparison of these data, some general trends can
be discerned. (i) All triphenylsiloxides have large average
Ln—0O-Si angles ranging from 164 to 178°. (ii) The terminal
Ln-O distances of the bridging dimers (9-11) and the Ln—-O
distances of the monomeric species (12—17) follow the
expected size-dependent trend; as the size of Ln3* decreases
across the series, the Ln—O distance decreases monotonically.
(iii) Owing to their lower coordination number, (9-11) have
terminal Ln—O distance that are 5—7 pm shorter than the
average Ln—O distances for (12), (14), and (16), respectively.
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Table 1 Selected average atom distances (pm) and angles (°) of various rare earth siloxides

Compound Oxidation state CN M-0 Si-0 M-0-Si
8) (Ph3Si0); AI(THF) +3 4 170 161 153
9 [(Ph3Si0); Y], +3 4 206 161 178
(10) [(Ph3SiO);Cel, +3 4 217 163 164
1n [(Ph3SiO);Dyl, +3 4 207 161 169
(12) (Ph3Si0); Y(THF); +3 6 213 158 172
(13) (Ph3SiO);La(THF); +3 6 223 160 173
(14) (Ph3Si0);Ce(THF); +3 6 222 160 174
15) (Ph3SiO);Sm(THF); +3 6 217 159 175
(16) (Ph3Si0); Dy(THF); +3 6 213 159 174
a7 (Ph3SiO);Dy(py)2 +3 5 214 157 178
(18) [(Ph3SiO)4Y(DME)][K(DME),] +3 6 217 158 169
19) (Ph3Si0)4Ce(DME) +4 6 211 162 174

(iv) Upon increasing the formal oxidation state of Ce from (III)
in (14) to (IV) in (19), the Ce—O distance significantly shortens
from 222 to 211 pm, while the Si—O distance slightly elongates
from 160 to 162 pm. (v) The Ln—O distance increases if the
formal oxidation state does not change but the number of
triphenylsiloxides bound to the metal ion increases, as is seen
from a comparison of the Y—O distances of yttrium siloxide
(12) with anionic species (18).

A comparison of the Ln—O distances of rare earth
siloxides and alkoxides is complicated by a lack of structural
information on alkoxides that have similar steric properties
to triphenylsiloxides. However, according to a search in the
Cambridge Database, the Ln-O distances of aliphatic rare
earth alkoxides appear to be somewhat smaller, consistent
with the increased overall electron-releasing properties of
alkoxides relative to siloxides.

5.4 Reactions Involving Ln—OSiR; Bond Cleavage

Mehrotra et al.! studied the hydrolytic cleavage
of the Ln—O bond of rare earth trimethylsiloxides and
found that these compounds hydrolyze at a much lower
rate than aliphatic rare earth alkoxides (see Lanthanide
Oxide/Hydroxide Complexes). This was attributed by the
authors to the water-repellent properties of the hydrophobic
trimethylsilyl group. Similar observations have been made
by Bradley et al., who investigated the partial hydrolysis
of early transition metal alkoxides and trimethylsiloxides
to soluble, oligomeric, and polymeric oxo(alkoxide)s and
oxo(siloxide)s.?* Kornev efal. studied reactions of the
homoleptic lanthanum and gadolinium siloxides (20) and
(21) with CO, (equations 6 and 7).25 Clean formation of
the monosilyl and trisilyl carbonate complexes (22) and (23)
resulting from insertion of CO, into Ln—O bonds was observed
in high yields. Carbonate formation via CO; insertion does
not seem to appear in the homoleptic siloxides [Pr(OSiMes)],
and [Nd(OSiMe;)] generated from reactions of excess CO,
with Pr[N(SiMe;3),]3 and Nd[N(SiMe3), 13, respectively'® The
propensity of (20) and (21) to readily incorporate CO,
may arise from the better electron-releasing properties of

(Me;Si);Si0O~ as opposed to Me3;SiO~. This in turn might
facilitate nucleophilic attack of CO; by the siloxide ligand (see
section 5.3). It should be noted that CO, readily inserts into
rare earth phenoxides to generate stable carbonate complexes.
These species could be involved as the actual catalysts in the
copolymerization of CO, with epoxides.?6

[(Me;Si);SiO]sLa(THF);(20) + 3CO; —
[(Me3Si)3Si0OCO,JsLa(THF),(22) (©)
[(Me;Si);Si0]3Gd(THF),(21) + CO; —
[(Me3Si);Si0],Gd[0,COSi(SiMes); [(THF),(23) (7)
[(R3Si0)3Ln],(24) + 6A1Me; —
(R3Si0)Ln(AIMey), (AlMe;3) (25) ®)

Anwander and coworkers investigated reactions
of various dimeric Ln siloxides (24) (Ln =Y, La, Nd,
Lu) with excess AlMes;. The formation of a multitude of
products arising from Ln—OSiR; bond cleavage was noted.
Only in the case of {[(Bu’0);SiO];La},, (24), could a
single product, [(Bu'O);SiOLa(AlMey4),(AlMe;)], (25), be
isolated and structurally fully characterized.?” A selective and
more convenient route to (25), with Ln = La, Ce, Pr, Nd,
is provided via reactions of [Ln(AlMe4);] with 1 equiv.
of (Bu'O);SiOH. Complexes (25) (Ln = Ce, Pr, Nd) in
combination with Et, AICI as cocatalyst showed high catalytic
activities in the polymerization of isoprene but exhibited an
inferior performance compared to its counterpart, Ln(AlMey)3
(Ln = Ce, Pr, Nd) (see Homogeneous Catalysis).*%*

5.5 Siloxides as Spectator Ligands

There are only a few studies of siloxides serv-
ing as spectator ligands in the chemistry of trivalent
rare earth metal complexes. In an attempt to design
robust precatalysts for the hydrosilylation of olefins, Okuda
etal. prepared several rare earth complexes supported
by the siloxide ligand, (Bu’0);SiO~ (Scheme 5).3" Reac-
tion of [Ln(CH,SiMes);(THF),] (Ln=Y, Tb, Lu) with
(Bu'0)3SiOH afforded the dimeric siloxides (26). Addition
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Ln(CH,SiMe3)3(THF),
Ln=Y, Th, Lu

+ (Bu'0),SiOH
—_—

THE, THE |2t
t \¥_THF ,
(Bu'0)3SiO—Y [BPh,],"~
N> THE 2
THF THF
(29)

THF ‘+ 2 [NEt;H][BPh,]

Bu!
Bu’O\S./O\L wCH,SiMeg,
2Ol n
eI
Bu'O 07 CH,SiMe,

(26) (Ln = Y, Th, Lu)

THF | + [NPhMe,HI[B(C4Fs),]

[(Bu'0)3SiOYCH,SiMe3(THF),][B(C4Fs5),]
(27)

Scheme S Synthesis of neutral and cationic rare earth siloxides

of 1 equiv. of [NMe,PhH][B(C¢Fs)s4] and [NEt;H][BPhy4]
allowed for the synthesis of the monocationic species (27) and
(28), respectively, in good yields. Treatment of (26) (Ln = Y)
with 2 equiv. of [NEt;H][BPh4] gave the dicationic yttrium
siloxide (29), of which the solid-state structure was deter-
mined. X-ray data revealed that none of the Bu’O groups
bridge to the central yttrium dication and that the Y—O dis-
tance (207 pm) of (29) is somewhat shorter than that of the
bridging dimer (26) (Ln = Y) with 211 pm.

The yttrium siloxides (26) and (27) showed catalytic
activity in the hydrosilylation of 1-decene. However, the
neutral complex, {[(Bu’0);SiO]Y(CH,SiMes),},, (26), was
far superior to their cationic counterpart (26) as it completely
catalyzed the hydrosilylation of 1-decene by PhSiHj at
room temperature within 2 h. Cationic (27), under similar
conditions, only gave a 30% conversion after 20 h and (28)
did not show any activity at all. The poor performance of
the cationic yttrium siloxide species was presumed to be

Cl

osl oy
\O/SFXO/U(DME) —
Ph\Sli THFS|i/Ph

P S0~ Ph

(DME)Li

(30)

O + AlMe,

THF | + [NEt;H][BPh,]

[(Bu'0)3SiOLNCH,SiMeg(THF),J[BPh,]
(28) (Ln =Y, Tb, Lu)

due to their rapid decomposition during the catalytic process
(see Homogeneous Catalysis).

Edelmann et al. recently reported the reaction
behavior of the heterotrimetallic lithium—scandium—lithium
siloxide (30) toward AlMe;, GaMes, and InMes, respectively
(Scheme 6).3! In case of excess AlMes, selective replacement
of one of the lithium ions by a cationic AlMe, unit occurred,
rather than nucleophilic displacement of the chloride bound to
scandium by a methyl group was observed.

The molecular structure of the isolated product
could unambiguously be identified by X-ray analysis as the
heterotrimetallic lithium—scandium—aluminum siloxide (31).
The selective formation of (31) is promising insofar as this
synthetic strategy may open the door to the preparation of
a wide variety of heterotrimetallic siloxides with perhaps
interesting electronic and magnetic properties, from readily
available salt adducts of rare earth siloxides.

Scheme 6 Reaction of heterotrimetallic scandium siloxide (30) with AlMes
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Scheme 8 Coordination modes of cerium(IV) siloxides characterized by X-ray analysis

6 Ln'Y SILOXIDES

Similar to alkoxide ligands, siloxides stabilize
oxophilic metals in high oxidation states most likely via
additional ligand to metal m-bonding of the two O, lone pair
orbitals. Therefore, it is not surprising that cerium, the only
rare earth metal that can exist in oxidation state (IV) in aqueous
solution, forms stable tetravalent complexes even with less
sterically hindered siloxides (see Tetravalent Chemistry:
Inorganic) >3*% For example, (Ph3SiO);Ce(DME), (19),
derived from the reaction of Ce(OPr'); with Ph;SiOH, is
an air and thermally stable compound being resistant to
hydrolysis.3? The remarkable stability of (19) parallels some
titanium(I'V) siloxides, which have also shown high thermal
and hydrolytic resistances.” Synthetic routes to cerium(IV)
siloxides are displayed in equations (9) and (10), and involve
the use of either (NH4)Ce(NO3)g or cerium tetraalkoxides as
precursor compounds in classical salt metathesis or silanolysis
reactions.

6 R3 SiOM + (NH4)2 CC(NO3)6 — (R3 810)4 Ce + 2NH3
+ 2R;3SiOH + 6MNO; )
n R3SiOH + Ce(OR)4 — (R3Si0),, Ce(OR)4_, +n ROH  (10)

Edelmann et al. recently reported the reaction of
disilanol (32) with Ce'[N(SiMe;), ] in the presence of excess
pyridine to surprisingly produce the product of oxidation,
heptacoordinate cerium(IV) siloxide (33), in yields of 67%
(Scheme 7).33 Interestingly, the low oxidation state uranium
precursors, (COT),U (COT = ng-CgHsg), and UCly react with

R7Si709(0OH);, (4), to generate the homoleptic uranium(VI)
siloxide [R;7S1701,],U exclusively upon oxidation.? Although
the identity of the oxidizing agent remained unclear (no
elemental oxygen was present), this type of oxidative
silanolysis of cerium(III) precursor compounds could provide
a convenient synthetic alternative in the synthesis of various
homo- and heteroleptic cerium(I'V) siloxides.

Scheme 8 displays all cerium(I'V) siloxides character-
ized in the solid state by X-ray crystallography. In the presence
of strong donor molecules such as THF, DME, or pyridine,
monomeric and dimeric species with either octahedral (19,
34, 35) or distorted pentagonal bipyramidal structures (33) are

formed (see Lanthanides: Coordination Chemistry).3*

7 CONCLUSIONS

Siloxide ligands are able to coordinate to rare earth
metals in various oxidation states and coordination numbers to
primarily form mono- and dinuclear complexes. In particular,
the synthetic and structural chemistry of trivalent rare earth
siloxides are well documented in the literature and show
analogies with rare earth alkoxides. It is fair to state, however,
that the field of divalent and tetravalent rare earth siloxides is
poorly developed and that applications pertaining to the design
of siloxide-based homogeneous and heterogeneous rare earth
metal catalysts as well as the development of novel silicate-
based materials are scarce. Although the few results of the
catalytic activity of some of the rare earth siloxides in olefin
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hydrosilylation and isoprene polymerization are promising,
further research on the design of new robust siloxide ligands
that help stabilize the active rare earth metal center is
needed.

8 RELATED ARTICLES

Homogeneous Catalysis; Lanthanides: Coordination
Chemistry; Lanthanide Alkoxides; Lanthanides: Coordination
Chemistry; Tetravalent Chemistry: Inorganic; The Electronic
Structure of the Lanthanides.

9 GLOSSARY

Homoleptic: A metal compound with all ligands identical.

Heteroleptic: A metal compound with at least two different
ligands.

Ate complex: A salt formed by reaction of a Lewis acid
with a base in which the central atom increases its
coordination number.
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11 ABBREVIATIONS AND ACRONYMS

Ac = acetyl; Bu' = tertiary butyl; CN = coordina-
tion number; Cp* = pentamethylcyclopentadienyl; DME =
1,2-dimethoxyethane; ~ DABCO = 1,4-diazabicyclo[2.2.2]
octane; Eq. = equation; equiv = equivalent(s); Et = ethyl;
IR = infrared (spectroscopy); Ln = rare earth metal (Sc, Y,
La; Ce—Lu); M = metal; MOCVD = metal organic chemical
vapor deposition; Pr' = isopropyl; Py = pyridine; R = alkyl;
Ar = aryl; THF = tetrahydrofuran; TM = transition metal;
X = halide.
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1 SUMMARY

This chapter summarizes, with examples, the
fundamental types of compounds having bonds between
lanthanides and the heavier group 16 elements (S, Se, and Te).
It will include a description of organometallic compounds
that have Ln—C bonds in addition to Ln—E bonds and
“‘homoleptic’’ divalent (Ln(ER),) and trivalent (Ln(ER)3)
compounds. Polynuclear lanthanide compounds containing
chalcogenido anions (E*~, EE?>~, E,>") are also described.
These have grown in importance with the possibility of
controlling and optimizing the near infrared (NIR) emission
properties of Ln cluster materials. Molecular lanthanide
chalcogenolates can also be used to prepare a wide assortment
of solid state materials, from LnTe and LnsCd,Seg to LnF3 or
LnN.

2 INTRODUCTION

The chemistry of the lanthanide elements bound to
the more electronegative chalcogen elements (E; E = S, Se,
Te) has been investigated extensively, particularly in the past
decade, because this unconventional combination of highly
ionic metals and highly covalent ligands leads to materials

with unique chemical and physical properties. What was once
thought to be chemically impossible (at least in the absence
of sterically saturating ancillary ligands) has since blossomed
into an area in which the physical properties and the chemistry
of compounds with Ln—E bonds can be controlled by varying
Ln, E, and the steric/electronic properties of R. This subject
was reviewed exhaustively in 1997,! and a review outlining
the utility of these compounds in organic synthesis has also
appeared.?

3 ORGANOMETALLICS

The first compounds with lanthanide—chalcogen
bonds were prepared with ancillary Cp or Cp* ligands
(see Trivalent Chemistry: Cyclopentadienyl), because at the
time it was believed that Cp steric demands were necessary
to control chemical reactivity, and because the solubility
of products in hydrocarbon solvents limited potential side
reactions. Metathesis reactions® governed by the insolubility
of alkali halides were initially investigated (Reaction 1), but
eventually a host of synthetic approaches were successfully
employed. Compounds have been prepared by reduction
of RE-ER with divalent Ln (Reaction 2),4% where the
driving force of the reaction is increased stability associated

The Rare Earth Elements. Edited by David A. Atwood. © 2012 John Wiley & Sons, Ltd. ISBN 978-1-119-95097-4
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with the greater electrostatic interaction of anions with
trivalent Ln. Alternatively, there are examples in which
elemental chalcogen inserts into a preformed Ln—C bond”®
of an organometallic species, for which the driving force
is presumably the stability of the chalcogen-based anion
(Reaction 3). Similar o-bond metathesis (proton transfer)
reactions®!? of lanthanide organometallics or hydrides with
thiols proceed for the same reason, forming stable C—H bonds
and chalcogen-based anions (Reaction 4) with a wide range
of R (i.e., CH3, C5H5).

Cp*,LnCl + NaER — Cp*,Ln — ER + NaCl (D
Cp*,Ln + RE-ER — Cp*,Ln — ER )
Cp*,LnR + E — Cp*,Ln — ER 3
Cp*,LnR + HER' — Cp*,Ln — ER + H - R 4

Compounds with Ln—E bonds were originally
prepared in order to probe the nature of the Ln—E chemical
bond, but it quickly became apparent that the overwhelming
steric demands of the ancillary ligands made it impossible to
extract bonding information, and so eventually a number of
groups began to investigate the synthesis of ‘‘homoleptic’’
Ln(ER), and Ln(ER); chalcogenolate compounds.

4 Ln(ER); AND Ln(ER);

The first report outlining the synthesis of a homoleptic
product was the synthesis by Bochkarev of the divalent
compound (Yb(EBu),; E =S, Se), prepared by a proton-
transfer reaction of an amido precursor with HEBu.!3 This was
followed by the metathetical synthesis'* of Ln(SR)s>~ and
compounds of the heavier chalcogenolates (Ln(ECsH3R3),
(E =Se, Te; R =Me).'517 The structure of the thiolate
compound was described, but structural characterization of
selenolate and tellurolate compounds did not appear until
later, when the E—Si(SiMe3); ligand'®2 was introduced to
the Ln field, and new synthetic approaches to complexes of
the EPh ligand?! were developed.

A number of chemically distinct R groups have also
been introduced, with each R imparting unique chemical or
physical properties to the resultant molecular complex. By
far, the most useful ligand system is the EPh series,?!~30
because the ligand imparts adequate solubility in organic
solvents and is commercially available for E = (S, Se), with
TePh being easily prepared. With R = Ph, all Ln form stable
Ln(EPh); (E = S, Se), with the exception of Eu. The trivalent
compounds are easily prepared in high yield by reduction of
PhEEPh with elemental Ln (Reaction 5), and in Eu chemistry
this reactivity stops at the stable divalent oxidation state for
S, Se, and Te.??” The instability of ‘‘homoleptic’> Eul!
compounds was confirmed in metathesis chemistry, where

reductive elimination of REER was observed (Reaction 6).

3
Ln+ EPhEEPh — Ln(EPh); (Ln = La — Lu, not Eu) 5)

Eu + PhEEPh «— Eu(EPh), «— EuCl; + NaEPh (6)

This chemistry is relatively straightforward, and the
ability to span the entire lanthanide series provided an opportu-
nity to establish how Ln and E influenced physical properties. It
is clear that the larger Ln tend to form oligomeric species, while
the smaller Ln favor the formation of molecular products, and
that increasing the basicity of the chalcogen donor favors the
formation of products in which the ER ligand bridged metal
ions rather than adopting terminal bonding modes. In all of
this work, the minimal steric requirements of the Ph group
do not inhibit oligomerization, and so this chemistry always
involves the presence of Lewis base solvents that saturate the
Ln coordination sphere. While these products unfortunately
never led to the observation of any interesting magnetic behav-
ior (the magnetic characteristics of coordination polymers and
discrete molecular compounds were indistinguishable), struc-
tural characterization of (py); Yb(SPh); (Figure 1) revealed
anomalous bond lengths?® that are discussed later.

Trisubstituted arylchalcogenolates have also been
investigated, with some very distinctive products. The first
selenolates and tellurolates were prepared with metathesis
using Yb, and more recently, there have been interesting
descriptions of base-free compounds.3!** Here, the tendency
of the R groups to increase solubility was used to prepare
a compound with no solubilizing Lewis base solvents and
because there are no alternative sources of electron density,
the chalcogenolate ligands respond by coordinating to the Ln
through the arene carbons.

Similar solubility can be obtained with the sily-
lated chalcogenolates, for which there exist thoroughly
characterized examples of bidentate phosphine stabilized

Figure 1 Bond distances in mer-octahedral LnA3;B; compounds
such as (py); Yb(SPh); pictured here reveal a trans influence that is
thought to originate from a covalent interaction involving the Ln 5d
orbitals
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Ln(ESi(SiMes)3), and Ln(ESi(SiMe;);3); (E = Se, Te) coor-
dination compounds. Surprisingly, the steric ‘‘bulk’’ of this
silylated chalcogenolate did not dramatically change the
structural coordination chemistry, with Ln(ER); still read-
ily forming Lewis base coordination compounds?’ having
coordination numbers that were little changed from related
Ln(EPh); products. In these E—Si—R3; compounds, the poten-
tial energy surfaces that determine Ln—E—R bond angles are
relatively shallow, and so the Ln—E—R angle simply increases
to reduce ligand—ligand repulsions and permit the coordina-
tion of additional donor ligands. The solubilizing nature of
this ligand was particularly useful in subsequent thermolysis
chemistry, as discussed in the cluster section.

Fluorinated chalcogenolates have been investigated
as an alternative approach to the synthesis of soluble prod-
ucts. The Teflon-like character of the C¢Fs moiety reduces
intermolecular attractions and leads to the formation of
hydrocarbon-soluble products. Thiolates’*** have been inves-
tigated most extensively, and there are descriptions of both
Ln(SC¢Fs), and Ln(SC¢Fs);. These compounds have to be
prepared with transmetallation reactions (Reaction 7), because
attempts to reductively cleave disulfide bonds with elemental
Ln leads to the formation of metal sources that appear to be
passivated with a fluoride film.

2 Ln + 3 Hg(SCgFs), —= Ln(SCFs); + Hg (7

The fluorine substituents impact the structure of
coordination compounds in two ways. First, by polarizing
electron density away from the sulfur-based anion, the sulfur
becomes less basic, and this lengthens the Ln—S bond relative
to Ln—SPh. This reduced basicity also leads to the formation
of fewer oligomeric structures because the sulfur anion cannot
compete as effectively for access to Ln coordination spheres.
Second, these compounds form dative Ln—F bonds for all
but the smallest Ln. These interactions are absent in the
analogous fluorinated alkoxide compounds,® and presumably
originate with the electropositive character of the sulfur, which
allows for more electron density to be located on the fluorine
atoms. Similar dative interactions have been noted in other
fluorinated systems,3® but this is the only example that allows
for comparisons of related donor atoms within a given row
of the periodic chart. The analogous selenolates have been
prepared recently,’” and here the tendency for dative fluoride
interactions is even more pronounced than in the isomorphous
thiolates.

In order to probe the chemistry of the electroni-
cally important Eu'" ion, resonance-stabilized thiolates were
explored. Of the simple chalcogenolates, only the pyridinethi-
olate (S-2-NCsHy, SPy) ligand has been used successfully in
Eu(IIT) chemistry. Compounds with SPy have been prepared
across the lanthanide series,3® and again there is a tendency
for the larger Ln to form more complicated species, while
the smaller Ln readily form discrete uncharged species. Most
significant here is the chemistry of Eu, for which divalent

and trivalent compounds could be isolated from transmetal-
lation reactions of Eu with Hg(SPy), in pyridine.® Divalent
(py)4Eu(Spy), and (BIPY)(THF)Eu(Spy), were isolated as
deep orange crystals, with the color attributed to the exis-
tence of an allowed Eu-to-ligand charge-transfer absorption.
The Eu" oxidized further and reduced Py—S—S—Py to form
salts with Eu(SPy); anions. These were also intensely col-
ored, this time because of an allowed S-to-Eu charge-transfer
excitation.3® The redox-inactive Ln'" all formed compounds
with colors that were characteristic of the Ln ion.

Similar resonance stability can be introduced with
thiocarbamate (Sz(?NRz)‘“""4 and thiocarboxylate (SzCR)45
compounds, which have garnered a significant amount of
attention in recent years. These ligands, while not formally
chalcogenolates (Ln—E—R, where R = (S)CNR}), have been
included here because they produce compounds that are useful
in materials synthesis. There are various approaches to the
synthesis of thiocarbamates. These compounds can be isolated
either as discrete molecular compounds or as salts, with the
molecular species more desirable because they are relatively
volatile. These ligands invariably adopt 5? interactions with
Ln, all with the negative charge equally delocalized over the
two sulfur atoms.

5 CHALCOGEN-BASED CLUSTER CHEMISTRY

The chemistry of polynuclear lanthanide compounds
(see Rare Earth Metal Cluster Complexes) constructed with
chalcogenido anions (E?>~, EE2~, E,?7) has been evolving
dramatically in the past decade, motivated by a fundamental
interest in understanding how the physical properties of
lanthanide compounds depend on particle size, and more
recently, because of an interest in controlling and optimizing
the NIR emission properties of Ln cluster materials.

The first example of this chemistry came from an
investigation into the reactions of Cp*,Sm with elemental Se,
which initially forms a triselenido product that eventually
proceeds to give the ‘‘spherical’’ cluster Cp*;SmgSes)
(Reaction 8).46 This product is the result of multiple ligand
redistribution reactions, and the serendipity with which the
final product precipitates from hydrocarbon solution reflects
one of the more frustrating aspects of this field, namely, the
absence of control in determining the precise formulation of
a product. The identify of a crystalline product is governed
primarily by the relative solubility of the reaction products.

[Cp*Zsm]ZseS — Cp*6Sm(,Se11 —+ .. ®)

A second cluster description soon followed this
original report, namely, the synthesis of CesTe;(TeS(SiMes)s
via cleavage of a Te—Si bond and subsequent ligand
redistribution in hexane.'®2* This compound was isolated
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Figure 2 Divalent Eu(TePh), reacts with elemental Te, first inserting Te into a Ln—Te bond (a) to form a TeTePh ligand, and then coupling

to form (PhTe—Te—TePh)>~ (b) that bridges two Eu'" ions

and structurally characterized, but the extreme instability of
the products inhibited further work.

A more general approach to the synthesis and
characterization of chalcogenido cluster compounds was
subsequently developed in reactions of homoleptic lanthanide
chalcogenolates with elemental chalcogen. Mechanistic
insight into these reactions can be obtained in divalent Eu
chemistry (Figure 2). Reactions of Eu(TePh), with elemental
Te results first in insertion of E to form a compound with an
Eu-Te—Te—Ph connectivity, and heating this product results
in migration of a second EPh to give a dimeric product with
two Eu bridged by (Ph—Te-Te—Te—Ph)>~. Further heating
results in the elimination of Ph,Te, to give chalcogenido
clusters in what is formally a reduction of elemental Te and
oxidation of TePh (Freedman et al., unpublished results).

This ligand-based redox route represents the broadest
available synthetic approach to LnE, clusters, with the most
commonly found structure being (solvent)sLngE¢(E'Ph);,
materials (Figure 3),4”-56 which are adopted by La—Er with
all possible combinations of E, E’, and solvent (E/E’ = S, Se,
and solvent = THF or pyridine). These compounds have a
cube of Ln, with the six faces of the cube caped by u4E,
the 12 edges of the cube bridged by EPh, and a neutral
donor solvent completing the primary coordination sphere.
The smaller Ln form cubanes (i.e., [(py), YbSe(SePh)]s) or
derivatives (i.e., (py)s Ybs Ses(SePh)g), in which the Ln adopt
octahedral geometries.™

In this chemistry, the identity of the resultant
chalcogen anion depends on the ratio of Ln:E. Addition
of E to a solution of Ln(EPh); results first in the formation
of clusters with E?~ ligands, with the further addition of
E resulting in the formation of compounds with (EE)*~
anions (Reaction 9). This reactivity is seemingly governed
by electrostatic considerations favoring the formation of

Figure 3 The octanuclear (solvent); LngEg(EPh);, clusters form in
high yield for Ln = La—Er, E =S or Se, and solvent = THF or
pyridine [grey, Ln; orange, Se; green, O(THF)]. The structures
contain a cube of Ln, with the six faces capped by E>~ and the 12
edges bridged by EPh

divalent anions, with charge delocalized over two E a
more stable configuration given the absence of significant
covalent interactions that would effectively stabilize E>~.
This chemistry was found to be reversible,*’ as illustrated in
Yb chemistry where the lanthanide cubanes and polyselenide
species could be interconverted by adjusting the Ln:Se:SePh
ratios.

Yb(SePh); «— YbsSes (SePh), «— YbySe(ScSe),(SePh),  (9)

Attempts to prepare larger cluster materials so as
to study the evolution of size-dependent properties has led
to the synthesis of two compounds with internal chalcogen-
encapsulated Ln. The first, (THF)4Er;(S¢(SeSe)gl¢, contained
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Figure 4 ORTEP diagram of the core atoms in(py);sL.n;7NaSe;¢
(SePh),7, a crystalline cluster with a 2 nm diameter. This compound
downconverts 800 nm light with a 35% quantum efficiency

a cluster with two chalcogen-encapsulated Er, a sulfido core
bound to the Er that are then encapsulated with (SeSe)
and iodide ligands that decorate the cluster surface.’” The
second, (py)i1sLn;7NaSe4(SePh);; (Figure 4, Ln = Pr, Nd)™®
is a more straightforward cluster compound with an internal,
eight-coordinate Nd surrounded by a shell of Se dianions that
are next enveloped with a layer of Nd"" ions that bond to SePh
and pyridine ligands that saturate the cluster surface. The
chalcogen-encapsulated Nd coordination spheres are different
from the Nd environments found in solid-state Nd,Se;.

Chalcogenolate ligands have also been used to
prepare clusters with more electronegative anion cores (see
Lanthanide Oxide/Hydroxide Complexes). Extension of this
redox approach to the synthesis of oxide clusters®*~¢! led, for
Nd, to the preparation of two oxo clusters with NdgO, and
Nd;;0¢ cores (Reaction 10). In these two clusters, all the Nd
are coordinated to neutral donors and so there is no relevant
comparison with the Nd in Nd,O3, but bond distances and
angles around the oxo ligands are indistinguishable from the
geometries of the oxo ligands in Nd,Os3.

Nd(SePh); + SeO; — (THF)gNdsO,Sez(SePh); s —
[(py)15Ndi205Ses(Se;)a(SePh),(Se,Ph), Hg,(SePh), " (10)

Fluoride clusters were also stabilized with chalcogeno-
late ligands.®> When Ln(EPh); react with a variety of fluoride
sources (NaF, AgF, NR4F, CaF,, HgF,), metathesis reactions
clearly occur, but only with the ammonium fluoride reac-
tions in a specific F:Ln ratio could crystalline fluoride clusters
of (py)24LnysFes(SePh)¢ be isolated and structurally charac-
terized (Reaction 11). These compounds have four internal
fluoride-encapsulated Ln with 10-coordinate geometries that
are different from the Ln environments in LnF5.

Ln(SePh); + 2 NH4F — (py),,LnssFes(SePh), s + NH,SePh (11)

In addition to atomically defined cluster chemistry,
there is also an emerging interest in the preparation of larger
submicron-sized Ln particles, motivated by the potentially
useful magnetic properties of divalent Eu (see Oxide and
Sulfide Nanomaterials). Much of this work focuses on EuS
using a variety of dithiocarbamate derivatives with an arsenal
of chelating ligands (i.e., BIPY, phen). A number of groups
have been investigating the solution thermolysis of these
single-source precursors (Reaction 12).8-7% To date, EuS
particles have been prepared with a range of particle sizes,
from sub-2nm, 5—6nm, and 20nm, to reports detailing a
range of particle sizes with narrow distributions. These efforts
are devoted to understanding the effect of particle size on
ferromagnetic interactions, with Curie temperatures lower
than the temperature reported for the analogous bulk EuS,
or glasslike behavior. There are considerable challenges to
the data interpretation here because smaller particles have
nonnegligible concentrations of surface Eu that influence the
data. Heterometallic approaches to Gd-doped EuS particles
formed lattices with Gd"™' that had Curie temperatures above
29 K for materials with 5.3% Gd.

Eu(S,CNR;); — EuS + S(CNR,), + - - (12)

Similar chemistry was used to approach 10—30nm
particles of La;S;,”! via the solution thermolysis of
La(S,CNEt;)s-phen. In this work, changes in the energy
of the bandgap were attributed to a quantum size effect.
When solution thermolyses of these trivalent materials were
approached in the presence of air, nanoplates or nanorods of
Ln,0,S were instead observed (Ln = Eu, Gd).”?

Nanomaterials based on Ln-doped semiconductors
are also known. This chemistry is complicated by the fact
that molecular approaches to these materials can lead either to
materials with Ln—E—M connectivities,” or to heterogeneous
materials such as [(THF)sSmySe(SePh)g][ZngSe(SePh);s],74
where there are LnSe, and MSe, clusters that exist as discrete
Ln cations and M anions. Recently, spherical EuS clusters
were grown on CdE nanorods, using the same single-source
thermolysis approach, and the EuS was shown to have a
dramatic impact on the semiconductor luminescence.”

6 MOLECULAR APPROACHES TO SOLID-STATE
MATERIALS

Molecular thermolysis is a well-established approach
to materials synthesis, offering the advantage of exceptionally
low reaction temperatures that are useful either in the
synthesis of metastable solids or in the fabrication of
layered materials where atomic diffusion is not desirable.
Chalcogenolate compounds have been used for decades as
low-temperature sources of solid-state chalcogenido materials.
With Ln, the earliest thermolysis investigation outlined
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the synthesis of YbE from the thermal decomposition
of aryl chalcogenolates (Reaction 13),'>16 and this work
rapidly expanded to the synthesis of trivalent chalcogenides
(Reactions 14 and 15).26:30

More complicated ternary solids have also been
approached. Solid-state oxychalcogenides were prepared from
solution pyrolysis in the presence of air,”* although there
is a report describing the thermal conversion of an oxy-
selenido cluster into separate oxide and selenido phases
(Reaction 16). Similarly, precursor identity was shown to
be important to product identity in the thermolysis of
heterometallic chalcogenido compounds. The heterometal-
lic cluster (py)sYbsCd,Ses(SePh); decomposes to give
Ln,CdSe4 (Reaction 17),” while the related telluride cluster
(py);LnsHgTe4(TePh); gave LnTe”® (Reaction 18).

Yb(TeCsH3-2,4,6,Me3), — YbTe + Te(CeH3-2,4,6,Me3),  (13)

Ln(SPh); — Ln,S; + 2 SPh, (14)
Ho(SePh); — HoSe + HoSe; + SePh, (15)
LngO,Se,(SePh),; — Ln, O3 + Ln,Se; + SePh, (16)
Yb4Cd,Ses(SePh), — YbsCd,Ses + SePh, W))
(py);LnsHgTe,(TePh); — LnTe 4+ Hg + TePh, (18)

Finally, chalcogenolate compounds have also been
used to deliver lattices with more electronegative anions,
reflecting the relative instability of Ln ions bound only to
chalcogenides. Solid-state LnN7” forms via the thermolysis
of azobenzene compounds (Reaction 19). Similarly, in the
thermolysis of Ln(SCgFs);, fluoride abstraction leads to
the formation of LnF; and fluorinated sulfur crowns?
(Reaction 20).

Yb(PhNNPh)(EPh) — YbN (19)
Ln(SeC¢Fs); —= LnF; + (SC¢F4), (20)

7 NOTABLE PHYSICAL PROPERTIES

The nature of the Ln—E bond was probed with
a number of different ligand systems. The most readily
visualized indication that covalent bonding can contribute
to complex stability is seen in a series of mer-octahedral
(Lewis base);Ln(ER); compounds, for which it was noted
that there is always a small, but statistically significant
dependence of Ln—E bond lengths on the identity of the trans
ligands. In every case, Ln—E bonds trans to Ln—ER were
longer than Ln—E bonds trans to neutral donor ligands, and a
DFT analysis identified the origin of the trans influence as a
covalent interaction between the Ln 5d orbitals and the orbitals
on the chalcogenolates.”® This bond length pattern is noted
with virtually all ligand combinations that form mer-LnA3;B;
structures. Similar conclusions were drawn from calculations

on other molecules with sulfur-based anions, although in these
structures, a clear geometric influence on bond lengths is not
apparent.3132

In addition to structural properties, compounds with
Ln—E bonds also have distinctly unconventional electronic
properties (see Near-Infrared Materials). NIR emission
properties from an extensive series of molecules and clusters
with Ln—E bonds has been examined,3”-387°-83 and the results
indicate that incorporation of E-based anions has a dramatic
influence on the stability of excited-state Ln lifetimes, and
thus quantum efficiencies. The low-phonon-energy character
of the Ln—E bond effectively decouples ligand vibrational
modes from a lanthanide-localized excited state, both because
of the low phonon energy of a Ln—E stretching frequency
and because the longer Ln—E bonds effectively distance
the organic group from the metal center. The effects are
dramatic, with (DME),Ln(SeC¢F5); compounds (Ln = Nd,*
Tm,? Er%") having quantum efficiencies that are 2—10 times
greater than conventional molecular sources. Further, emission
measurements on Nd™ compounds have a transition at 1.8 mu
that is observed only from low-phonon solid-state materials
(Figure 5). A study of related fluorinated alkoxides>® further
confirmed the hypothesis that the low-phonon character of the
Ln—S bond is responsible for these extraordinary emission
properties.

The same remarkable emission intensity is observed
with cluster compounds, which benefit further from the fact
that there is a greater ratio of emissive Ln:NIR quenching
ligands. A series of both chalcogenido compounds and
oxo clusters have been studied to explore the influence
of particle size on emission properties, and each system
reveals a dependence that reflects the phonon characteristics
of the anions. For the chalcogenido clusters, it becomes
clear that increasing the nuclearity of the system, going
from (DME),Nd(SeC¢Fs); to (py)i1sNd;7NaSe;s(SePh),; to
Nd:La,Ses leads to an increase in quantum efficiency (9%,

— (THF)gNdgO,Se,(SePh)4¢
i — (DME);Nd(SC¢F5)3
ENE L E|EIE|E “Fap
< 800 nm ok 2 [g
= Pump SIS [2y8 4
2 | 4,152
Io) 4|13/2
k= PRI
r lo/2
A k . | . ,-AL
1000 1200 1400 1600 1800 2000

Wavelength (nm)

Figure 5 Emission spectra of chalcogen bound Nd compounds,
with the 1.8um emissions clearly evident. These are the only
molecules for which this low energy transition is not quenched
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35%, and 100%, respectively), in this case because the ratio of
fluorescence quenching C—H:Nd is reduced. In contrast, with
oxo clusters, the high phonon energy Ln—O bonds quench
NIR emission, and so given the previously described clusters
with NdgO, and Nd;;O¢ cores and solid-state Nd,Os, the
quantum efficiency decreases (16%, 12%, and 5 x 1073%,
respectively) as the concentration of Nd—O bonds increases.

8 GLOSSARY

py: pyridine

THF': tetrahydrofuran

BIPY: Dbipyridine

Phen: phenanthrolene

Cp* C5M65

9 RELATED ARTICLES

Trivalent Chemistry: Cyclopentadienyl; Rare Earth
Metal Cluster Complexes; Lanthanide Oxide/Hydroxide
Complexes; Oxide and Sulfide Nanomaterials; Near-Infrared
Materials.

10 ABBREVIATIONS AND ACRONYMS

NIR = near infrared.

11 CONCLUSIONS

The Chemistry of the lanthanides with chalcogen
based anions continues to evolve, with the synthesis
and characterization of increasingly large and complicated
materials that help us understand the relationships between
molecular and solid state materials. This combination of ionic
Ln with covalent ligand systems leads to materials with
extraordinary physical properties.

This work was supported by the NSF (CHE-
0747165).
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1 SUMMARY

Rare earth carboxylates are also called rare earth
complexes with carboxylic acids, including rare earth
monocarboxylates and rare earth polycarboxylates. They
have been attracting research interests for several decades
due to their unique and fascinating structural chemistry
(high coordination numbers (CN), diverse coordination
modes, and structures) and their applications as advanced
materials (such as catalysts, light emitters, optical sensors,
magnets, and storage materials). A variety of structures with
intriguing topology and coordination modes and compounds
having potential applications as storage materials, magnetic
materials, Lewis acid catalysts, optical sensors, etc. have been
reported. But challenges still remain to ‘‘engineer’’ rare earth
carboxylates of special functions or to predict a priori the
structure of a given compound, due to the ionic nature of the
RE(III)—-O(carboxylate) bonds.

2 INTRODUCTION

Characterized as hard Lewis acids and with large
ionic radii, RE(III) ions prefer to coordinate to hard Lewis
base donors, such as F, O, or N, and to have high CNs.
With O as coordinating atoms and diverse structures to
satisfy the high CN requirement, carboxylic acids, including
monocarboxylic acids and polycarboxylic acids, are among

the most suitable ligands for RE(III) ions. Studies on rare
earth carboxylates can be traced back to 60 years ago when
citrate and polyaminopolycarboxylates were used as the
initial eluents for separating rare earth using cation-exchange
resin.? Since then, research on rare earth carboxylates has
been active driven by both their versatile and intriguing
structural modes and varieties of applications on biology,
clinics, and advanced function materials, such as catalysts,
magnets, nonlinear optics (NLO), organic light-emitting diode
(OLED), and metal—organic frameworks (MOF)3*~ and even
as greener corrosion inhibitors to replace the traditional and
toxic chromate-based compounds.® This chapter covers the
synthetic and structural chemistry of rare earth carboxylates
and special efforts have been made to review the types of the
structures and the controls over their syntheses.

3 SYNTHESIS OF RARE EARTH CARBOXYLATES

Either rare earth oxides or salts can be used to prepare
rare earth carboxylates:

3 R—COOH + 1/2RE;03(s) —= RE(R—COO); + 3/2H,0 )
MOH + R—COOH — R—COOM + H,0 (M = NHj, Na*, K*)
(@)
3 R—COOM + REX; — RE(R—CO00); + 3MX (X = NO3, CI™,
ClO;; M = NH;,Na*™, K*) 3

The Rare Earth Elements. Edited by David A. Atwood. © 2012 John Wiley & Sons, Ltd. ISBN 978-1-119-95097-4
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While the chemistry for the synthesis of rare earth
carboxylates is relatively simple, challenges remain to obtain
the compounds with high purity and good yield due to
the low solubility of the compounds arisen by their high
nuclearity and structural complexity. On the basis of the
types of synthetic conditions, the methods can be put
into three categories: (i) synthesis under ambient conditions,
(i1) hydro(solvo)thermal synthesis, and (iii) gel synthesis.
While, in principle, both insoluble and soluble-starting
materials such as rare earth oxides, salts, or acids can be used
as the starting materials for (i) and (ii), only soluble-starting
materials are acceptable for (iii). Synthesis can be done in
aqueous solutions, organic media, or the mixtures of the two,
depending on the solubility and the nature of the acids and
the products. Carboxylates with good solubility are usually
synthesized under ambient, but those with low solubility can
only be obtainable with high purity by hydro(solvo)thermal
synthesis or by gel synthesis.

3.1 Synthesis under Ambient Conditions

By heating and/or refluxing the mixture of RE;O3
with a stoichiometric amount of R—COOH in water or an
organic solvent, such as MeOH, EtOH, DMF, or DMSO, or
mixtures of water and organic solvents under atmospheric
pressure, a clear solution of the complex can be obtained
(equation 1). The solvent is removed by evaporation after
a filtration, and the pure product can be obtained after
recrystallization. About 5% in excess of RE,Oj; are typically
used to avoid the possible contamination from the unreacted
R-COOH, and the unused RE,Oj3 can then be removed by
filtration after the reaction is completed.

Starting from inorganic salts and corresponding
carboxylic acids, a two-step preparation will be employed
according to reactions (2) and (3). The rare earth carboxylates,
RE(R-COO)3, can then be separated from MX (X = NO;,
Cl~, ClO;; M = NH, Na*,K") through recrystallization
with good yields.

3.2 Hydro(solvo)thermal Synthesis

The first hydro(solvo)thermal synthesis was accom-
plished in 1839 by a German chemist, Robert Bunsen. By
heating aqueous solutions in sealed thick-walled glass tubes
at temperature above 200 °C and at pressure above 100 bars,
Bunsen obtained the crystals of barium carbonate and stron-
tium carbonate.” The modern form of hydro(solvo)thermal
synthesis device, a sealed glass ampoule in an autoclave, was
developed by de Senarmont in 1851.8 Hydro(solvo)thermal
synthesis is the heterogeneous reaction in aqueous or non-
aqueous media with temperature above the boiling point of
the solvent and pressure higher than 1 bar. It has many advan-
tages over conventional synthesis, and one of them is the
single-crystal growth of low solubility compounds such as

rare earth polycarboxylates. The starting materials can be car-
boxylic acids and rare earth oxides or salts (nitrates, chlorides,
or perchlorates) with or without base. The medium can be
water or organic solvents such as methanol, ethanol, THF, or
mixtures of different solvents. Many MOF materials have been
synthesized through hydro(solvo)thermal synthesis. However,
for most hydro(solvo)thermal syntheses, the structures of the
products are still unpredictable. The reaction conditions for
different syntheses, such as the solvents, the concentrations of
the starting materials, the reaction temperature, the controls of
the heating and cooling process, may vary greatly, and a slight
change may result in different products.

3.3 Gel Synthesis—Crystal Growth in Gel

Owing to the high thermal stability and porosity, rare
earth polycarboxylates are considered to be very promising
MOF materials. However, their limited solubility in water or
organic solvents makes growing single crystals a great obstacle
for detailed structural characterization. Hydro(solvo)thermal
synthesis has been proved to be very effective in solving
this problem, but the inherently demanding experimental
requirements (100°C or higher) and the unpredictability
prevents this method from being widely used. Gel synthesis,
operating under ambient conditions, is a good alternative for
hydro(solvo)thermal synthesis.

Gel synthesis was introduced by Liesegang a century
ago.’ A gel is a two-component system that is semisolid and is
particularly rich in liquid and has fine pores in it. This media
prevents turbulence and helps in the formation of crystal by
providing a framework of nucleation site. Silica gels are the
most widely used media for single-crystal preparations. Under
pH 4 ~ 5, silicate ion starts to gel by reacting with itself to
produce Si—O-Si bonds and form cross-linked 3D framework
with the channels or pockets filled by water molecules. To
prepare single crystals of rare earth polycarboxylates in a
gel, a common practice is to first dissolve a polycarboxylic
acid in the gel and the gel is then allowed to set in a test
tube or beaker, then a solution of the rare earth salt, usually,
chloride, nitrate, or perchlorate, is added to the top of the
gel. The solution slowly diffuses through the pockets in the
gel allowing the reaction to take place between the rare earth
ions and the polycarboxylic acid, and well-shaped crystals
may be observed in the gel after a certain period of time
(days to months). Crystals obtained by gel synthesis usually
contain more lattice water, and rare earth polycarboxylic acid
complexes with larger channels have been prepared efficiently
by this method. In addition, several other gels such as oleates,
gelatin, polyvinyl alcohol, and agar have been used for crystal
growth, 1011
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4 STRUCTURAL CHEMISTRY OF RARE EARTH
CARBOXYLATES

RE(II) ions are characterized by their high CNs and
flexible coordination geometries, owing to the high positive
charge and large ionic radii, hard Lewis acid character of
RE(III), as well as the ionic nature of the RE(III)—O bonds.
In addition, rare earth carboxylates have also been found with
intriguing coordination modes and instinct bridging modes.

4.1 Coordination Numbers and Coordination Modes

The CNs of RE(IIl) in the compounds are in the
range of 6—10, achieved by the formation of dimeric or
polymeric structures and/or with high degree of solvation.
But the most popular CNs for carboxylates are 8 and 9, with
square antiprism, monocapped square antiprism, or tricapped
trigonal prism geometries. The light and mid-lanthanide ions
(La** —Tb3*) prefer CN = 9, while the heavy lanthanide ions
(Dy** —Lu?*) prefer CN = 8. For the Y carboxylates, they
usually fall into the heavy lanthanide group with CN = 8,
while a few Sc!!! carboxylates stand out with CN = 6 and an
octahedral coordination geometry.!?

Compared with carboxylates of 3d metals, where the
carboxylate groups are usually unidentate, the coordination
modes in rare earth carboxylates are far more versatile. As
shown in Figure 1, nine typical coordination modes adopted
by carboxylates are found in rare earth carboxylates. The
nine different modes can be put into three groups, i.e., the
nonbridging modes (modes (a) and (b)), dinuclear bridging
(modes (c—g)), and trinuclear bridging (modes (h) and (i)).
Owing to the large size of RE(III) ions and the ionic nature
of the RE—O bonds, the carboxylato groups can approach
the RE(III) ions without any geometrical limit, which makes

R R R R
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Figure 1 Coordination modes adopted by carboxylate groups in rare
earth carboxylates: (a) n'; (b) n% (¢) ua-n'n' (O, O); (d) po-n'n'
ZZ; (e) pa-n'n' EE; (f) po-n'n' ZE; (2) ua-n*n'; (h) us-nn';
(i) m3-n*n?. (Reproduced from R. Wang and Z. Zheng, ‘‘Rare Earth
Complexes with Carboxylic Acids, Polyaminopolycarboxylic Acids
and Amino Acids”’ in Chun-Hui Huang, Rare Earth Coordination
Chemistry: Fundamentals and Applications, © John Wiley & Sons
(Asia) Pte Ltd, 2010.)

bidentate, tridentate, or chelating coordination modes possible
in the structures. Meanwhile, the large size of RE(III) ions
also makes the 4-member chelating ring (Figure 1b, g, and 1)
more stable than those in 3d metal carboxylates. The most
common coordination modes for rare earth carboxylates are
unidentate: n'; simple chelating: 1?; bridging bidentates: ji,-
n'n' ZZ, puy-n'n' EE, and py-n'n' ZE; and the chelating
tridentate: p,-n’n'. In mononuclear rare earth carboxylates,
carboxylato groups usually adopt unidentate (Figure la)
and the simple chelating (Figure 1b), while in dinuclear
or polynuclear carboxylates, the most popular coordination
modes for carboxylato groups are bridging bidentate: 115-n'n'
ZZ, chelating tridentate: 1,-nn', and the simple chelating:
n*. However, as indicated by Ouchi,'? these modes are only
the typical forms. It is not uncommon to see the intermediate
mode between the two distinct types. For example, a chelating
tridentate mode: w,-n°n' (Figure 1g), when the RE—-O’
distance is much longer than those of the RE—O and RE'—0O’
bonds, is regarded as the intermediate between the chelating
tridentate (up-n’n') (Figure 1g) and the bidentate mode

(12-n'n' ZE) (Figure 1f).

4.2 Bridging Modes

In addition to high CN and the variety of coordination
modes, dinuclear and polynuclear rare earth carboxylates are
also featured with the ways how two neighboring RE(III)
ions are linked together by the carboxylato groups, i.e., the
bridging modes of carboxylato groups. Figure 2 shows the 12
bridging modes found from the studies reported so far. The
numbers of the bridges between two adjacent metal centers
can be 1, 2, 3, or 4, and bridging carboxylato groups can be
any one of the five-coordination modes (Figure 1c—g). While
only 4 (b, d, g, and j) out of the 12 bridging modes in Figure 2
were found in the structures of the dinuclear carboxylates, all
of the 12 bridging modes were found in the polynuclear rare
earth carboxylates, where the two adjacent RE(IIT) can be held
together by 1—4 bridging carboxylates, and up to 4 bridging
modes can occur in one structure. Among the different bridging
modes, p,-n’n' bridging mode makes the shortest RE- - -RE
distances, while u,-n'n! EE gives the longest, and with the
same bridging mode, the more the bridges, the shorter the
RE- - -RE distances.!

4.3 Polynuclearity and the Controls

Owing to the high positive charge, large ionic radii
of RE(III) ions, and the ionic nature of the RE(III)—oxygen
bonds, RE(III) ions tend to share the carboxylato groups and
form dinuclear or polynuclear structures. We have found that
the nuclearity of rare earth carboxylates vary with the change
of the bulkiness of the carboxylate ligands, the ratio of the
molar ratio of carboxylate/RE(III), and the availability of the
auxiliary ligands such as phen, bipy, or terp. Mononuclear or
dinuclear carboxylates can be obtained by using bulky ligands,
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Figure 2 Bridging modes observed in dinuclear and polynuclear
rare earth carboxylates. (Reproduced with permission from from R.
Wang and Z. Zheng, ‘‘Rare Earth Complexes with Carboxylic Acids,
Polyaminopolycarboxylic Acids and Amino Acids’’ in Chun-Hui
Huang, Rare Earth Coordination Chemistry: Fundamentals and
Applications. © John Wiley & Sons (Asia) Pte Ltd, 2010.)

raising the molar ratio of carboxylate/RE(III), or introducing
auxiliary ligands to the RE(III)—carboxylate systems.

When a carboxylate anion is bulky enough, compared
to the sizes of RE(IIl) ions, the ligand itself can prevent
the compound from polymerizing. As such, dimeric or
monomeric complexes can be obtained. Formate anion is
the smallest member of the carboxylate family. Its compounds
with RE(III) are not surprisingly all polymeric. Two series
of RE(III) formates have been structurally characterized,
i.e., the anhydrous series with the general formula [REL;],
(RE = La, Ce, Gd, Tb, Tm, and Gd) and the hydrated series
[REL3;(H,0),], (RE =Gd, Tb, Dy, Ho Er, Tm, and Y).
For the second smallest carboxylic acid, acetic acid, the
structures are polymeric for La—Nd, dimeric for Sm—Lu.!
While propionates behave very similar to acetates, the steric
effect from pivalate anions is effective enough to form
stable mononuclear and dinuclear dysprosium pivalate.!>16
Meanwhile, the planar-shaped benzoate anion was found to
perform very similarly to acetate and propionate.

The molar ratio of coordinating carboxylate to
RE(II) is usually noted as ‘‘carboxylate/RE.’’ rare earth
formates are polymeric from La to Lu when carboxylate/RE =
3. They become mononuclear when carboxylate/RE increases
from 3 to 6 or 8, where the metal centers are eight-coordinated
either by 4 unidentate(n') and 2 bidentate(n?) formates, or by
8 unidentate(n') formates.!”18

Some N-containing neutral chelating ligands, such
as 1, 10-phenanthroline (phen), 2,2’-bipyridine (bippy) or
2,2":6/,2"-terpyridine (terp), can compete with carboxylate
anions to form stable coordination bonds with RE(III), which
prevent the carboxylates from dimerizing or polymerizing.
For example, [RE;L¢(phen);] (HL = acetic acid; RE = Ce,
Ho, and Lu) is dimeric, where the two RE(II]) ions are bridged
by four acetates, and each of the two RE(III) is chelated by
an acetate and a phen. With 4-aminobenzonic acid, a bulkier
ligand, three types of ternary complexes with monomeric
structures are isolated: (i) [LaLs;(HL)(phen),(H,0)]-H,0),
(i) [RELs(phen)(H,0)]-2H,O (RE = Eu, Tb), and (iii)
[TbL,(phen),(H,0),]+(L)(phen)-4H,0O. The use of bipy or
terp as the auxiliary ligand can also lead to the formation of
the monomeric or dimeric structures.

4.4 Structures of Rare Earth Monocarboxylates

Extensive studies have been done for the structures
of rare earth monocarboxylates. Most of them are found
to be polynuclear, although mononuclear, dinuclear, and
tetranuclear rare earth monocarboxylates do exist. So far,
only four types (two with double bridging and two with
quadruple bridging) of dinuclear carboxylates and two types
of tetranuclear carboxylates have been reported. But the
structures of the polymeric complexes are much more
complicated: the bridging modes between two neighboring
metals range from single, double, triple to quadruple, and
up to three different bridging modes can be present in one
structure. In this chapter, only polymers with one and two
bridging modes in the structures are discussed.

4.4.1 Mononuclear Carboxylates

As discussed in Section 4.2, mononuclear rare earth
carboxylates are only obtainable in three cases, i.e., the use
of bulky carboxylate anions, the application of the high
carboxylate/RE ratio, and the presence of the auxiliary ligands.

With bulky carboxylate anions, the mononuclear
compound formed can be expressed [REL;(sol),], where
sol is a coordinating solvent, such as H,O, EtOH, MeOH,
DMF, or DMSO. In most cases, the three carboxylates are
in the chelating (%) mode, and n is 2 or 3, CN =28 or
9. However, when the ligand is too bulky, there would be
not enough room for all of the three carboxylates to be in
the chelating mode, and one or two of them have to be in
the monodentate(n') mode, and the number of the solvent
molecules (n) becomes 3 or 4. Figure 3 shows the structures
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(a)

Figure 3 Structures of [DyL3(H,0)3] (a) and [TbL}(H>0)4] (b) (HL = pivalic acid and HL' = 2,6-dihydroxybenzoic acid) (RE, black;
O, gray; C, white; H, omitted). (Reproduced with permission from from R. Wang and Z. Zheng, ‘‘Rare Earth Complexes with Carboxylic
Acids, Polyaminopolycarboxylic Acids and Amino Acids’’ in Chun-Hui Huang, Rare Earth Coordination Chemistry: Fundamentals and

Applications. © John Wiley & Sons (Asia) Pte Ltd, 2010.)

of [DyL3(H,0)3] (a)and [TbL4(H,0)4] (b) (L = pivalate,
L' = 2,6-dihydroxybenzate).

When the carboxylate/RE ratio is high (>4), anionic
monomeric complexes can be formed. Only four structures in
this category have been reported: K3[ErLg] - 2H,0, K5[TbLg],
(NH4),[LaL¢]-0.5H,0, and K3[YbL's]] - 4H,0 (L = formate
and L' = acetate). While all of the eight formate anions in
the structure of Ks[TbLg] are unidentate, only three or four
ligands in the other three compounds are unidentate, with the
rest of the ligands chelating to the metal centers, CN = 8 or
9 417,18

With bipy as auxiliary ligand, RE(III) ions
form two types of mononuclear trichloroacetates (L =
trichloroacetate): (i) [RE(bipy);L3;] (RE = Pr or Nd) and
(i) [RE(H,0)(bipy),L3] (RE = Tb or Er). All of the three
trichloroacetate anions in (i) are in the simple chelating mode
(n?), CN = 10, while all of the trichloroacetate anions are
unidentate ('), CN = 8. The cases for mononuclear carboxy-
lates with phen as auxiliary ligand are more complicated.
They can be formulated as [REL3(phen),, (sol),] (m = 1 or 2,
n =20, 1, or 2, and sol = solvent molecule). The carboxy-
late ligands in the structure can be simple chelating (%), or
unidentate (n'). The CNs are 8 or 9, depending on the size of
the RE(III) ions and the bulkiness of the carboxylate ligands.

4.4.2 Dinuclear Carboxylates

Although hundreds of dinuclear rare earth car-
boxylates have been structurally characterized, the bridging
numbers between the two metal centers are only found
to be either 2 or 4, and in only 4 bridging modes out
of 12 from Figure 2: (i) double bidentate bridging, (u;-
n'n'), (Figure 2b); (ii) double chelating tridentate bridging,
(u2-nn'), (Figure 2g); (iii) quadruple simple bridging, (u,-
n'n")4 (Figure 2d)); and (iv) quadruple chelating bridging,
(27" 0" )2 + (2n'n'), (Figure 2j).

While most of the monocarboxylic acids can form
quadruply-bridged dinuclear carboxylates with RE(III), with
a bridging mode (IIT) or (IV), only a few monocarboxylic

acids have been found to form double-bridged dinuclear
carboxylates: with acetic acid, propionic acid, benzoic acid,
as well as some para-substituted derivatives of benzoic acid
(p-RC¢H4COOH) (R = —NH,,—-OCH3,—CN, etc.) for type
(D) and acetic acid, methacrylic acid, 3-(2-hydroxyphenyl)
acrylic acid, 2-thiophene carboxylic acid, 2-methoxybenozoic
acid, 3-hydroxybenzoic acid, 4-hydroxy-3-methoxybenzoic
acid, and 2,6-dichlorobenzoic acid for type (II). Although
one can imagine the steric hindrance and the solubility
of the ligands or the carboxylates may play roles for this
phenomena, it is still too early to have any clear answer
about it. As examples for bridging mode (I), the structure of
[TbL3(H,0),], - 2H,0 (L = p-aminobenzoate) is shown in
Figure 4(a).! The bridging mode (II) is found in the structure
of rare earth acetates for RE = Sm—Lu. The structure of
[SmL3(H,0),], (L = acetate) is shown in Figure 4(b).2

While most of the monocarboxylic acids can only
form dinuclear carboxylates in bridging mode (III), i.e., (u,-
n'n")4, with the help of auxiliary ligands such as phen, terp,
bipy, DMSO, DMF, ethanol, methanol, NO5, and even the
carboxylate (L ™) or the carboxylic acid (HL), trifluoroacetic
acid is the only one so far, which can form dinuclear rare earth
carboxylates in this mode without any auxiliary ligands. The
structure of [GdL3(H,0)3], (L = trifluoroacetate) is shown in
Figure 5(a).?! This may be due to the unique geometry and
the nucleophilicity of the trifluoroacetate ligand.

Almost all of the monocarboxylic acids can form
dinuclear carboxylates in bridging mode (IV) with or
without auxiliary ligands. The structures of [CeL;(phen)],
(L = acetate) are shown in Figure 5(b).22 The two Ce'!' ions
are bridged in mode (IV), i.e., (u2-n°1n")2 + (2-n'n')y).
Each of the two Ce ions is then chelated by one simple
chelating (n?) carboxylate ligand and one phen, CN = 9.

By comparing the structures of the four types of
dinuclear carboxylates, we can see the following trends:
(1) large RE(III) ions prefer bridging modes (II) and (IV),
while smaller RE(IIT) ions prefer modes (I) and (IIT); (ii)
without auxiliary ligands, RE(III) ions tend to form double-
bridged structures, i.e., type (I) and (II), whereas with auxiliary
ligands, such as phen, bipy, and even other carboxylate anions,
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(@)

(b)

Figure 4 Structures of [TbL3(H,O),], (L = p-aminobenzonate) (a)and [SmL(H,O0),], (L’ = acetate) (b) (RE, black (large balls);
O, gray; N, black (small balls); C, white; H, omitted). (Reproduced with permission from from R. Wang and Z. Zheng, ‘‘Rare Earth
Complexes with Carboxylic Acids, Polyaminopolycarboxylic Acids and Amino Acids’’ in Chun-Hui Huang, Rare Earth Coordination
Chemistry: Fundamentals and Applications. © John Wiley & Sons (Asia) Pte Ltd, 2010.)

(@)

(b)

Figure 5 Structures of [GdL3(H,0)3], (L = trifluoroacetate) (a) and [CeL)(phen)], (L' = acetate) (b) (RE, black (large balls); O, gray; N
and F, black (small balls); C, white; H, omitted). (Reproduced with permission from from R. Wang and Z. Zheng, ‘‘Rare Earth Complexes with
Carboxylic Acids, Polyaminopolycarboxylic Acids and Amino Acids’’ in Chun-Hui Huang, Rare Earth Coordination Chemistry: Fundamentals

and Applications. © John Wiley & Sons (Asia) Pte Ltd, 2010.)

the compounds will adopt the modes (III) or (IV), where the
auxiliary ligands push one nonbridging carboxylate from each
end to form two new bridges. Apparently, chelating tridentate
coordination mode, 1,-n%n', which supplies three dentates,
is more appreciated by large RE(III) ions, and the trends are
in good consistence with the ionic nature of the RE(II[)-O
bonds and the trend of lanthanide contraction.

4.4.3 Tetranuclear Carboxylates

Only four tetranuclear carboxylates have been
reported so far, and they only involve small RE(IIT) (RE =Y,
Dy, Tm, and Lu). Their structures are all centrosymmetric
and fall into two types. The structure of linear tetramer,
[YL3(H,0),]s (L = p-hydroxybenzoate), is shown in
Figure 6(a).23 The four Y™ ions are linked together by simple

double bridges ((1t2-1'n"),). Each of the two terminal Y™ are
then coordinated by two chelating(n?) ligands and two water
molecules, and each of the two internal Y'"! are coordinated by
one chelating(n?) ligands and two water molecules, CN = 8.

Csy4[LuL4]s (HL = acetic acid) is a closed square,
and only half of the structure is unique.?* This is also the
only example of its type. In the structure, Lul and Lu2 or
Lula and Lu2a are linked together by a mixed triple bridge
((2-*n")2 + (u2-n'n')), while Lul and Lu2a or Lu2 and
Lula, on the other hand, are bridged by an acetate in the
bidentate bridging (uz-n'n') mode, resulting a square with
four Lu™ at the corners. Lul or Lula is then coordinated by
two chelating (%) carboxylates, CN = 9. Lu2 or Lu2a has a
very similar coordination environment, except that only one
carboxylate is in the chelating (?) mode, and the other one is
unidentate(n'), CN = 8 (Figure 6b).
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Figure 6 Structures of [YL3(H,0),]s (HL = p-hydroxybenzoic acid) (a) and [LuL4],~ (HL = acetic acid) (b) (RE, black; O, gray; C,
white; H, omitted). (Reproduced with permission from from R. Wang and Z. Zheng, ‘‘Rare Earth Complexes with Carboxylic Acids,
Polyaminopolycarboxylic Acids and Amino Acids’’ in Chun-Hui Huang, Rare Earth Coordination Chemistry: Fundamentals and Applications.

© John Wiley & Sons (Asia) Pte Ltd, 2010.)

The formation mechanism of the tetramers is still not
clear, although the sizes of the metals may play important
roles there.

4.4.4  Polynuclear Carboxylates with One Bridging Mode

The polynuclear carboxylates in this category have
the same bridging modes repeating in between the two
neighboring metal ions. So far, seven (a, b, ¢, g, h, 1, and k) out
of the twelve bridging modes in Figure 2 have been observed:
(i) single bidentate bridging: w,-n'n'; (ii) double bidentate
bridging (u2-n'n'),; (iii) double tridentate bridging (i2-
n’n")a; (iv) triple bidentate bridging (uz-n'n')s; (v) mixed
triple bridging (Figure 2a) ((2-n'n")2 + (ma-n’n")); (vi)
mixed triple bridging (Figure 2b) ((2-n'n' + (u2-n’n")2),
and (vii) triple tridentate bridging (1,-n%n")s.

Single bidentate bridging (1,-n'n') modes are very
rare, and are only found with small RE(IIl) ions. In
[YbL3(H,0),], (HL = formic acid), the two neighboring
Yb™ ions are linked together via a single bidentate
bridging (uy-n'n') formate, and each of the Yb'! ions are
then coordinated by two chelating(n?) formates and two
aqua ligands, CN = 8.25 The same connectivity is also
observed in [YbL3(H,0),], (HL = methylthioacetate) and
[DyL3(H,0)4], - nH,O(L = benzoate).26-"

Figure 7 shows the structures with double bridging
modes (us-n'n'), and (u2-n?n'),. The double bidentate
mode, (u2-1'n'),, is only found in the benzoate and some
of its derivatives. As shown in Figure 7(a), the neighboring
RE(III) ions in [REL3;(MeOH),], (RE = Sm, Eu, Gd, and
Tb; L = benzoate) are bridged by the two bidentate benzoate
ligands, and each of the RE(III) centers is coordinated further
by one chelating (5?) benzoate and two methanol with
CN = 8.2 On the other hand, reports show that aliphatic

ligands, for example, acetates or propionates, prefer the
double tridente bridging mode (uz-n%n'),. Figure 7(b) shows
the structure of [Pr,L¢(H,0)3], - 3nH,O (HL = propionic
acid).?? In the structure, the Pr'! ions are linked together
by two tridentate chelating propionate ligands. With the
chelating (n?) propionate and three water molecules, each
Pr!'" is nine-coordinated.

The four triple bridging modes are the result of
the combinations out of the two coordination modes, i.e.,
bidentate bridging and tridentate bridging. Of the four
bridging modes, three of them are observed in anhydrous
rare earth acetates ([REL;],): with triple bidentate bridging
mode, (1z-n'n')3, for RE = Sc;3° with mixed triple bridging
mode (a), (t2-n'n")2 + (u2-n*n') for RE = Tm—Lu; and
with mixed triple bridging mode (b), (u2-n'n') + (u2-
n’n'), for RE = Sm—Er, Y.3! The mixed triple bridging
mode (b)are also found for hydrated larger rare earth
acetates, [RE;L¢(H,0)], (L = acetate, RE = Sm and Eu),
[LnyLg(H,0)3], - 2.25nH,0 (L = 2-thiopheneacetate, RE =
Ce—Sm), and [RE3;L¢(DMSO)4], (L = chloroacetate, RE =
La, Pr, and Nd). Triple tridentate bridging mode, (u;-
n°n')s, is only found with very few anhydrous rare earth
carboxylates such as [Eul;], (L = p-methylbenzoate) and
[NdL;], (L = m-methylbenzoate), where CN = 9.

4.4.5 Polynuclear Carboxylates with Two Bridging Modes
Alternated

Polynuclear carboxylates with two bridging modes
alternated form the largest family of rare earth polynuclear
carboxylates. At least six bridging modes have been identified
within this family.'® The three most often observed structure
types with two bridging modes are the alternating double
bidentate bridging and double tridentate bridging, referred as
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(a)

(b)

Figure 7 Structures of [SmyL¢(MeOH)4], (HL = benzoic acid) (a) and [Pr,Lg(H,0)3], (HL" = propanoic acid) (b) (RE, black; O, gray;
C, white; H, omitted). (Reproduced with permission from from R. Wang and Z. Zheng, ‘‘Rare Earth Complexes with Carboxylic Acids,
Polyaminopolycarboxylic Acids and Amino Acids’’ in Chun-Hui Huang, Rare Earth Coordination Chemistry: Fundamentals and Applications.

© John Wiley & Sons (Asia) Pte Ltd, 2010.)

(a)

(b)

Figure 8 Structures of [Eu,Ls(H,0)4], (HL = p-nitrobenzoic acid) (a) and [Er,L{(H>0)3], (HL' = trichloroacetic acid) (b) (RE, black
(large balls); N and Cl (black (small balls); O, gray; C, white; H, omitted). (Reproduced with permission from from R. Wang and Z.
Zheng, ‘‘Rare Earth Complexes with Carboxylic Acids, Polyaminopolycarboxylic Acids and Amino Acids’’ in Chun-Hui Huang, Rare Earth
Coordination Chemistry: Fundamentals and Applications. © John Wiley & Sons (Asia) Pte Ltd, 2010.)

(2-n'n")2//(12-n*n"),; alternating double bridging and triple
bridging, referred as (ua-n'n")2//(112-n'n")(a-n*n')2; and
alternating double bridging and quadruple bridging, referred as
(20"l l(a-n" 0" )a or (a-n"n" o/ l(n2-n'n"a(2-n*n"),.

The b