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solids continues to be a fertile area of research. The contemporary understanding of the accessible oxidation states of the

lanthanide elements and the variability in their electronic structure is the result of several paradigm shifts. While the

lanthanide elements have already found widespread use in technical and consumer applications, the continued reevaluation

of basic redox properties is a central chemical concern to establish a more complete description of periodic properties. This

fundamental understanding of valence electronic structure as it is derived from oxidation state and coordination

environment is essential for the continued development of lanthanides in quantum information science and quantum

materials research. This review presents the chemical and physical properties of tetravalent lanthanide ions in extended

solids and molecules with a focus on the elements apart from cerium: praseodymium, neodymium, terbium, and

dysprosium.

Introduction

The understanding of lanthanide oxidation states, valence
electronic structure, and redox chemistry in condensed phases
(molecular and extended solids) has been through waves of
reconstruction (Figure 1). These paradigm shifts began when
the lanthanides were first available in pure form and in
significant quantities starting in the 1950’s with Frank
Spending’s development of ion exchange purification
methodologies.1® Prior to this innovation, Klemm established
an empirical model of systematic valences that rationalized the
aqueous stability of trivalent lanthanides across the series along
with exceptions for divalent Sm, Eu, and Yb ions and tetravalent
Ce ions in solution.10 This framework also contended with the
observed stability of tetravalent Pr and Tb in the solid state. The
accessibility of non-trivalent oxidation states was rationalized
on achieving (or approximately achieving) empty, filled, or half-
filled shells (e.g. 4f°, 4f14, 4f7).

The emergence and rationalization of lanthanide oxidation
states outside of Klemm’s model can be traced to the work of
John D. Corbett on solid-state lanthanide halides.1! These
studies guided the field from Klemm’s empirically derived
model of systematic valences of the lanthanides, to the
classification of divalent lanthanide halides in insulating phases,
(R2*)(X")2, (R = rare-earth and X = halide) and semi-metallic
phases (R3*e")(X’)2. The latter phases were proposed to have an
electron delocalized in the conduction band. These
dichotomous valence electronic structure models for divalent
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lanthanides were refined through both the synthesis and
characterization of solid-state and molecular systems to the
contemporary nomenclature: insulating 4f/"*15d° and semi-
metallic 4f"5d*. This current model was built from the close
relationship between solid-state and molecular practitioners.11.
12 |n contrast to molecular transition metal chemistry, where
biological inspiration has historically driven the field, molecular
lanthanide redox chemistry has built on the materials,
techniques, and analysis established for solid-state systems.
With the advent of bioinorganic lanthanide chemistry, this
synergy is evolving.13-20 However, there are significant signposts
in the solid-state literature to guide the further development of
molecular lanthanide redox chemistry.

This intellectual approach has precedent. Corbett and
Meyer mapped the phases of accessible divalent lanthanide
halide and oxide-halide materials.?1-32 The divalent lanthanide
phases have yielded unique magnetic properties.33 The identity
of the products of these reactions were often governed by the
equilibrium M + MX3 & 2MX; which defined two synthetic
targets for the molecular synthetic community: isolation of
zero-valent and divalent complexes. Cloke and co-workers
established molecular zero-valent complexes of the rare-earth
elements (Sc, Y, and Ln = lanthanide)343° and established the
framework for the analysis of mixed-valent magnetism (ground
state population of the f and d shell).3¢ Bocharev and co-
workers employed the divalent iodide extended solids of Tm,
Nd, and Dy to open the field of non-traditional divalent
lanthanide complexes with the isolation of their ethereal
adducts.*043 These leads led to the consideration of
organometallic divalent lanthanide complexes. Lappert and
Evans built a complete series of lanthanide divalent anions, and,
concurrently, a wide range of structural types for anionic
divalent lanthanides and actinides were isolated.4473 These
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Figure 1. Known oxidation states for 4f elements and corresponding phase of isolation/identification: molecular (m), extended solid (s), and gas-phase (g).

methodological developments have even led to the isolation of
neutral, non-traditional divalent lanthanide and actinide
complexes, with some electrochemical evidence for a
monovalent uranium complex.”# 75> The latter possibility is
foreshadowed by the isolation of monovalent [Lal] and a
monovalent Sc complex.’s 77 These results portend the
development of lanthanide and actinide monovalent molecular
chemistry.

This perspective summarizes the thermochemistry,
descriptive chemistry, spectroscopy (optical, core-level, and
EPR) and physical properties (magnetism) of tetravalent
lanthanides in extended phases, gas phase, solution, and as
isolable molecular complexes. Where appropriate the
chemistry of tetravalent Ce is included for the direct reference
of the reader. However, several excellent reviews have covered
high-valent Ce from the perspective of redox chemistry’8 and
the isolation of metal-ligand multiple bond complexes.”® This
perspective focuses on the chemistry and physical properties of
tetravalent Pr, Nd, Tb, and Dy.

2. Thermochemistry of Ln%* in Binary and Ternary Phases

The last definitive review of lanthanide thermochemistry,
published in 1976, focused primarily on trivalent and divalent
lanthanide chemistry and provided a broad summary of the
accessible tetravalent lanthanide phases established at the
time.80 Studies on the stability of tetravalent lanthanide ions in
condensed phases were extended by Bratsch and Silber for
binary systems employing an ionic model established to
determine the enthalpy of formation of trivalent lanthanides.8!
The ionic model involves the Born-Haber cycle as depicted in
Figure 2. Based on the Born-Haber cycle, the enthalpy of
formation of binary tetravalent lanthanides is given by Equation
1:

AHP (Ln**X™) = AHP (Lng*)+ AHP (X27) - AHSupice (LX) (1)

where, AHfO (Ln‘g“) involves the sum of ionization energy and
sublimation energy and AHD . ice (LnX) is written as a
function of ionic radii of the lanthanide and the ligand. In order
to determine the stability of the binary tetravalent lanthanides,
their enthalpies of formation are compared to the enthalpies of
formation of the corresponding binary trivalent lanthanides via
a decomposition reaction as shown below in Equation 2:

LnX, = LnX;+3 X, (g) (2)

From this analysis, if the AHQ,.omposition iS POSitive, the
tetravalent lanthanide phase is stable with respect to
decomposition to the trivalent phase. However, if it is negative,
the tetravalent phase is expected to decompose to the binary
trivalent lanthanide. Based on these calculations, CeO,, CeF,,
PrO,, PrF4, TbO; and TbF, are stable. However, it should be
noted here that the Ce** based binary compounds are
significantly more stable than the corresponding Pr4+* and Th#+
analogs. The order of stability of the binary tetravalent

Ln*(g) + 1/2 Xz (g)

‘4?'? lonization . )
e enthalpy Ln*(g) + X" (9)
e X Ln(g) +1/2X:(9) |5
3 Sublimation enthalpy g
Initial =
Ln(S) + 1/2 Xz (9) %
Y Y

Final - LnX, (S)

Figure 2. Born-Haber cycle for calculating the standard molar enthalpy of
formation of binary tetravalent lanthanides as described in equation 1. Figure
adapted from reference 81.
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Figure 3. The enthalpy of decomposition of binary tetravalent fluorides (LnF,)
represented by pink triangles and binary tetravalent oxides (LnO,) represented by
blue circles plotted against corresponding lanthanide. Modified from reference 81.

lanthanides based on the predicted enthalpy of decomposition
is Ce0; (190 kimol1) > CeF4 (181 kimol1) > TbF,; (74 klmol1) >
TbO; (29 kimol1) > PrF4 (10 klmol1) > PrO; (3 kimol1) and has
been plotted in Figure 3. Even though binary PrF;and PrO; are
relatively less stable than their Ce or Tb analogs, Pr#* is more
stable in ternary fluoride and oxide lattices such as Na,PrFs and
NazPrOs, than Ce or Tb (vide infra). This increased stability in the
ternary phase indicates that lattice contributions can
compensate and stabilize the tetravalent
extended solids.

The enthalpy of formation of CeO, was determined
experimentally using solution calorimetry by Holley and Huber
in 195382 and 197083 and by Kuztensov in 1960.84 Electromotive
force (emf) measurements to determine the enthalpy of
formation of CeO, were reported by Kuznetsov in 1961.85 The
average value of enthalpy of formation of CeO, based on these
different techniques was found to be -1090.4 kJmol-1.8¢6 The
enthalpy of formation of PrO, was studied using solution
calorimetry by Eyring and Cunningham in 1957 and by Gramsch
and Morss in 1995 and the corresponding values are -949.3 kJ
moll and -959.1 kJmol?, respectively. 87 88 8 The slight
discrepancy is probably due to differences in substoichiometry
of oxygen in PrO,«. The enthalpy of formation of ThO, was
determined using solution calorimetry by Fitzgibbon and
Holley®© and by Stubblefield and Eyring.°! Since the maximum
oxygen content achieved in TbOyhas been x = 1.95, the enthalpy
of formation for TbO, was extrapolated by determining the
enthalpy of formation for different non-stoichiometric Tb
oxides. Based on the extrapolation, the enthalpy of formation
for TbO, was found to be -971.52 klmol-1.20 These experimental

lanthanides in

values follow the same trend as the calculated values with
stability decreasing in the order CeO; > TbO; >PrO,.

Numerous studies have been carried out to determine the
thermodynamic stability of tetravalent lanthanide binary
fluorides. The thermodynamic stability of the binary fluorides is
calculated via the decomposition reaction in Equation 2. Gibson
and Haire determined the thermodynamic stability of CeF4 and

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Standard molar enthalpy (equation 3) for the formation of M’'LnO3(M’ =
Sr, Ba; Ln = Ce, Pr, Tb) perovskites plotted against Goldschmidt tolerance factor.
Figure adapted from reference 89.

TbF4 with high temperature decomposition studies in a Knudsen
cell using a mass spectrometer to identify the decomposition
products.?2 The decomposition enthalpies thus determined for
CeF4(242.6 kimol1) and TbF, (83.58 kJmol1)°3 are greater than
the values predicted by Bratsch and Silber.81 The difficulty in
preparation procedure of PrF, with decomposition around 363
K is in accordance with a small predicted enthalpy of
decomposition by Bratsch and Silber.8:

This empirical extrapolation of the predictions for binary
tetravalent lanthanide phases is supported by solution
calorimetry of tetravalent lanthanides in ternary oxide-based
lattices of the type M’LnOs; (M’ = Sr, Ba; Ln = Ce, Pr, Th).
Deviation from the ideal cubic structure in perovskites is
quantified using the Goldschmidt tolerance factor (t).?* When
t<1, meaning a greater distortion, the enthalpy of formation of
the perovskite becomes less negative indicative of a decrease in
stability of the perovskite. With an 0.5 A size difference
between BaZ* and Pr4*, BaPrOs is a highly distorted perovskite.
However, the formation of BaPrOs has been found to be
exothermic indicating that BaPrOs is unusually stable. Hence,
studies were carried out using solution calorimetry to
understand the thermodynamics of formation of SrPrOs and
BaPrOs, and extended to the Ce and Tb analogs.®?

The solution calorimetry was performed by dissolving binary
and ternary oxides of Pr4 in suitable solvents. The molar
enthalpy of formation of the perovskite oxide was calculated
from the enthalpy of formation of M’O (M’= Ba, Sr) and LnO; (Ln
= Pr, Ce, Tb) for the following reaction:

M'0O + LnO, - M'LnO, (3)

A simple linear correlation between tolerance factor, t, and the
molar enthalpy of formation of SrPrOs (-39 kJmol1), BaPrOs (-
137 klmol?), SrCeOs (-4 klmol1), BaCeOs (-52 kJmol1), SrTbOs (-
49 KJmol1), BaTbOs (-88 kJmol-1) was derived as shown in Figure
4.89 The deviation of SrPrOsand BaPrOsfrom a correlation to the

J. Name., 2013, 00, 1-3 | 3
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Figure 5. Structural representation of Na,PrO; viewed along a direction to show the layered structure with layers stacked along the c direction and Na atoms between the layers.®>

b) Structural representation of Li,PrOs; viewed along a direction to show the connectivity between Pr octahedrons along b direction.® c) Structural representation of Sr,PrO, viewed

along a direction to show the layered structure with layers stacked along b direction and Sr atoms between layers.? d) Structural representation of SrPrOs viewed along b direction

to show the cooperative tilting of Pr octahedrons.?’ e) Crystal structure of K,ThGe,0; viewed along a direction.®® f) Structural representation of PrO, viewed along b direction.® Pr
atoms are represented by dark blue octahedra in a, b, ¢, d and f, Tb (light blue octahedra in e), O (red), Na (green in a), Li (orange in b), K (light green in e), Sr (dark purple in c and
d) and Ge (light purple in e). Figures generated using Vesta software using CIF files from ICSD.100, 101

tolerance factor suggests that another phenomenon is
contributing to the lattice stabilization. It should be noted that
SrPrO3 deviates less from the ideal linear correlation when
compared to BaPrOs, This difference could be attributed to the
more distorted structure of the SrPrO3 perovskite.

Other closed shell and open shell systems in AMO3
perovskites with Th4+(5f26d°), Tb** (4f7), Pu*+ (5f*), Am** (5f2),
and Cm#(5f%) fit the linear correlation with the tolerance
factor.8® Hence the unusual thermodynamic stability of SrPrOs;
and BaPrOsz might not be from a structural origin but rather be
due to the electronic structure of these perovskites, and
multiple theories have been proposed.8? The change from an
eight-coordinate environment in PrO, for Pr4*to a six coordinate
in APrOs might be a driving force for the unusual stability.8 It
has also been proposed that an increase in covalency of Pr4+—
0% bonds resulting in charge delocalization between cation 4f
and anion 2p orbitals might offer extra stability to these
perovskites.8? There is some indirect support for this analysis
from O K-edge XAS studies of the binary oxides, CeO,, PrO,, and
TbO,, (vide infra).102

The enthalpy of formation of ALnOs (A = Sr, Ba; Ln = Ce%,
Pr4+, and Tb#*) perovskites has been examined by a number
experimentalists. Ushakov and Navrotsky performed oxide-
melt drop solution calorimetry to calculate the enthalpy of
formation of BaLnOs(Ln = Ce, Pr) perovskite oxides based on the

reaction between BaO and PrO; in 2002.193 The enthalpy of
formation of BaPrOs; was calculated to be -70 kJmol1, much less
than the value calculated by Gramsch and Morss (-137 kimol-
1).89 However, this value is in agreement with the linear
correlation between the Goldschmidt tolerance factor and
enthalpy of formation. The enthalpy of formation of BaCeOs was
calculated to be -51 kimol! (oxide-melt solution calorimetry) in
agreement with the value reported by Gramsch and Morss8° (-
52 kJmol1), Huntelaar®* (-53.2 kJmol1), Fuger and Haire05 (-52
kJmol1) using solution calorimetry. The enthalpy of formation
of BaCeOs was also determined using mass spectrometry by
Matsul (-74 kimoll) and significantly deviated from the
previous studies.19 This discrepancy was attributed to the
difference in sequence of calculation of enthalpy of formation.
The enthalpy of formation of SrCeOs was also determined using
solution calorimetry by Gramsch and Morss8® (-4 klmol?), in
excellent agreement with the values provided by Huntelaar04 (-
7 kJmol?) and Fuger and Hairel% (-5.6 kimol). The significantly
increased thermodynamic stability of BaCeOsin comparison to
SrCeOs can be attributed to the Goldschmidt tolerance factor
since BaCeOs is much closer to the ideal perovskite structure
than SrCe0s3.82 A similar analysis can be applied to Pr#+
compounds where BaPrOs is significantly more stable than
SrPrOs. The enthalpies of formation of SrTbO3 (-49 kimol1) and

Please do not adjust margins
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BaTbOs; (-89 klmoll) were determined using solution
calorimetry by Fuger and Haire and follow a similar ordering.105

Based on the thermochemistry of ternary tetravalent
lanthanide oxides, Tb**and Ce** perovskites fall in line with the
relationship between enthalpy of formation and
Goldschmidt tolerance factor.?* Pr#+ perovskites show a greater
degree of stabilization with BaPrOs; being the most stable
ternary tetravalent oxide followed by SrPrOs; (from solution
calorimetry) and with SrCeOs the least stable.8® This observed
stability is in contrast with the thermochemistry of binary
tetravalent lanthanide oxides and fluorides where Pr#* is the
least stable tetravalent lanthanide. Based on the enthalpy of
formation of Pr4* based perovskites and the enthalpy of
decomposition of binary oxides/fluorides, it is evident that,
strong lattice contributions are required to stabilize Pr4+.
However, electronic stabilization might also play a key role in
stabilizing Pr4* (vide infra). Hence, the stability of Pr4* materials
may be driven by both the lattice and the electronic structure
facilitated by strong coupling between the phonon density of
states and electronic density of states.107

linear

3. Solid-State Ln* Chemistry

With the background solid-state thermochemistry of binary
and ternary tetravalent lanthanide systems established, this
section reviews the synthesis and physical properties of Pr+,
Tbh#+, Nd%*, and Dy#* in pure oxidation state and doped phases.
These systems span binary and ternary oxides and fluorides and
the recent preparation of more complex polynary phases. The
materials included here are from an exhaustive ICSD search and
include our best efforts to include unindexed early reports.101
The narrative, however, is focused on recent studies and
modern characterization methods. The commercially available,
mixed-valent oxides of Pr and Tb (nominally PrgO11 and Th407)
are not included, since these materials have been described in
detail In general,
materials are excluded from this discussion. All known Pr4+ and
Th#* compounds in the solid state are summarized in Table 1
and Table 2, respectively.

Synthesis of LnF; (Ln = Ce, Pr, Tb). Ce, Pr, and Tb can be
stabilized in tetravalent oxidation states as binary oxides and
fluorides — LnO; and LnF,4. The fluorides can be prepared by a
variety of methods: in 1934 Klemm and Henkel synthesized CeF,
by reaction of anhydrous CeCls with F, at room temperature.113
In 1940, Wartenberg synthesized CeF4 by reaction of CeFs with
F, gas in the temperature range 623-773 K.114 Longer times are
required if F, gas is diluted with N>/Ar. While TbF, is less stable
than CeF4, the synthetic conditions for the preparation of TbF,
are similar to those for CeFs. TbF, can also be prepared by
treating TbFs or TbCl; with F, gas around 623 K.115 Kiselew et al.,
reported an alternative route to the synthesis of phase pure
TbF, and CeF4 using XeF, (n = 2, 4, 6) or KrF; as fluorinating
agents.116 These reactions took place with TbF; or CeFs as
starting materials in a nickel or Monel container. However, such
a high temperature route is not feasible for the synthesis of
PrF,4, since it decomposes at 363 K to PrF; and F,,117 and is the

previously.108-112 mixed oxidation state

This journal is © The Royal Society of Chemistry 20xx
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least stable tetrafluoride of the lanthanides. Klemm and Henkel
in 1934 reported that the reaction between PrCls and F; only
yielded PrCl; and PrFs.113 Efforts to synthesize PrF; using PrFs
and PrgO11 as starting materials yielded only PrFs; as the final
product even under high pressure and high temperature
conditions.118, 119

An indirect method has been successful for the synthesis of
PrF, via the decomposition of Na;PrFe. In the process reported
by Shamir et al., Na;PrFs is prepared from NayPrCls under
pressurized F; gas.120 This product is then decomposed in liquid
HF. This synthesis requires a rigorous experimental setup
including the ability to distill anhydrous HF onto the
intermediate compound. Specifically, Na,PrFs was placed on a
Teflon disc inside a Ni container and closed under an N,
atmosphere. The container was then connected to an all metal
vacuum line and evacuated. Anhydrous HF was then distilled
onto the compound. The reaction proceeded by the
decomposition of Na,PrFs to PrF4 and NaHF,. However, the final
product was found to be mixture of PrF4 and PrFs. Falconer et
al., in 1972 reported an alternative synthetic setup to isolated
PrF; from the decomposition of NaPrFs.117 This method
involves heating intimate mixtures of NaF and PrFs; under
pressurized F, gas at 673 K for 4 hours. The resulting product
was then washed with anhydrous HF. However, powder X-ray
diffraction (PXRD) analysis of the product also indicates that the
material generated by this method is not a single phase. Pure
PrF4, however, can be produced from its oxide precursor,
PrsO11, using KrF; as the oxidant based on the process reported
by Kiselew et al.116 A less daunting synthesis for PrF; was
reported by Mazej in 2002, which involved photodissociation of
F».121 Pure PrF,4 can be synthesized at room temperature by the
reaction of PrgO1;1 in anhydrous HF with F; gas in the presence
of ultraviolet light for 11 days.

Synthesis of LnO; (Ln = Ce, Pr, Th). The binary oxides, CeO,
PrO, and TbO; are less synthetically challenging to access than
the binary fluorides. Ceria, CeO;, is the most stable known
dioxide of the lanthanides and finds wide-use in industry.108-112
CeO; can be prepared by decomposing corresponding
hydroxide, nitrate, carbonate, oxalate, acetate, fluoride,
chloride or sulfate in air. However, the final reactions have to
be carried out at 1373 K to obtain phase pure stoichiometric
Ce0,.122

The dioxides of Pr and Tb can be prepared via dry or wet
methods. The dry method for the synthesis of PrO,, developed
by Brinton and Pagel in 1929, involves heating PrgOi1; or
mixtures of PrgO11 and Pr,05 under high pressures of oxygen in
the temperature ranges of 473-673 K in a customized high-
pressure furnace.l22 The process was later refined by
McCullough in 1949 who replaced the high-pressure furnace
with a sealed U-shaped quartz tube set up using NaClOs as the
oxidizing agent (NaClOs; was separated from the starting
material by placing it on the other end of the U-shaped tube).®®
TbO, was later synthesized by Katz et al. in 1949 using a
customized atomic oxygen furnace set up under reduced
pressure and elevated temperature conditions using Tb,07 as
the starting material.124 Katz also showed that this method

J. Name., 2013, 00, 1-3 | 5
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Table 1. List of known Pr* compounds in the solid state with their lattice system/space group, Curie-Weiss constant (Bcw), and effective magnetic moment (pes).

Material Structure Ocw (K) Meft (1s) Comments

Na,Pr0;% 1252 Q2/c -15 0.99 Entropy recovered - ~0.71RIn2
Li,PrO5%> Cmmm -32 1.75 Entropy recovered —~0.71RIn2
SrPrO5%7 Pbnm - 1.57 No magnetic ordering down to 4.2K
BaPrQ;126-130a Pnma -12 0.7 Exhibits a series of phase transitions at HT (xo= 6.9x104emu/mol)
SryPrQ,%. 131,132 Pbam -7.3 1.2 Entropy recovered - ~RIn2 (xo= 6.61x10* )
LigPrQg133 134 R3m e 0.505 Isolated octahedrons of Pr#+ (xo = 2.67x104 emu/mol)
KyPrQ3135, 1362 C2/c -140 2.4 Isostructural to Na,PrOs

Cs,PrOs137a Cmc2, -101 354 -

Rb,PrQO;1352 C2/c

NaPrFs138 Rhombohedral Isostructural to NaPuFs

T = —

CsPrFs140 Rhombohedral -37 2.38 Colorless,

LipPrFe4t e e e Colorless, isostructural to LiZrFg
Na,PrFg140. 142 Immm -70 2.25 Colorless

KoPrFgt40 e -62 2.24 Colorless

Rb,PrFg140 Hexagonal -44 2.18 Colorless, isostructural to Rb,UFg
Cs,PrFgl40 Hexagonal -130 2.14 Colorless

NasPrF;141 Cubic -115 2.22 Colorless

KsPrFs441 e e e Colorless, isostructural to (NH4)sZrF7
Cs3PrF;141 Cubic -97 2.21 Colorless

CdPrLipFgtt e e s Colorless, Scheelite type

BaPrFgl4t e e e Colorless, isostructural to RbPaFg
PrF,117,121,142-144 C2/c - 2.42 Colorless, isostructural to ZrF,
Rb,CsPrF;145 Cubic - e Colorless

Cs2RbPrF;14> Cubic e Colorless

K2RbPrF;145 Cubic e Colorless

RbaKPrF;145 Cubic e Colorless

RbsPrF;14> Cubic e Colorless

CsRbKPrF;14> Cubic e Colorless

Cs2KPrF;145 Cubic e Colorless

Rb,LijsPr30q14e  eeeeee e e Isostructural to K;Li;4Pb3014

PrO,147, 148 Pnma -105 2.32 Isostructural to CaF;

aPolymorphs have been reported.

could be used to synthesize phase-pure PrO; from PrgOi;.
Alternatively, Glocker and Rabideau demonstrated that phase
pure PrO; can be synthesized by exposing PreO11 to ozone at
room temperature for several days. The wet method involves a
solvolytic disproportionation of the non-stoichiometric oxides.
In 1966, Rao synthesized PrO; by suspending PrgOi1; in a 5%
aqueous solution of acetic acid in the temperature range 320 —
350 K.147, 148 This reaction has been attributed to the selective
dissolution/reaction of Pr3+. TbO,.« was synthesized in a similar
manner using Tb4O7 as the precursor. The reaction was deemed
complete when the color of the solution turned green. It should

be noted that the maximum oxygen stoichiometry obtained for
TbO,« is ThO1.95.148 All of the dioxides crystallize in a fluorite
structure in the space group Fm3m.24° The crystal structure of
PrO, is shown in Figure 5f.

There has been some speculation on the existence of Pr5*in
the solid-state. Prandtl and Rieder in 1938 reported the
formation of YPrO4 while heating mixtures of PrsO11and Y,03 at
574 K in 15 atm of 0,.15% Based on the ratio of atomic oxygen (in
the final sample) to the oxygen present in Pr;Os, it was
concluded that the Pr was pentavalent. However, efforts to
reproduce the experiment by Marsh in 1946 lead to

Please do not adjust margins
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Table 2. List of known Th* compounds in the solid state with their crystal structure, Curie-Weiss constant (Bcw), and effective magnetic moment (es).

Material Structure Ocw (K) Mett(us) Comments

Na,TbO3% 125 151,152a -105 7.90 Entropy recovered - ~0.71RIn8

KaThOs1362 -47 8.5 Isostructural to a-NaFeO;

Rb,ThO31532 -57 7.9 Isostructural to a-NaFeO;

Cs,TbO31>32 -64 7.3 Isostructural to a-NaFeO,

SrTbO5154 -54.5 796 -

BaTbO;154 155 -52.8 796 -

LigTbOQgt33134  R3m - 6.06 Isolated octahedrons of Th**

Li; ThFg!56-159 P12:/c1 - 7.86 A rare example of Li in 5 coordination

LisTbFgl60 Pnma

Ko TbFg158 C12/c1 - 4.44b K =1[0.0074, 0, 0] magnetic structure

Rb,TbFg158 C12/c1 - 6.27b K =1[0.0104, 0, 0] magnetic structure

BaTbFel612 P 6.68> e

CaTbFg162 163 Pdy/m e e Undergoes a structural phase transition at 220K
KTbFs164 = Tn=1.6K

CsTbF5165 Cmca - e No magnetic ordering down to 1.4K

RbTbFs164 = Tn=1.4K

Cd,TbFg166 4 e e A 8 coordinate Terbium

Cs3TbF,167 Fm3m

K3TbF,14> Cubic ~ —em e Colorless

Rb,KTbF;145 Cubic ~ —em e Colorless

K2RbTbF;%4> Cubic - - Colorless

RbsTbF;14> Cubic - - Colorless

CsRbKTbF;14° Cubic - - Colorless

Cs2KTbF7145 Cubic - - Colorless

Rb,CsTbF;14> Cubic - - Colorless

Cs2RbTbF;145 Cubic - - Colorless

CdTbFg'63 Pa,/m e 6.5b K = [%, %, 0] magnetic structure

SrTbFet63 Orthorhombic - - Undergoes a structural phase transition at 210K
LiTblOg168 7.78 Brownish red

NaTblOg!68 8.03 Brownish red

KThlOg168 7.96 Brownish red

Rb;Li14Tb301416° Yellow single crystals, isostructural to KsLi1aPb3O14
Cs;Li1aTh3014170 Orange single crystals, isostructural to K;Li14Pb3O14
K2GeTb,0,%8 C2/c e Hydrothermal synthesis

Tb0,147. 148,171 Fm3m - 7.9 Tn=3K

TbF,117, 121
aPolymorphs have been reported.

bOrdered magnetic moments have been reported.

oxidation of Pr to only to the 4+ oxidation state.l’2 This
discrepancy was attributed to the hygroscopic nature of Y,03,
and no adequate precautions were carried out by Prandtl and
Rieder against exposure to atmospheric moisture.172 Later work
by McCullough to oxidize Pr in the presence of other trivalent
lanthanides also confirms the formation of Pr4+.°® McCullough
used the decrease in lattice constants for the solid solution in
the Pr—-Nd-O system from X-ray powder diffraction with

increase in oxidation state of Pr as evidence to support the
tetravalent oxidation state of Pr.

Ternary Fluorides. Ternary fluorides of Ce4* are the most
stable amongst the fluorides with tetravalent lanthanides. A
wide-range of ternary Ce** fluorides have been synthesized and
a detailed accounting of these systems is not included here. The
synthesis of ternary fluorides with Ce** such as KsCeF; and
K,CeFe is relatively straightforward. Generally, phase pure
compounds can be prepared by treating stoichiometric
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mixtures of corresponding starting materials under a flow of F;
gas diluted with N2/Ar. The synthesis of ternary fluorides with
Th#* is similar to Ce%* in that it does not require high pressure
fluorination. All known ternary fluorides with tetravalent Tb
can be synthesized with F, gas (pure or diluted) employing
Tb>03/Tb407/TbF3/TbCls as starting materials.’6” The reactions
are usually carried out in alumina boats if the temperature of
the reaction is less than 773 K. Above 773 K, alumina reacts with
F, generating AlFs. For reactions above 773 K, nickel boats are
used with some risk of contaminating samples with Ni**. A
proposed intermediate in the synthesis of ternary compounds
is TbF4. Therefore care must be taken for reactions over 823 K,
around which temperature TbF; decomposes eliminating
fluorine and resulting in the formation of TbFs, which can react
with remaining TbF,4 resulting in mixed valent compounds.173
The synthesis of ternary fluorides of Pr4*, however, requires
high pressure fluorination.122

Synthesis of ALnFs (A = Na, K, Cs, Rb; Ln = Pr, Tb). NaPrFs
was first reported by Hoppe in 1959.174 However, this material
is not completely structurally characterized. The formation of
Pr4* was confirmed with magnetometry and iodometry.174 In
1961, Keenan and Asprey, synthesized NaPrFs by high pressure
fluorination in the temperature ranges 473-673 K for several
hours.138 Stock solutions for Pr were made by dissolving
corresponding oxide in hydrochloric acid. NaCl and Pr solutions
were mixed in stoichiometric amounts and the mixture was
evaporated to dryness, resulting in fine powders. The fine
powders were ground and subjected to high-pressure
fluorination. Based on PXRD and absorption spectroscopy,
NaPrFs was found to contain only ~75% Pr4* and the Pr3* was
attributed to reduction of Pr4* by adventitious H,O. Hoppe and
Liebe in 1961 synthesized CsPrFs by treating stoichiometric
mixtures of CsCl and PrgO11 in a custom-built high-pressure
fluorination furnace at 623 K.140 There has been a report of the
existence of KPrFs and RbPrFs however, definitive evidence has
not been presented.13?

The Tb analogs were reported by Avignant in 1997. 165 175
The studies present the single-crystal X-ray structures of KTbFs
and CsTbFs with 8 coordinate Th#*. It should be noted here that
Hoppe and Rodder in 1961 had mentioned the existence of
KTbFs and CsTbFs with unknown structures.1’6¢ RbTbFs has been
mentioned in literature and has been proposed to have the
same crystal structure as KTbFs.167 CsTbFs crystallizes in the
orthorhombic Cmca space group with 20% edge shared and
80% corner shared polyhedrons of TbFs. KTbFs and RbTbFs
crystallize in the P1 space group with 50% corner and 50% edge
shared polyhedrons of TbhFs.

Synthesis of A,LnFg (A = Li, Na, K, Cs, Rb; Ln = Pr, Tb). Li,PrFs
was synthesized by Hoppe and Feldner in 1983.141 Colorless
powders of Li,PrFs were determined to be in the hexagonal,
P31m space group. The synthesis and structural
characterization of NayPrFe, K>PrFs, Rb,PrFs and Cs,PrFe was
reported by Hoppe and Liebe in 1961.140 The synthesis involved
treating stoichiometric mixtures of corresponding alkali
chloride with PrgO11 at 763 K for Na,PrFe, 723 K for K,PrFs, 693
K for Rb,PrFs, and 663 K for Cs,PrFe. NaPrFe was characterized
in a rhombohedral space group, while Rb,PrFg and Cs,PrFs were
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characterized in a hexagonal space group. However, no
structural information was available on K;PrFs. Riesfeld revised
the structural characterization Na,PrFs to Immm space group in
1967 yielding a cubic eight-fold coordination for Pr4+.142 Th4+is
only structurally Li,TbFs, K,;TbFs,
Rb,TbFe.177 Synthesis involves treating stoichiometric mixtures
of alkali fluoride and TbFs; under a flow of F, gas at 773 K.177
LixTbFs crystallizes in a P2:/c space group while K,;TbFs and
Rb,TbFs are isostructural to Li,ZrFe and crystallize in the
monoclinic C2/c space group.157,159,178

Synthesis of M’LnFg (M’ = Ca, Ba, Cd, Sr; Ln = Pr, Th). Within
this class of compounds, Pr is only known in BaPrFe.141 It has
been reported to be isostructural to RbPaFs (orthorhombic
Cmma).1’? However, for Tb4+, four compounds are known with
complete structural characterization. The Tb compounds were
synthesized by treating stoichiometric mixtures of M’F, (M’ =
Ca, Sr, Ba, Cd) and TbF, under F, gas at 773 K — 993 K.163 SrTbhFg
has been found to be isostructural to BaPrFe with edge sharing
TbFs polyhedra resulting in linear TbFs chains linked by Sr2*
cations.163,180 This motif is the most common structure type for
M’Ln4*Fg¢ compounds and is isostructural to APaFs, PbZrFs,
EuZrFe and SrZrFg (A = NHg4, K, Rb, Cs).180 The structure of CaTbFe
is closely related to CaZrFs and CaUFs — however, is not
isostructural because of the difference in the coordination

characterized in and

number of the tetravalent cations.1®2 The structure of CdTbFe
based on X-ray and neutron diffraction appears to be isotypic to
CaTbFs. The Ca and Cd structures appear closely related to anti-
KSbFes type anion-rich compounds. It should be noted here that
while the structures of CaTbFs and CdTbFs have been solved
using P4,/m, there is some discrepancy due to the presence of
unexplained superstructure peaks in their diffraction patterns.
Ca and Cd compounds are reported to exhibit tetragonal
distortion to isostructural SrTbFs.181 The TbFg polyhedra share
opposite orthogonal edges resulting in TbFs chains along the a-
axis. CaFsand CdFs octahedra share corners with TbFgpolyhedra
from multiple chains. This difference in structure between
CaTbFgand SrTbFshas been attributed to a slight rearrangement
of the anion lattice to accommodate eight-coordinate Tb4*
cations.162

BaTbFe was the first known tetravalent Tb fluoride with a
polymorphic phase transition at high temperatures.182 The low
temperature o—BaTbFs was first reported as an unknown
structure by Feldner and Hoppe in 1983 and was later
structurally characterized by Cousseins et al. in 1997 using
single crystal X-ray diffraction (SC-XRD).141. 182 q—BaTbFgis found
to be stable up to 823 K above which the high temperature p—
BaTbFs begins to form. The structure of a—BaTbFs was solved in
a triclinic P1 space group and can be considered a triclinic
distortion to isostructural SrTbFe.181 The high temperature
polymorph, B—BaTbFe, is stable above 823 K. The structure of f—
BaTbFs was solved by Avignant and found to be isostructural to
BaPrFs.

Synthesis of AsLnF; (A = Na, K, Rb, Cs; Ln = Pr, Tb, Nd, Dy).
AsLnF7; compounds are the only class of fluoride compounds
with tetravalent lanthanides that are seven-coordinate. The Pr
compounds with Na, K, Rb and Cs as the A site cation were
synthesized in 1961 by Hoppe and Liebe using alkali metal
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fluoride and PrFs as starting materials in temperature range of
663-883 K.140 All four compounds were reported to be colorless
and isostructural to (NH4)3ZrF5.

In 1961 Hoppe and Rodder synthesized the first Th#**
material in this class, Cs3TbF;.176 It was prepared from Th,0;and
CsCl under F; gas at 663 K. There have been mentions of K3TbF;
and RbsTbF; in the literature which report them to be
isostructural to Cs3TbF; in the (NH4)3ZrF; setting.14> The Nd**
and Dy4 materials are discussed separately (vide infra). Besides
the major classes of ternary fluorides discussed above, two
other Tb* fluorides have been reported: Cd,TbFs and
LisThFg.160, 166

Synthesis of LisLnOs oxides (Ln = Ce, Pr, Tb). Lithium rich
oxides of the type LisMOs (M = Ce, Pr, Tb), isostructural to
LisSnOs, were synthesized using Li;O or Li;O, as starting
materials. The use of alternative sources for Li,O like carbonates
or nitrates did not yield the desired products. Methods to
prepare single-crystal samples of the Pr4 and Th#* materials
were also reported.183. 184 Hoppe and Wolf in 1985 synthesized
LisTbOg as bright yellow single crystals by heating an intimate,
stoichiometric mixture of Thb4O7 and Li,O; in a sealed silver tube
at 853 K for 22 days.’3* Hoppe and Wolfe also reported the
synthesis of pale-yellow single crystals of LigPrOs by heating
stoichiometric mixtures of K;PrOs and Li,O, at 873 K in sealed
Ag tubes for 20 days. Hoppe, Wolf, and Kroeschell in 1986
reported the synthesis of colorless single crystals of LisCeQOg by
treating stoichiometric mixtures of KCeO; and Li,O; in Ag tubes
at 923 K for 60 days.183 The synthesis of powder samples of
LisLnOs compounds was later reported by Hinatsu in 1996.133
Hinatsu synthesized LisLnOg by heating stoichiometric mixtures
of Li>O (5% excess Li,O was used) and corresponding lanthanide
oxide (PrgO11, Th407, and CeO3) under an oxygen flow at 973 K.
LisLnOs materials crystallize in the R3 space group. The
structure consists of isolated and slightly distorted LnOsg
octahedrons. Attempts to synthesize other alkali metal
derivatives of LigLnOs type compounds were unsuccessful.
Hoppe and Wolf in 1986 reported the synthesis of LigTb,07
(derivative of NaCl structure type with ordered vacancies in the
anion lattice) by heat treating stoichiometric mixtures of Th,07
and Li,0; at 1123 K for 22 days in gold tubes.16°

Synthesis of A,LnO;3 oxides (A = Li, Na, K, Rb, Cs; Ln = Ce, Pr,
Tb). Cubic NaCl derivatives of type A,MOs3 are widely distributed
across the periodic table. A;MO;s structure types can be
considered as cation ordered derivatives of delafossites with
structure type AMO,. A;MOs structure types usually exhibit
stable polymorphs at high temperatures.1?2 However, such
polymorphs are found to be metastable with lanthanides and
require quenching from high temperatures to capture the high-
temperature modifications. A,CeOs compounds are the most
stable owing to the high thermodynamic stability of CeO,. It
should be noted here that the synthesis of A,LnOs requires the
use of corresponding higher alkali metal oxides as starting
materials (AOy, x > 0.5). The use of alternative sources of AOy
like carbonates and nitrates has been proposed for the
synthesis of transition metal based A;MO; oxides. With
lanthanides, such indirect methods are unsuccessful. However,
in 2006 Hinatsu revised the synthesis of Li,PrOs;, by using
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Figure 6. The lattice constants for cubic phase A,A’LnF; (A = Rb, Cs; A’ = Cs, Rb; Ln
=Ce, Pr, Nd, Tb, Dy) plotted against corresponding lanthanide. It should be noted
here that the lattice constants have not been plotted against ionic radii since the
ionic radii of Nd** and Dy**are not well established. Figure adapted from reference
145.

stoichiometric mixtures of Li.O and Pr¢O11 under an oxygen flow
at 973 K for 12 hours.?> In the same paper, a revised synthesis
of Na;LnOs was reported using stoichiometric mixtures of Na,O,
and corresponding lanthanide oxide (PrgO11, TbsO7, and CeO,)
contained in gold tubes at 973 K for 12 hours under a flow of
oxygen. In Li.PrOs the PrOg octahedra are edge shared along c-
axis and corner shared along the b-axis as shown in Figure 5b.
In Na;LnOs the LnOg and NaOgs octahedra are edge shared
forming 2D layers with Na atoms between the layers as shown
in Figure 5a.

Synthesis of M’LnO3 oxides (M’ = Sr, Ba; Ln = Ce, Pr, Th).
M’BOs perovskites are widespread across the periodic table.
Depending on the ratio of the ionic radii of A site and B site
cation, given by the Goldschmidt tolerance factor, the
perovskites deviate from the ideal cubic structure due to
cooperative tilting of the BOg octahedron.?* The cooperative
tilting results in significant oxygen atom displacements and
hence lowering the symmetry to either a trigonal or
orthorhombic space group. Since Ce** and Pr4* are closer in ionic
radii compared to Th#+, Ce** and Pr4* based perovskites exhibit
similar structural features.

BalLnOs perovskites are synthesized by firing stoichiometric
mixtures of BaCOs and CeO; (Pr,03/Th,0s3) under a flow of
oxygen at 1323 K for 48 hours twice. Hinatsu later reported the
synthesis of BaPrOs; and BaTbOs by treating stoichiometric
mixtures of BaCO3 and PrgO110r ThsO7 at 1573 K under a flow of
oxygen.1>> BaPrOs; and BaCeOs crystallize in orthorhombic
Pbnm, while BaTbOj3 crystallizes in trigonal R3c.18* As expected,
due to the decrease in ionic radii from Ce% to Tb%, the
Goldschmidt tolerance factor increases from BaCeOs to BaTbOs,
as shown in Figure 4. Since the ionic radius of Tb** is closer to
the ionic radius of Ba?*, the Goldschmidt tolerance factor is
closer to unity, resulting in a higher symmetry space group for
BaTbOs; when compared to BaPrOs; and BaCeOs.

However, the assignment of the BaTbOs; space group is
complex due to the difficulties in differentiating structural
variations in these perovskites. This difficulty is likely due to
variations in cooling rates, synthetic methods, and technical
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developments in diffraction capabilities. Since its initial
characterization by Hoppe and Paletta in 1966, the material has
been solved in a range of space groups.136 184-187 Most recently,
high resolution neutron diffraction experiments across a wide
range of temperatures by ljdo et al. in 2004 showed that BaTbOs3
adopts an orthorhombic /bnm below 280 K.188 BaTbOs;
undergoes a phase transformation adopting a tetragonal
14/mcm above 280 K before adopting a cubic Pm3m space group
above 623 K. A similar series of phase transformation has also
been reported for BaCeOs and BaPb0s3.182 SrLnOs perovskites
can be synthesized using similar conditions as BalnOs;
perovskites.186 The room temperature structure of SrTbO3 was
solved using an orthorhombic pnma space group using neutron
diffraction.18¢ SrPrO; was reported to crystallize in an
orthorhombic space group by Hinatsu et al.,°” but later
characterized using a monoclinic space group by Bukowski et
al.1%0 The crystal structure of SrPrOs is shown in Figure 5d.
Ruddlesden-Popper perovskites of the type M’n:1LnhnOsns1
(n=1) are also known to stabilize lanthanides in the tetravalent
oxidation state. However, only Sr,CeO4 and Sr,PrO4 have been
isolated in this class of materials.191 Sr,PrO4 was synthesized by
firing a stoichiometric mixture of PrgO1; and SrCO3 at 1273 K for
48 hours in a muffle furnace under ambient atmosphere.%
Unlike the other Pr based oxides, Sr,PrO, does not require a
pure oxygen atmosphere. In Sr,PrO,, the PrOg octahedra form
an edge shared chain along the b-axis as shown in Figure 5c.
Polynary phases. Besides the binary and ternary oxides and
fluorides of tetravalent lanthanides, polynary systems can
stabilize the lanthanide 4+ oxidation state. Kolis et al.?% have
described the synthesis of germanates that stabilize Th** using
hydrothermal conditions. In one such reaction, a KOH solution
and Th407 and GeO; as starting materials, were heated at 973 K
under hydrothermal conditions. Two materials were isolated
from the same reaction: Tb13(GeQ4)s07(OH) containing Th3* and
K;TbGe,07 containing Th#*. The crystal structure of K,ThGe,07
is shown in Figure 5e.Tbhb* has also been stabilized
in germanate-based lattices using flux synthetic techniques.
Zur Loye recently reported the synthesis of a mixed-valent
Th3+/Tb4 material, CsgTh,3+*Tb4*Geg0,7, using CsCl as a flux.192
Th** compounds have been stabilized in lattices using non-
traditional solid-state techniques by making use of the ability to
stabilize Tb% in aqueous solutions (like the hydrothermal
method discussed above) in an appropriate ligand field. Ru-
Dongetal., in 1991, synthesized alkali Tb hexaiodate from basic
aqueous solution using Tb3* precursors and ozone as the
oxidizing agent.168 The Tb3* precursor was synthesized by
dissolving KIO4 and KOH in distilled water followed by adding a
Tb(NOs)s solution dropwise. This colorless solution was oxidized
using ozone until the solution changed color to a dark reddish-
brown. The resulting solution was filtered, followed by addition
of a saturated alkali nitrate solution to precipitate ATb4*10¢ (A =
Li, Na or K). These materials were characterized by magnetic
measurements. There have also been reports of the existence
of Pr#*in polynary phases and these are listed in Table 1.145 146
Tetravalent Nd and Dy. Nd and Dy have also been isolated
in their tetravalent oxidation states. The synthesis of Nd** and
Dy4* is often obscured due to competing reactions that result in
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impure phases.1®3 However, pure Nd* and Dy* compounds
have been synthesized using high pressure fluorination.193 So
far, only six pure phases of Nd** and Dy** have been reported.
All of the six compounds are of the type A;A'MF; (A = Rb, Cs, A’
= Rb, Cs, M = Nd, Dy). A, A’MCl¢ was used as the starting
material. Initially, the chloride was subjected to dilute fluorine
gas (F2: N2 = 1:5) at ambient pressures in corundum containers
at 673 K. These conditions resulted in a halogen exchange
reaction leading to the formation of A,A’MFe. This fluoride
compound was then subjected to high pressure fluorination in
a Monel autoclave with 5 mL of liquid F, condensed into the
autoclave at a pressure of 170 bar. The reaction was carried out
at a temperature of 693 K for 2 hours. The heating rate was
limited to ~35 K/min. After 2 hours, the autoclave was
quenched from the furnace on to a stream of cold air followed
by dipping in to liquid N,.193

All of the six compounds crystallize in a cubic phase with
their lattice parameters co-plotted with their Ce, Pr, and Tb
analogs in Figure 6. The lattice constants for A,A'LnF; materials
decrease monotonically due to a decrease in ionic radii from
Ce% to Dy** confirming the tetravalent oxidation state of Nd and
Dy (the anomalous lattice constant for Cs,KTbF7 is not explained
in the literature). Kaindl (vide infra) later confirmed the
tetravalent oxidation state of Nd and Dy in the materials using
Ln Ls-edge, Mss-edge, and F K-edge X-ray absorption
spectroscopy (XAS) studies. However, no magnetic
measurements have been reported for either Nd** or Dy**
materials. It should be noted here that A;A'LnFg also crystallizes
in a cubic space group. The final products were microcrystalline
and were described as yellow/orange in color.145

There have also been reports of the presence of Dy** in
perovskite-based oxides. Brauer and Kristen in 1980 reported
that BaCeOs3 was able to stabilize tetravalent Dy doped up to 5%
loading.1%¢ However, Soderholm et al. in 1987 showed the
dysprosium in the system was not tetravalent using Mossbauer
spectroscopy.1?> Shinoda et al. in 2012 synthesized 20% Dy
doped in BaZrOs lattice under an O, atmosphere at 1893 K.196 A
black pellet was obtained after the reaction and the phase
purity was confirmed by X-ray diffraction. Under a reducing H;
atmosphere, the pellet changed to white color. Ls-edge X-ray
absorption near edge spectroscopy (XANES) was used as the
primary technique to determine the oxidation state of the Dy.
The Ls-edge XAS spectrum for the black pellet exhibits a multi-
peak feature while the Ls-edge XAS spectrum for the white
pellet exhibits a single peak feature analogous to Dy,0s. Hence,
the authors concluded that the Dy in BaZrOs; even under
oxidizing atmospheres is mixed-valent with both Dy3* and Dy4*.

Electronic Structure and Physical Properties of Ln4* Phases.
Extensive studies have been carried out to understand the
single-ion and bulk behavior of Pr#+ systems (PrO, and BaPrOs).
These studies were primarily motivated due to the anomalous
behavior of Pr-doped YBa,CusO;, a high temperature
superconducting layered perovskite.126. 197 |n this class of
materials, the superconducting transition temperature is
relatively insensitive to doping of Y with a trivalent lanthanide,
except for Ce, Pr, or Th. Pr, in particular, has a notable effect on
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Figure 7. a) Crystal electric field (CEF) splitting diagram for PrO, above and below phase transformation (Tp). The black lines indicate splitting by spin orbit coupling (SOC), the yellow
lines indicate splitting by a cubic CEF. b) CEF energy diagram for PrO, and BaPrOjs plotted for different values of |Ve/V,4|. The irreducible representations in the excited state J = 7/2
manifold is indicated by primes. c) CEF splitting diagram for BaPrOs The black lines indicate splitting by SOC, and the brown lines indicate splitting by Oy, CEF. Figure 7b was adapted

from reference 198 .

the superconducting transition temperature, which decreases
with increasing Pr concentration. Superconductivity is
completely suppressed in the end member PrBa,CusO7 which is
an antiferromagnetic (AFM) insulator.197

This observation suggests that accessibility of Pr4* may
affect the superconducting transition temperature. Several
theories have been proposed to explain the suppression of
superconductivity.199-203 These explanations contend with the
observation that the susceptibility x vs T plot deviates strongly
from expectation for a Pr3* system. Additionally, Pr Ls-edge XAS
studies by Soderholm and co-workers indicate that Pr is mixed-
valent in PrBa,CusO; at room-temperature.20l. 204 Hence,
studies on the behavior of Pr#* ions in simpler phases such as
BaPrOs; and PrO, were used to examine the behavior of
PrBa,Cus0y. It should be noted here that CeBa,CusO; and
TbBa,Cus07 also do not exhibit superconductivity, however,
these materials are often accompanied by impurities like
BaCeOs and BaTbOs; during synthesis making it difficult to
correlate the suppression of superconductivity with the doping
of the parent material, YBa,Cu305.202

PrO, has been used to understand the interplay between
spin and unquenched orbital moments in 4f electrons leading to
competing interactions including magnetoelastic coupling,
Jahn-Teller distortion, crystal electric field states, and the
phonon density of states.197 PrO, is isostructural to CeO,, ThO,,
UO3, NpO3, PuO,, and CmO; and crystallizes in a cubic fluorite

type lattice. As a result, it provides a model system to
understand how small perturbations affect these competing
interactions. One the consequences of these competing
interactions is a phase change at 120 K for PrO; (vide infra). In
the high temperature, paramagnetic regime, it offers a less
complicated Hamiltonian since it is a 41 system.107.205 However,
among the three binary lanthanide oxides, LnO; (Ln = Ce, Pr, Th),
only Pr can display multipolar effects since Ce** is closed shell
with a 4f° ground state and Tb#* is isotropic with a 4f” ground
state, and displays a quenched orbital moment. As a result, only
PrO, presents a wide-range of interesting low temperature
phenomena including a phase transition driven by hidden
magnetic multipoles, coupling between magnetic multipoles,
and a Jahn-Teller effect driven magnetoelastic interaction
competing with crystal field effects.

A distinctive feature of the PrO, phase behavior is a
guadrupolar phase transition (Tp) at 120K. This phase transition
has been attributed to a cooperative static Jahn-Teller
transition, very similar to U0,.206. 207 However, the transition
temperature in UO; (30.8 K) is lower than PrO; (120 K). Below
the transition temperature in PrO,, the oxygen atoms are
displaced from their ideal positions, while the Pr sublattice
remains unaffected resulting in a doubling of the unit cell along
one crystallographic direction. PrO, then undergoes a second
order AFM transition around 13.5 K. The magnetic structure of
PrO, has been studied using neutron diffraction experiments.
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The magnetic structure be described using two
components: 1) k = [1, 0, 0] with an ordered magnetic moment
of 0.65 us, typical of a type 1 AFM transition and very similar to
the magnetic structure of UO,, 2) k = [1, %, 0] with an ordered
magnetic moment of 0.35 pg.206

To understand the magnetoelastic coupling in PrO; and
closely related UO,, NpO,, PuO,, and CmO,, and to explain the
suppression of superconductivity in PrBa,Cus0y, it is essential to
understand the crystal field states for a Pr4* single ion. Pr#* is
isoelectronic to Ce3* (and electronically related to Pa**, U5* and
Np®+). Ce3* is well understood from the LS coupling limit. Using
the model established for Ce3*, Pr#* with 4f' electronic
configuration should exhibit a 2Fs;; ground state with a 2F7;
excited state. In PrO,, the excited state J multiplet is 370 meV
above the ground state. The 2Fs;; multiplet is further split by
crystal field in to I'; doublet and s quartet states and the ground
state is strongly determined by the point group symmetry at the
metal ion. The ground statein PrO; is the s quartet with a I'7
doublet excited state. The corresponding excited state for PrO;
was measured at 130 meV using inelastic neutron scattering
(INS).198, 205 |t should be noted here that below Tp the g splits
into two doublets because of the change in the point symmetry
at the metal center as shown in Figure 7a.2%8 The crystal electric
field (CEF) for PrO, was modelled using the following
Hamiltonian98:

can

Hepp = VuB(02 + 508) + Vey (08 — 2108) (4)

where,  and y are Stevens factors, O]} are factors related to
spherical harmonic, V4 = A3< r* >, and Vs = A¢< 7% >, where
< r™ > is the expectation value of f electrons. Since only one
CEF transition was observed for PrO,, it was not possible to
determine V,and Vg independently. Hence, the CEF
Hamiltonian was transformed with only one variable by
assuming a value of 0.05 for the ratio Vg /V,. Figure 7b shows
the CEF diagram for PrO, for different ratios of Vg /V,. With a
ratio of 0.05, V, was calculated to be -66 meV for PrO,.1%8 The
V, value calculated for PrO, is significantly larger when
compared to values of 10-15 meV for Pr3* in metallic
monopnictides.209

The inelastic neutron spectra for PrO; acquired by several
groups were more structured than anticipated.205. 208, 210 Be|ow
Tn, the spectrum shows a multitude of magnetic transitions not
implicated by the CEF. Further investigations by Webster et al.,
classified these transitions in to 3 regions: 1) a broadband
scattering above 10 meV which is independent of temperature
and exists well above the Néel temperature (Tn) and Tp, 2) a
broadband scattering above 35 meV independent of
temperature, and 3) scattering below 35 meV which was
dependent on temperature.2%8 This third region corresponds to
the transition between the two doublets split from the Tg
quartet below Tp (estimated to be around ~ 21 meV). Regions 1
and 2 have been attributed to a continuum of vibronic
scattering. Mean-field analysis by Jensen, as part of efforts to
understand UO; and NpO,, predicts the first CEF to be around
100 meV.2!1 Jensen’s model suggests that the discrepancy with
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the experiment is the result of magnetoelastic coupling, which
increases the CEF to 130 meV.

The magnetic structure was estimated using an Ising-like
Heisenberg interaction Hamiltonian to model the spin wave
feature observed in INS.211 However, the calculated ordered
moment was 40% larger than the observed ordered moment.
This Hamiltonian takes in to account the coupling between the
CEF states and phonon states which causes a reduction in the
magnetic moment. However, this model was not sufficient to
explain the observed magnetic moment.210 Jensen suggested
that these discrepancies between the observed and estimated
magnetic moments could be due to multipolar effects.211 Even
though the low symmetry structure below Tp is observed to
have a doublet ground state, there could be some multipolar
effects in play which might be crucial to understand these cubic
binary oxide materials.212, 213

As discussed in the thermochemistry section, BaPrOs has
unique stability likely attributable to its electronic structure.
Furthermore, since BaPrOs is a potential impurity in Pr doped
YBa;Cu3O;, an understanding of its underlying electronic
structure is necessary to interpret the physical behavior of the
related YBCO phases. BaPrOs; undergoes AFM ordering at 11.5
K as evident from susceptibility measurements. The inverse
susceptibility vs T curve shows a significant deviation from the
Curie-Weiss law. Further studies have shown that there is a
temperature independent paramagnetism (TIP) term
associated with the susceptibility.126, 127, 130, 155 After TIP
subtraction, the magnetic moment per Pr4* was calculated to be
in the range of 0.5-0.9 ug (based on the value chosen for TIP),
much less than the value expected for 2Fs/; ground state in a LS
coupling scheme (e.g. 2Fs/; is the ground state for Ce3*). This
divergence indicates that the crystal field has a significant effect
on the behavior of Pr#*. While BaPrOs; undergoes long-range
ordering, SrPrO3 shows no magnetic ordering down to 2 K as
seen from susceptibility data.??” Again, to be noted is the
deviation of inverse susceptibility vs T curve from the Curie-
Weiss law. After a reasonable approximation of the TIP term,
the magnetic moment per Pr#** was calculated to be 1.57 us,
greater than the value calculated in BaPrOs but still less than the
expected value for a 2Fs;; ground state.®” The difference of
magnetic properties between BaPrO; and SrPrOs; was attributed
to changes in the Pr4*—02—Pr#* angles due to difference in the
size of Ba2* and Sr2* cations.?”

Thermodynamic signatures for long range AFM ordering
were observed in BaPrOs; using specific heat measurements
with the presence of a A like feature centered around 11.5 K.
However, no such measurements have been carried out in
SrPr03.97:126 To find the nature of the magnetic order in BaPrOs,
neutron diffraction experiments were performed. However, the
magnetic scattering was weak, and the magnetic and nuclear
Bragg peaks are coincident. With the help of a triple axis
neutron instrument, a 1% intensity increase in the nuclear Bragg
peaks below Ty was observed implying that the AFM structure
is a k = [0, 0, 0] structure.1%?7 Assuming a collinear magnetic
structure, the thermally averaged ordered magnetic moment of
Pr4* in BaPrOs; was calculated to be 0.35(5) us . Magnetization
studies on BaPrOs; are indicative of a small ferromagnetic
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component associated with magnetic ordering. It was hinted
that the ferromagnetic component could be either associated
with spin canting or to magneto structural transition across the
Tn.126

Hence it was crucial to observe the direction of magnetic
moment in BaPrOs. Rigorous neutron diffraction experiments
using cold neutrons on BaPrOs;, show that the magnetic
moment is aligned along the a-axis with a small ferromagnetic
component aligned along the z direction (c-axis).127 A significant
assumption was made that the magnetic form factor for Pr4* is
the same as Pr3+. It should be noted here that, the low magnetic
moment of Pr#+, poses significant challenges in using neutrons
to probe the low temperature spin dynamics in these
systems.127.197 |n BaPrOsthe ground state J multiplet is split by
the O crystal field into a I; doublet ground state and a Tg
quartet excited state (260 meV above the ground state) as seen
in Figure 7c. Similar to PrO,, the excited state J multiplet 2F;/, is
separated from the ground state by 370 meV. The CEF for Pr4+
in BaPrOs was modeled using the same Hamiltonian as Equation
2. With the same ratio of 0.05 for V, /V,, V, was calculated to be
+119 meV, which is twice as large as the value calculated for
PrO, (V,= -66meV) with opposite sign. Figure 7b shows the CEF
diagram for BaPrO; for different ratios of V,/V,.198 This figure
could potentially be used as a guideline for future CEF
predictions in other Pr#*systems.

Several other Pr#+ systems have been examined in some
detail. Li;PrOs; undergoes an AFM transition at 6.5 K.%> Again, to
be noted is the deviation of the inverse susceptibility vs T curve
from the Curie-Weiss law. After TIP subtraction, the magnetic
moment was calculated to be 1.75 us. Specific heat
measurements further confirm the long-range ordering at 6.5 K.
Long range AFM ordering was observed in Na,PrOs at 4.6 K.%5
Deviation from the Curie-Weiss law is also observed for
NazPrOs. Specific heat further confirms the long-range ordering
in Na;PrOs. The magnetic entropy recovered due to the long-
range ordering in A;PrOs (A = Li, Na) and BaPrOs; have been
calculated by subtracting the phonon contribution at high
temperature using diamagnetic analogs. The entropy recovered
for an f! ion with a doublet ground state should be RIn2.
However, in all the three Pr** compounds discussed above,
there is a universal behavior that the entropy recovered is only
71% of RIn2. This behavior, and the origin of the TIP term remain
open questions.

Similar to other Pr#* oxides, in SroPrO4 the susceptibility
deviates from the Curie-Weiss law. After a TIP subtraction, the
effective magnetic moment of Pr4+ in Sr,PrO, was calculated to
be 1.20 us. Specific heat measurements further confirm the long
range ordering.131 However, unlike the other Pr#+ oxides, the
Pr4* ions in Sr,PrO4 recover 94% of RIn2, making it an outlier
from the observed general behavior. Neutron diffraction
measurements on Sr,PrO4 below Ty did not show any magnetic
Bragg peaks and was attributed to the low ordered magnetic
moment of Pr4+.132 For the lithium rich oxides of the type LigsLnOg
(Ln = Ce, Pr, Tb), no magnetic ordering was observed for LigPrOg
down to 2 K and the susceptibility also deviates from Curie-
Weiss behavior. After a TIP subtraction, the effective magnetic
moment was calculated to be 0.503 us. No specific heat
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measurements were reported.’33 TIP terms along with Curie-
Weiss constants and effective magnetic moments for a number
of Pr4*oxides and fluorides are listed in Table 1.

Magnetic measurements have also been carried out for
oxides and fluorides containing Th4* ions. Na,TbhOs, SrTbO3, and
BaTbOs; (isostructural to the Pr analogs) exhibit long range AFM
ordering at 38.3 K, 32.0 K and 33.4 K respectively.?> Unlike the
oxides of Pr#*, the susceptibility follows Curie-Weiss behavior
down to Ty yielding a magnetic moment of 7.9 us, 7.83 ug, and
7.88 ug for Na;TbOs, SrTbO3 and BaTbOs, respectively.151 154,155
The calculated uef is slightly lower than the expected value for
a 4f7 ion with a 857/, ground state (LS coupling limit). The small
difference between the calculated and theoretical values has
been attributed to an increased crystal field compared to Th3*.
Specific heat measurements have been carried out to confirm
the long-range ordering in Na;TbOs. The entropy recovered
saturates at 71% RIn8. This observation is reasonable if the
ground state of Tb#* is an octet.151 Curie-Weiss constants and
effective magnetic moments for a number of Th* oxides and
fluorides are listed in Table 2.

4. Gas-Phase Chemistry

While this review is focused on the established solid-state
and molecular chemistry of the tetravalent lanthanides, the gas-
phase redox chemistry also provides important structural and
thermodynamic insight into the stability of high-valent
lanthanide complexes. In line with the relative instability of PrF,
(in comparison to CeFs and TbF,) as evidenced by its thermal
decomposition at 363 K, its infrared spectrum in matrix-
isolation studies was not known until 2015.214 Subsequently, a
complete study of the lanthanide fluorides across the series
established that, in addition to the previously identified neutral
tetravalent lanthanides — CeF4, PrF4, and TbF4, NdF4, and DyFs
could be identified in matrix isolation studies (Ar or Ne matrix,
20-35 K) in the reaction of laser-ablated lanthanide metal and
F2 gas.?15 It should be noted that neither SmF4 or HoF, were
observed despite the fact that the fourth ionization energies of
Sm and Ho are not substantially greater than that of Dy. The

accessibility of tetravalent neutral fluorides is thus in
accordance with observed tetravalent lanthanides
characterized in the solid-state as their [LnF7]3 salts.

Additionally, Riedel and co-workers predicted a similar Ho—F
bond disassociation energy (BDE) in HoF,4 to that found for NdF,4
yet found no spectroscopic evidence for its existence under
these conditions.

Andrews and Dixon described the observation of tetravalent
Ce, Pr, and Tb as their neutral hydroxides in an argon matrix at
4 K from the reaction of hydrogen peroxide and laser ablated
lanthanide metal ions.216 The formation of terminal oxide
tetravalent lanthanides in matrix isolation studies and mass
spectrometry has been observed via the fragmentation of
[Ln(NO3)4]* to [LNO(NOs3)3]* and in the reaction of ablated
lanthanide metal with oxygen difluoride to form [LnOF;].217, 218
In these species, the oxide can be either mono- or dianionic.
Based on quantum chemical calculations, hydrolysis kinetics,
and the fourth ionization potentials of the lanthanides, Gibson
and co-workers find that only Ce is truly tetravalent in

J. Name., 2013, 00, 1-3 | 13



Dalton Transactions

[LnO(NO3)3]*, and that Pr, Nd, and Tb have intermediate
oxidation states, Ln%*/3*, and that all other lanthanides are
trivalent in these anions. Similarly, Andrews and co-workers find
that Ce is tetravalent in [CeOF;] and that Pr and Tb are
intermediate between Ln3* and Ln4*.

Remarkably, pentavalent Pr has been identified in gas-phase
reactions both through matrix isolation and mass spectrometry.
This finding has no precedence in either solution, molecular
chemistry, or extended solids. While the possibility of Pr
pentafluoride has been explored,214 the first evidence of a
pentavalent Pr ion was reported in 2016 by Zhou and co-
workers in which the [PrO;]* ion was identified by both mass
spectrometry and matrix isolation in conjunction with quantum
chemical calculations.2’® The [PrO;]* was generated by the
reaction of laser ablated Pr metal with O, seeded He in a
supersonic expansion source. It should be noted that prior work
identified [PrOs]1- in laser ablation studies of Pr with O, in a
solid-Ar matrix. Subsequent quantum chemical calculations
indicate that the [PrOs]!- is Pr4* with a ligand radical.22° Dau,
Gibson, and co-workers also identified [PrO;]* in the reaction of
NO; and PrO* in a quadrupole ion trap (QIT) as part of studies
identifying pentavalent Bk and Cf.221 This product was likely
also identified previously by Bohme and co-workers in 2009
using a selected ion flow tube. Gibson and co-workers also
observed Pr5* in a gas-phase nitrate complex, [PrO2(NOs),]? via
low-energy collision induced dissociation (CID) in a QIT, through
NO; elimination from their previously identified monooxo
anion, [PrO(NOs)s]1-.218 222 This methodology has been
extended to the identification of Cm5*, Bk5+, and Cf>* nitrate
complexes.223 Recently, through use of matrix-isolation infrared
absorption (IR) spectroscopy and quantum chemical
calculations both NPrO and [NPrO]*- were identified. 224 Both of
these are linear molecules, and the neutral complex is
pentavalent. These high-valent lanthanide complexes identified
in gas-phase reactions indicate that substantial new chemistry
in condensed phases may be accessible through ligand and
methodology development.

5. Solution Thermochemistry of Ln%*

To ground the discussion of the observation of tetravalent
lanthanides in solution and the isolation of molecular
complexes of tetravalent lanthanides, the experimental and
theoretical aqueous thermochemistry of these ions is presented
in condensed form. These studies have been reviewed in detail
previously.80 Table 3 contains the standard oxidation potentials
E°(M3+>M#*) for the lanthanides. The only reversible couple
observed in solution is that for Ce3*/Ce%+.225 226 Derjved
experimental values are available for Pr, Nd, Tb, and Dy.226-229
Predicted values are derived from either consideration of free
energies8? or from the linear correlation of the f-d absorption
band energy of the trivalent ions.22? These two models are
remarkably consistent and correlate reasonably with the few
experimental values available. Table 3 defines the experimental
difficulty in observing tetravalent lanthanides other than Ce in
aqueous media: all of them have oxidation potentials more
positive than 3.1 V vs. the normal hydrogen electrode (NHE).
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Figure 8. UV/vis spectrum of Pr3* starting solution (green) and UV/vis of solution
after oxidation to Pr** (orange). Figure adapted from 234.

6. Aqueous Chemistry

Tetravalent Pr and Tb are both exceptionally oxidizing ions
to stabilize in aqueous media. However, the potential to isolate
or observe these ions in solution has been pursued since at least
1963 when Pajakoff claimed the isolation of chloride, nitrate,
and sulfate complexes of tetravalent Pr.230 These synthetic
studies, which present minimal evidence of purity, were

Table 3. Ground state term, measured potential (V) (where applicable), and calculated
Ln(3+/4+) oxidation potential (V) for the lanthanides.
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Element Ground Measured Calculated Calculated E°
Ln3* State Eo(V) Eo(V)0a (v)229 b
Ce 2Fs/; 1.74225,226 1.76 1.75
Pr 3Hs 3.2+£0.2 3.9 3.2
Nd 4o/2 5.0+0.4 4.9 4.4
Pm 514 - 5.4 4.7
Sm 6Hs); - 5.2 5.1
Eu 7Fo - 6.2 6.3
Gd 85,/ - 7.4 7.9
Tb 7Fg 3.1+0.2 - 3.1
Dy 6H1s/2 52+0.4 45 4.9
Ho Slg - 5.7 6.0
Er 4|15/2 - 5.7 6.1
Tm 3Hs - 5.6 6.1
Yb 2F,, - 6.8 7.3
Lu 1S4 - 8.1 9.1

a. Values calculated based on free energy of formations for trivalent and
tetravalent ions.
b. Values calculated based on correlation to first f-d absorption band energy.

accompanied by ultraviolet/visible (UV/vis) spectroscopy.
These spectra, in light of later studies (vide infra), are suggestive
that Pajakoff was able to at least partially oxidize Pr3* to
tetravalent Pr%. However, contemporary authors disputed
these claims and no later resolution of these synthetic
approaches has been reported.231, 232

Definitive spectroscopic evidence for aqueous tetravalent Pr
and Tb was presented by Hobart and Peterson in 1980.233, 234
These studies reported UV/vis spectroscopic characterization of
the ozonolysis and electrolysis of alkaline, carbonate solutions
of TbCl; and PrCls. In the case of the spectroelectrochemical
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characterization, a potential of +1.4 V (vs. saturated calomel
electrode (SCE)) was applied to 0.1 M solutions of PrCl; and a
potential of +1.3 V (vs. SCE) was applied to 0.1 M solutions of
TbCl; (both experiments were conducted in 1 M KOH and 5.5 M
K,COs). In the case of Pr, the original pale green solution
changed to a pale-yellow solution as evidenced by the UV/vis
spectrum (Figure 8). For the Tb solution, the initially colorless
solution changes to deep reddish-brown. In both cases, the
color change is attributed to the onset of a strong ligand to
metal charge transfer (LMCT) feature and, as evidence by
UV/spectroscopy, the bleaching of f-f features that are
diagnostic for the trivalent ions. Similar results were obtained
by bubbling ozone through the solutions and Pr#* and Th#**.
These solutions were found to be stable with carbonate in the
range of 2 — 5 M. A subsequent study also documented the
hydroxide concentration dependence of Th#* and found that
under low concentration (0.15 to 0.3 M) Tb** precipitates at 1
M K,COs3, while at 1 M K,COs it remains in solution and bleaches
over an hour.235> At high concentration of KOH (0.5 M) and 5 M
K,COs3 the Tb#* solution is stable for weeks. The methods were
extended to the study of tetravalent actinides in aqueous
solutions.?33, 236

These in-situ oxidation studies with ozone were extended to
acetonitrile solutions of M(NQO3)3 ® 6H,0 (M = Ce, Pr, and Tb) in
the presence of two equivalents of either triphenylphosphine
oxide or triphenylarsine oxide by Payne and Peterson.237 The
ozonolysis of these solutions was performed for 1-24 h at 70 °C.
In the case of Ce, the reaction produced a purple solution which
turned brown on precipitation. For Pr and Tb, these reactions
produced yellow solutions and yellow precipitates that were
observed to be stable to air and moisture. UV/vis spectroscopy
of the Pr reaction revealed bleaching of f-f transitions diagnostic
for Pr3+and the growth of an intense feature at 352 nm assigned
as a LMCT. This behavior is analogous to that observed for the
carbonate ozonolysis reactions.

The chemical oxidation of Tb has been reported in aqueous
solutions  of tetrametaphosphate, phosphotungstates,
pyrophosphates, tellurates, condensed phosphates, and highly
concentrated potassium hydroxide.238243 i and co-workers
presented a detailed concentration and temperature
dependence study of the oxidation of Tb in tetrametaphosphate
solutions. These oxidations were performed with ozone and
demonstrated similar UV/vis spectroscopic features (broad
feature at 365 nm) for the tetravalent Tb species in these
solutions. This red-brown oxidation product was also quenched
immediately upon the addition of hydrogen peroxide. The
oxidation rate was found to be dependent on pH, temperature,
and concentration of tetrametaphosphate. Qualitatively, these
results are similar to the ozonolysis reactions in carbonate
solutions.?34, 235

These demonstrate that the use of high
concentrations of complexing, weak-field ligands can shift the
oxidation potential of Tb and Pr sufficiently to be accessible in
aqueous conditions. However, the stability of the oxidized
products varies widely depending on the nature of the
coordination sphere. These shifts in redox potential imply a
difference in stabilities of the trivalent species and the

studies
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Figure 9. Thermodynamic cycle for the binding of 3,4,3-LI(1,2-HOPO) to Ce3* and
Ce**. Figure adapted from 245.

tetravalent species that is dependent on coordination
environment and their effective concentration. Even for Ce,
which is the most readily oxidizable lanthanide, oxidation in 1
M mineral acids is challenging, since the associated reduction
potentials exceed the oxidation potential of water (1.23V vs.
NHE). Expanding the scope of ligands beyond mineral acids to
weak field, chelating ligands can shift the Ce3*/4* couple to a
suitable range to stabilize the tetravalent ion in aqueous
solution. For example, tetrakis(catecholate) Ce compounds,
have a measured redox potential of -0.69 V vs. SCE, a shift of
nearly 2.4 V from the free ion potential.2** If these chelating
ligands are incorporated into a larger preorganized ligand, a
larger shift is realized for the Ce3+/4* couple. Figure 9 depicts a
thermodynamic cycle for an octadentate ligand system, 3,4,3-
LI(1,2-HOPO).24> |n the cycle, it is apparent the preference of
the ligand for tetravalent cerium: the free energy change on
complexation is -236.9 kJ mol-! for the tetravalent versus only a
change of -99.3 k) mol? for the trivalent. The free energy of the
reduction of free Ce%*, AGs in Figure 9, can be calculated from
the measured potential. Based on these values, the free energy
of the reduction of complexed Ce* to complexed Ce3* by
Equation 5:

AG, = AGs — (AG, — AG,) (5)

From the free energy change, the expected shifted potential is
calculated to be -0.14 V. The experimentally observed reduction
potential for this specific system is -0.021 + 0.010 V which is in
relatively good agreement with the estimate. Based on this
argument, it is reasonable to conclude that a strongly donating,
oxidatively stable ligand can shift the redox potential through
two modes: (1) by destabilizing the trivalent state, and in turn
increasing AG;, and (2) by stabilizing the tetravalent state,
resulting in a decrease in AG4. Although, the shift in oxidation
potential with this macrochelate was unable to afford isolation
of a tetravalent Pr or Tb complex from an aqueous
environment, it was able to stabilize tetravalent Bk.24¢ The
stability of Bk*" in this coordination environment has been

capitalized on to develop a redox-based separation method for
Bk4+.247
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Based on this design strategy, a terephthalamide
macrocyclic ligand with pendant arms was developed that is
selective for tetravalent ions.248 While this ligand binds Th4+
with high thermodynamic stability (Keq = 1054, logBiio =
53.7(5)), it has a preference for the smaller Ce** ion (logP110 =
61(2)). This high affinity for Ce** leads to a selective binding of
Ce% over Ln3* by a factor of 102°. Direct measurement of the
Ce3+/4+ couple was only possible using a hanging mercury drop
electrode, and Pr3+ was used a surrogate to measure the binding
affinity of the ligand for a trivalent lanthanide. Based on the
observed Ei/; (-0.454 vs SHE) and solution thermodynamic
behavior of Ce#*, the binding constant for Ce3* was estimated to
be logP110 = 28.6 using a thermodynamic cycle similar to that
shown in Figure 9. Based on the thermodynamic cycle for this
ligand and Ce%, the authors predict that this ligand should be
able to stabilize Am4* in aqueous solution. The aqueous
reduction potential of Am4+/3+ is predicted to be 2.62 V.249

7. Molecular Ln* Chemistry

The in-situ oxidations observed in aqueous solution have
inspired several approaches to the isolation of tetravalent Pr
and Tb complexes in organic solvents and inert atmospheres.
Some of these efforts focused on utilizing the design principles
that yielded large shifts in oxidation potential for Ce through the
preferential stabilization of tetravalent oxidation states and
destabilization of trivalent oxidation state.”8 For example, Lewis
basic polydentate ligands have been developed to isolate
tetravalent lanthanide complexes. In 2016, Schelter and co-
workers attempted the oxidation of an anionic, bidentate, bis-
phenylnitroxide Tb complex [Tb3*(arene-diNOx),][K(18-c-
6)(py)2] ((arene-diNOXx) = 1,3-bis(2’'-tert-
butylhydroxylaminoaryl)benzene, 18-c-6 = 18-crown-6, py =
pyridine) with silver triflate after electrochemical results
suggested potential metal oxidation (Scheme 1a).250 While the
oxidation proceeded and yielded silver metal, the complex that
was isolated was a neutral Tb3* complex bearing a ligand radical
(1). Liddle and co-workers developed a similar strategy using the
BIPM™S ligand (BIPM™S = [C(Ph,PNSiMes),]2).251 They
prepared anionic bis-carbene lanthanide complexes supported
by outer sphere potassium ions, [Ln3*(BIPMTMS),][K(18-c-
6)(THF)2] (where Ln = Ce, Pr, and Tbh, THF= tetrahydrofuran), and
examined their reactions with silver tetraphenylborate. While
oxidation to the tetravalent state was successful for Ce to
produce [Ce*(BIPM™S),] (4), the attempted oxidations at Pr
and Tb instead formed an inner sphere silver adduct (Pr =2, Tb
= 3), [Ln3*(BIPM™S),][Ag], and dropped [K][BPh4] (Ph = phenyl)
(Scheme 1b).

Attempts to isolate organometallic tetravalent Pr and Tb
complexes have also been pursued. In 2007, Girolami and co-
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workers attempted the oxidation of a tetrahomoleptic tetrakis-
tert-butyl terbium complex, [Tb3*(tBu)][Li(DME)s] (Bu = tert-
butyl, DME = dimethoxyethane), with O,, silver acetate, silver
chloride, and 1,10-dimethylferrocenium tetrakis[3,5-bis(tri-
fluoromethyl)phenyllborate  ({3,5-(CF3)(CsHs3)}aB)  (Scheme
1c).252 In all cases, the colorless solutions of Th3* turned yellow
upon addition of oxidant. Addition of O, resulted only in
identification of iso-butene and iso-butane by 1H NMR and gas
chromatography and no isolation of a new metal complex.
Addition of the one-electron oxidants did not afford any
evidence of a new/tetravalent product by 'H NMR or any
isolable metal species.

The terbocene analogs of cerocene, uranocene,
plutonocene were also targeted (important analytes for
examining multiconfigurational behavior, vide infra).253-257
Edelmann and co-workers attempted to make the terbocene
derivative [Tb4+(COT”)2] (CoT”=[1,4-
bis(trimethylsilyl)cyclooctatetraene]?), through the oxidation
of [Tb3+*(COT’);][Li(DME)s3] with silver iodide.2s® While the
solution turned yellow and a grey suspension was observed
(Ag®), only a trivalent tris(u-iodido)-bridged di-nuclear half
sandwich complex, [Tba(u-1)s3(COT”),][Li(DME);)] (5) was
(Scheme 1d). These approaches are important
benchmarks for the advancement of the field of molecular
tetravalent lanthanides and help to build a thorough database
of ligand types and synthetic methods necessary for the
stabilization of molecular tetravalent lanthanide complexes.

In 2019, the first three isolable molecular Tb4* complexes
were reported, supported by weak-field ligand frameworks
featuring N and O donors in the form of imidophosphoranes and
siloxides, respectively. Leaning on the tunability of the Ln3+/4+
couple through ligand field, in each system, oxidation and
isolation of a molecular tetravalent Tb complex is achieved
through use of commercial oxidants demonstrating a much
lower oxidation potential than the measured/calculated
potential for a free Tb ion.22° The La Pierre group isolated a
tetravalent Tb complex in a tetrahomoleptic imidophosphorane
ligand field, employing the ligand [NP*]%, [(NP(1,2-bis-tBu-
diamidoethane)(NEt;))]*. Imidophosphoranes are strongly
donating, 1o, 2t weak field ligands. The isolation of tetravalent
Tb was anticipated based on the observed redox chemistry of
the [Ce(NP(pip)s)a] complex (pip = piperidinyl). With Ce in the
imidophosphorane ligand field, [NP(pip)s]?, the oxidation
potential for the Ce3* complex, [K(Et20)2][Ce(NP(pip)s)a], was
shifted to less than -2.64 V vs. Fc/Fct (Fc = ferrocene) and
predicted to be -2.99 V, 3.5 and 3.9 V shifts, respectively, from
that of the free ion. These theoretical values were validated
through electrochemical measurements of the analogous, but
more sterically encumbered complexes, [Ce3*(NP(1,2-bis-tBu-

and
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Scheme 2. Successful syntheses of Tb* complexes and Pr#* complex to date. i) [Ag][l] in Et,0 ii) [N(CsH4Br)s][SbClg] in THF iii) [N(CsH4Br)s][X] where X = SbClg of OTf" in MeCN iv)

[N(CgH4Br)3][SbClg] in MeCN.

diamidoethane)(NEt,))a] (7) (Epc = -2.88, Epa = -2.44 V vs Fc/Fc*
(Epc = cathodic peak, E,a = anodic peak) and [Ce**(NP(1,2-bis-
tBu-diamidoethane)(NEt,))a] (8) (Epc = -2.86, Epa = -1.63 V vs
Fc/Fc*).259 These Ce3*/4+ couples are the most negatively shifted
potentials from that of the free ion to-date (2.5 mM analyte, 0.1

M [("Bu)4N][PFe] ("Bu = normal-butyl) in THF, 200 mV/s scan
rate).

The tetravalent, tetrahomoleptic Tb species was
synthesized through oxidation of the anionic trivalent
precursor, [K][Tb3*(NP(1,2-bis-tBu-diamidoethane)(NEtz))a] (9),
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with silver iodide in diethyl ether (Scheme 2a). Electrochemical
measurements demonstrate that the Th3+/4+ oxidation potential
for the trivalent complex is Ep, = -0.64 V vs Fc/Fc+ (200 mV/s, 3
mM analyte, 0.1 M [("Bu)sN][PFe] in THF, 200 mV/s scan rate),
shifted 2.9 V from that of the free ion, while the E,c =-1.79 V vs
Fc/Fc*.25° The Ep, for the Th* complex, [Tb**(NP(1,2-bis-tBu-
diamidoethane)(NEt;))s] (10), was more negative at -0.95 V
while the E,c was -1.68 V vs Fc/Fc* (Table 4).

Mazzanti and co-workers have reported two tetravalent
terbium complexes in siloxide ligand frameworks. The first
reported complex was achieved through oxidation of
[K][Tb3+(OSi(O!Bu)s)a] (11) with magic blue, [N(CeH4Br)s][SbCle],
in acetonitrile to give [Tb**(0Si(O®Bu)s)s(k2-0Si(0OBu)s)] (12)
(Scheme 2b).2%0 The second was achieved through oxidation of
[K][Tb3+(OSiPh3)4(THF)] (13) with magic blue in acetonitrile to
afford [Tb#*(OSiPhs)s(MeCN),] (14) (MeCN = acetonitrile).261
Electrochemical measurements for 12 place the oxidation
potential at Epa = 0.85 V and the reduction potential E,c =-0.19
V vs Fc/Fc* (2 mM analyte, 0.1 M [("Bua)N][B(CeFs)4], 250 mV/s
scan rate). Electrochemical measurements on the Th3* complex,
11, were not reported. The tris-phenylsiloxide ligand framework
stabilizes the tetravalent state to a larger degree than the tert-
butoxy  siloxide ligand framework. Electrochemical
measurements for 13 place the Ep, at 0.44 V and the E,c at -0.23
V vs Fc/Fc* (2 mM analyte, 0.1 M [("Bu4)N][B(CsFs)a] in THF, 250
mV/s scan rate).261 Measurements for 14 place the oxidation
potential at Epa = 0.49 V and the reduction potential E,c = -0.99
V vs Fc/Fc*. Both tetravalent complexes decompose in THF and
characterization in THF is performed immediately after
dissolution. In contrast, complexes 9 and 10 are stable in THF in
anaerobic conditions.

Table 4. Peak potentials for isolated Tb and Pr complexes and their isostructural Ce
complexes versus Fc/Fc*.

Compound Epc(V)  Epa(V)
[K][Ce**(NP(1,2-bis-'Bu- 2.88  -1.44
diamidoethane)(NEt.))a], 72°°
[Ce**(NP(1,2-bis-'Bu-diamidoethane)(NEt2))a], 2.86 -1.63
8259
[K][Tb3*(NP(1,2-bis-Bu- 179  -0.64
diamidoethane)(NEt.))a], 92°°
[Tb**(NP(1,2-bis-'Bu-diamidoethane)(NEtz))4], 1.68 -0.95
10255
[Ce**(0Si(0Bu)s)3(ic2-0Si(0Bu)3] 20 172 -0.19
[Tb*(OSi(0Bu)s)3(k2-0Si(0Bu)s], 12260 -0.70  0.85
[K][Ce**(OSiPhs)a(MeCN),] 261 -1.84  -0.55
[K][Tb3*(0SiPhs)a(THF)], 13261 023 044
[Tb*(0SiPhs)s(MeCN),], 14261 099  0.49
[K][Pr3*(0SiPhs)a(THF)], 15262 059 071
[Pr#(0SiPhs)s(MeCN),], 16262 -0.50  0.72

In 2020, Mazzanti and co-workers reported isolation of the
first tetravalent Pr complex using the tris-phenylsiloxide ligand
framework. The tetravalent complex was synthesized through
oxidation of the anionic [K][Pr3*(OSiPhs)4(THF)s] (15) with magic
blue in acetonitrile (Scheme 2c).262 The tetravalent product,
[Pr4+(OSiPhs)s(MeCN),] (16) is brown. Isolation of this complex,
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however, proved more technically difficult than that of the Tb
complex. The product could only be isolated if, immediately
after addition of oxidant, the volatiles were removed under
vacuum and then fresh acetonitrile added to the residue. The
tert-butoxy siloxide ligand, used previously to isolate
tetravalent Tb by the authors, proved incapable of stabilizing
tetravalent praseodymium and only the decomposition
product, [{Pr3*(0Si-(O!Bu)s)s}2(1-Cl)s(p-K)s] (6) could be isolated
(Scheme 1e).262

Cyclic voltammetry of the Pr#* complex, 16, demonstrated
that the Epc and Ey, were -0.50 V and 0.72 V, respectively, vs
Fc/Fc* (2 mM analyte, 0.1 M [("Bus)N][B(CsFs)4] in THF, 250 mV/s
scan rate). Electrochemical measurements of the Pr3* complex,
15, placed the Epc and Ep, at -0.59 and 0.71 V vs Fc/Fc* under the
same conditions, showing little change in the reduction
potential as a result of the countercation (Table 4).262 These
oxidation potentials are very close to the reported E1/; for magic
blue (0.67 V vs. Fc/Fc* in MeCN). The oxidation potential for the
Pr3* complex was 0.27 V more positive than that of the
analogous Th3* (0.44 V) complex in line with the predicted
difference, ~0.2 V, in oxidation potentials for trivalent Pr and
Tb.22% Similar to the two tetravalent Tb siloxide complexes, 16
readily decomposes in THF and all characterization in THF was
performed immediately after dissolution.

Electrochemical potentials of Ce in the identical ligand
environments as those of isolated Pr and Tb compounds provide
an avenue for predicting what existing trivalent Pr and Tb
compounds could potentially be oxidized or even isolated in the
tetravalent oxidation state. For example, in the La Pierre
group’s Ce* imidophosphorane system, 8, the E,c and Ep, are -
2.86 and -1.63 V vs Fc/Fc*(2.5 mM analyte, 0.1 M [("Bu)4N][PFe]
in THF, 200 mV/s scan rate).25? For the Ce3* complex, 7, the Epc
and Ep, are -2.88 and -1.44 V vs Fc/Fc* under the same
conditions. Although less negative but still greatly shifted from
that of the free ion, the Ce compound, [Ce4(OSi(O!Bu)s)s(i2-
0Si(0tBu)s)], analogous to the Th4 system, 12, by Mazzanti and
co-workers has an Eyc = -1.72 and Ep, = -0.19 V vs Fc/Fc* (2 mM
analyte, 0.1 M [("Bua)N][B(CeFs)4] in THF, 250 mV/s scan rate).260
In the phenyl siloxide ligand field for [K][Ce3*(OSiPhs)s(MeCN):],
the Epc and Ep, were measured to be -1.84 and -0.55 V vs Fc/Fc*
(2 mM analyte, 0.1 M [("Bus)N][B(CsFs)4] in THF, 250 mV/s scan
rate). Thus, we expect that complexes with very negatively
shifted redox potentials at Ce, could have observable redox
events at Tb using the same ligand field and possibly even lead
to isolable complexes.

For example, for 4, mentioned earlier, the E,c and E,, are
approximately -1.9 and -1.4 V vs Fc/Fc* respectively (2 mM
analyte, 0.1 M [("Pr4)N][{3,5-(CFs)(CeH3)}sB] ("Pr = normal
propyl) in THF, 200 mV/s scan rate (exact Ep, and Epc values not
reported and taken as estimate from graphical
representation).2°1 The reported value for the redox event is
E1/2 =-1.63 V. While silver tetraphenylborate did not prove itself
a fruitful reagent in the case of [Pr3*(BIPMT™S),][K(18-c-6)(THF),]
and [Tb3*(BIPMT™S),][K(18-c-6)(THF)2], more oxidizing reagents
could potentially prove useful in this case. Additionally, Hayton
and coworkers’ Ce% hexahomoleptic ketimide complex,
[Li]2[Ce(N=CtBuPh)¢], has an irreversible reduction event at E,. =
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-2.16 V vs. Fc/Fct (2 mM analyte, 0.1 M [("Bus)N][BPh4] in THF,
200 mV/s scan rate).263 Diaconescu and co-workers’ have two
similar Ce** complexes, employing Schiff base ligands with a
ferrocene backbone, which have exceptionally negative redox
potentials.264 The complex [Ce**(L")(O®Bu),] (L' = 1,10-Di(2,4-bis-
tert-butyl-salicylimino)ferrocene)has an Epc = -2.07 and Epa = -
1.01 V vs Fc/Fct (1.5 mM analyte, 0.5 M [("Pra)N][{3,5-
(CF3)(CeHs)}4B] in THF, 100 mV/s scan rate). At more negative
potentials, the complex [Ce*(L”)(O®Bu),] (L” = 1,10-di(2-tert-
butyl-6- diphenylphosphiniminophenol)ferrocene) has an E,c =
-2.39 and Ep, = -1.70 V vs Fc/Fc*. And lastly, Schelter and co-
workers’ nitronyl nitroxide Ce* complex, [Ce(2-(tBUNO)py)a]
(tBBUNO)py = N-tert-butyl-N-2-pyridylnitroxide) has very
negative peak potentials of E,c = -2.09 and Ep, = -1.80 for a
reported Eip= -1.95 V vs Fc/Fct (0.1 M [("Pra)N][{3,5-
(CF3)(CgH3)}4B] in DCM (DCM = dichloromethane)).265 We
suggest that Tb complexes of these ligands may, at the very
least, present observable redox features by cyclic voltammetry.
This prediction, however, will not necessarily hold true for every
Ce/Tb isostructural pair even with sufficiently negative redox
potentials at Ce. For example, despite the negatively shifted
potentials for the Ce complex, [Ce4*(arene-diNOx);], oxidation
of [Tb3*(arene-diNOx),][K(18-c-6)(py)2] with a relatively mild
oxidant of [Ag][OTf] resulted in ligand oxidation and
rearrangement to form 1.250 This observation indicates an
important point: oxidation potential of the isostructural Ce
complex is not the sole criterion for the observation of an
oxidation of trivalent Pr and Tb complexes. Features of ligand
architecture are also likely important including the architecture
to minimize rearrangement during oxidation, the relative donor
properties, and the absence of ligand redox events.

We expect that the above tetravalent Ce compounds, and
likely more than those explicitly mentioned here, with
oxidation potentials more negative than -0.2 V vs Fc/Fc* as
observed by CV, may have analogous Tb complexes that have
observable redox events within the organic solvent window by
CV.266-268 The accessibility of a Tb oxidation event is, in turn,
defined by the oxidation potential of the chemical oxidant and
the reagent’s compatibility with the solvent. To-date, magic
blue is the strongest oxidant employed. Conceivably, the
suggested E,, cut-off value could be pushed to 0 V vs Fc/Fc* but
would require stronger oxidants such as [NO][BF4], which is
known to react with ethereal solvents.?°

This guideline is based on the observed difference between
the oxidation potentials for the two Ce and Tb pairs for the
imidophosphorane and tert-butoxy siloxide ligand fields.
Specifically, the difference in E,, for the imidophosphorane Ce
and Tb complexes was 0.68 V vs Fc/Fc* while for the tert-butoxy
siloxide, it was 1.0 V. Thus, estimating the oxidation potential of
Tb to be 1.0 V from that of the analogous Ce** complex is a
reasonable estimate for the Tbh4* oxidation potential. With more
Th#* complexes likely on the verge of discovery, this range can
be further refined. Although most of the complexes discussed
here are neutral Ce* complexes, we would argue that for
anionic trivalent Ce complexes, analysis by cyclic voltammetry
is likely more insightful as those potentials would take into
account cation effects which can have a large impact on the
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driving force for oxidation.25% 270,271 \While the shift in oxidation
potential at Tb is important to ensure it is accessible with
chemically compatible oxidants, merely shifting the oxidation
potential within a reasonable window does not guarantee an
isolable or bench stable complex.

The physical characterization of these novel molecular
complexes of Pr#* and Tb** included SC-XRD, magnetometry,
and UV/vis/NIR, EPR, and Ls-edge spectroscopies. The structural
comparison of the tetravalent complexes is described here and
the other characterization modalities are broken out in
subsequent sections to facilitate comparison to solid-state data.
Changes in M—L bond length upon changes in metal oxidation
state are generally well correlated with the size difference of
the ionic radius of the metal in each oxidation state. In the
lanthanides, changes in ionic radii can be quite large in
comparison to the transition metals. Thus, changes in Ln—L bond
lengths are direct indicators of redox events at a lanthanide ion.
The ionic radius for Ce** is 0.87 A, 0.14 A smaller than Ce3+, the
ionic radius for Pr4+ is 0.85 A, 0.14 A smaller than Pr3*, and the
ionic radius for Th4* is 0.76 A, 0.16 A smaller than Tbh3+.272 Thus
a 0.14 — 0.16 A contraction is expected on oxidation. It should
be noted that Ce4* and Pr#+ are significantly larger than Th4+ by
0.09 — 0.11 A, thus the structural chemistry of tetravalent Ce is
not necessarily a direct model of Tb4* structural phenomena.

The Tb3* complex, 9, is pseudotetrahedral with an inner
sphere potassium atom which is 4-coordinate and bound by two
of the imidophosphorane ligands.2’2 The largest structural
rearrangement upon oxidation is in the contraction of the Tb—N
bond distances by 0.13 A and 0.16 A for the potassium bound
and terminal ligands, respectively, consistent with a change in
metal oxidation state from Tb3* to Tb?**. The tetravalent
complex, 10, is also four-coordinate with S; symmetry. This
change in Ln—N bond length is echoed in the isostructural Ce
complexes. Upon oxidation, the Ce—N bond lengths contract by
0.14 A and 0.08 A for the potassium bound and terminal ligands
respectively, consistent with the change in ionic radius from
Ce3+ to Ce4+_259

Since the 8 and 10 are homoleptic and isotypic, a Voronoi-
Dirichlet Polyhedra (VDP) analysis was pursued to quantify the
changes in the coordination sphere introduced by the 0.11 A
difference in metal ion size between Ce and Tb.259 274275 This
analysis revealed that the secondary coordination sphere — the
alkyl hydrogens — is much less accessible to the metal in the Tb
complex than in the Ce complex. This finding emphasizes that
ligand interactions with the metal and in the second
coordination sphere are important considerations for the
isolation of molecular Ln** complexes.

The analysis of Tbh** siloxide complexes is a bit more
complex, since the coordination numbers change in the redox
process and complexes are heteroleptic. Nonetheless, similar
trends are seen in the Tb—O bond length contractions that were
seen with the imidophosphorane complex. In the trivalent
terbium complexes with siloxide ligand fields, the coordination
number is four in the trivalent oxidation state for 11260 and five
for 13261 (four ligands and one solvent molecule). Upon
oxidation, 11 undergoes a structural rearrangement and one of
the tert-butoxy arms of the tert-butoxy siloxide coordinates to

This journal is © The Royal Society of Chemistry 20xx

Page 20 of 43



Page 21 of 43

the metal ion for a total coordination number of five and a
distorted trigonal bipyramidal geometry. The average Th—-O
distance in 11 is 2.130(2) A for the three potassium bound
ligands and 2.103(3) A for the terminal ligand. Upon oxidation
and release of the potassium ion, the average Tb—O bond length
is 2.044(3) A in 12, a 0.09 A and 0.06 A contraction in bond
length for the potassium bound ligands and terminal ligand,
respectively. These contractions are smaller than expected
based on the change in ionic radii, but consistent with the
change in oxidation state to Tb#*. In the case of 13, the one THF
molecule is replaced by two acetonitrile molecules for a total
coordination number of six in 14 and a distorted octahedral
geometry. The bond length shortening in 14 is on average 0.13
A and 0.08 A from 2.194(2) and 2.140(2) for the bound and
terminal ligands respectively to 2.060(5) A, consistent with the
increase in oxidation state.

Similarly, the
complexes by SC-XRD agrees well with the assignment of Pr4+,
The trivalent complex, 15, is six-coordinate (four ligands, two
THF molecules) while 16 is also six coordinate and both have
distorted octahedral geometries.262 The average Pr—O bond
lengths are 2.292(8) A and 2.258(8) A for the potassium bound
and terminal ligands respectively. The average Pr—O bond
distance in 16 is shortened to 2.104(4) A a difference of 0.19 A
and 0.15 A for the potassium bound and terminal ligands
respectively. This contraction is slightly but consistent with the
change in ionic radius from Pr3* to Pr4+.

What is clear from a comparison of the potentials for
existing Pr and Tb compounds is that the shift of the M3+/4+
couple to an oxidatively achievable window alone is not
sufficient to ensure bench stability of tetravalent complexes. A
number of factors must be considered in order to isolate stable
Ln4* complexes. These factors include, shift of the metal redox
potential from that of the free ion (which is affected by the
ligand donor properties), the degree of ligand reorganization
upon oxidation, and the oxidative stability of the ligand.

solid-state characterization of the Pr

8. Core-Level Spectroscopy

XAS is an element specific technique and provides direct
evidence for oxidation state via XANES, metal-ligand bond
covalency via ligand K-edge XAS, and the coordination
environment and bond lengths of the atom of interest via X-ray
absorption fine structure (XAFS). Most germane to our
discussion of electronic structure are metal L- and M-edge XAS
and ligand K-edge XAS techniques.

Lanthanide L-edge XANES. L-edge XANES can provide direct
evidence for lanthanide oxidation state, particularly when the
absorbing atom is within a conserved coordination
environment. When the Ilatter requirement is met, the
absorption edge energy increases with increasing formal
oxidation state since the nucleus is less shielded and has a
higher effective charge. Thus, as the metal oxidation state is
increased, from Ln2?* to Ln3* to Ln%, within a conserved
coordination environment, the absorption edge moves to
higher energy.>> The step from divalent to trivalent is typically
7-8 eV and the step from trivalent to tetravalent is 1-2 eV.259, 271,
273,276-278 This pattern holds true except for the comparison of
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Figure 10. L;-edge XANES spectra for extended solids Cs,RbLn**F; (Ln=Tb, Dy, Ce, Pr,
Nd) exhibiting doublet white line features. Figure adapted from reference 293.

the Ls-edge spectra of trivalent lanthanides and non-traditional
divalents.55 As described in the introduction, non-traditional
divalents take on a 4f"5d! ground state. As a result, the non-
traditional divalent ions have an absorption edge nearly
identical to that of their trivalent counterpart. This insensitivity
of the excitation energy (0.2-1.9 eV) to the change in valence
has been attributed to limited sensitivity of the core 2p orbitals
to the occupation of the 5d.5> On the other hand, the energy of
the 2p orbitals are strongly sensitive (7 — 8 eV) to changes in the
occupation of the 4f orbitals (Ln3*, 4f" vs. LnZ*, 4f+1),

In addition to a change in the relative energy of the white
line, the shape of the white line changes upon oxidation to a
tetravalent ion. While the absorption spectra of LnZ* and Ln3*
complexes are characterized by single white line features, those
of Ln4* complexes are defined by multi-peak white line features,
usually in the form of a white line doublet. Additionally, spectra
of tetravalent ions typically have a weak pre-edge feature,
which has been attributed to a quadrupole allowed 2ps/; = 4f
transition, and has been described as a consequence of the
emergence of covalent bonding between orbitals of p character
in the ligand and 4f character in the lanthanide.279-281 |t should
be noted that, to-date, no molecular series has been evaluated
across all three oxidation states in similar or identical ligand
fields.

Ls-edge spectra have been used to unequivocally confirm
the tetravalent oxidation state of Ce,279, 282-296 pr 286, 293, 295-297
Nd,293 Tb,293-296, 298 gnd Dy193, 293 compounds in the solid state
and Ce253, 254, 265, 271, 276, 278, 299-301 and Tb273 in molecular
complexes. In all cases, a white line doublet (or higher order)
feature is observed and confirms the existence of the
tetravalent oxidation state. However, a notable difference
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Table 5. nyvalues and fitting peak energies for the L;-edge XANES spectra of selected Ce,

Pr, and Tb compounds.

Ln% Compound ng 4fr+1 (eV) 4fn (eV)
[Ce**(NP(pip)s)a]?7t 0.38(2) 5728.91(8), 5725.67(3) 5735.96(3)
[Ce**(NP(1,2-bis-tBu-diamidoethane)(NEt;))4]25° 0.40(4) 5730.44(9), 5726.45(8) 5736.57(6)
[Ce(trop)s]2 0.50(3) 5728.2(3) 5736.0(3)
[CeClg]? 276 0.51(5) 5720-5734 (3 peaks, n.d.) 5734-5742 (2 peaks, n.d.)
[Ce(acac)s]2%° 0.51(3) 5727.9(3) 5735.9(3)
Ce0,%%% 0.56(4) 5728.0(1) 5736.2(2)
[Ce(tmtaa),]2%° 0.59(3) 5726.8(3) 5735.6(3)
[Ce(CgHg)]25* 0.82(3) 5725.0(3) 5736.5(3)
[Tb#+(NP(1,2-bis-tBu-diamidoethane)(NEt;))4]?73 0.39(4) 7520.30(3) 7528.50(3)
TbhO,2% 0.42(4) 7518.9(1) 7526.1(1)
Pr0O,2°%6 0.64(4) 5968.4(1) 5977.7(2)

n.d. stands for not defined in the original text

between some compounds is in the shape and peak splitting of
the white line doublet. For example, in Cs;RbLn4*F; (Ln = Ce, Pr,
Nd, Dy, Tb), the shape of the spectra for Nd and Tb diverge from
the rest (Figure 10).293, 298 While the two peaks appear to be
about a 50/50 contribution in the white line feature for Ce, Pr,
and Dy, in the Tb spectrum, the lower energy feature of the
white line doublet has a much lower intensity when compared
to the higher energy feature and vice versa for Nd. This
decreased intensity has also been observed in Ls-edge spectra
of TbO; and TbF,.286,294-296 Additionally, in molecular complexes
of Ce this variability in peak structure has been observed over a
large range of complexes and relative peak intensities (Table 5).
253, 254, 265, 271, 276, 278, 299-301

Two competing hypotheses for the origin of the doublet
white line feature for tetravalent complexes have been
advanced: either a ground state or a final state effect. The
dipole allowed transition probed at the Ls-edge is from the
metal 2p orbitals to unoccupied states with metal 5d character,
2p64fn5d° > 2p>4fr5dt, where n corresponds to the number of
felectrons in the ground state. The ground state theory invokes
the existence of two ground states, both the Ln** 2p®4f"5d°L and
an Ln3* 2p64f+1540L (where L is a full ligand orbital and L is a
ligand hole), which have the final states 2p>4f°5dlL and
2p54fr*15d1L, respectively resulting in the multipeak feature.
The other scenario suggests that a single ground state exists,
2p%4fr5doL, and that the peak splitting observed in the white
line feature is a result of transitions to the unoccupied 5d states,
which are split by the crystal field.

Numerous studies have sought to answer this question on
the origin of the white line multipeak feature. Pressure
dependence studies on PrO; in 1994 show that with increasing
pressure, the intensity of the 2p>4f+15d1L (Pr3*) contribution to
the white line doublet increases.?®” The authors claim that is a

result of increased covalency between the 2p and 4f orbitals at
higher pressures. If the lower energy feature were one of mixed
valent origins, this change in relative intensity would not be
observed, therefore confirming a multiconfigurational ground
state. These results were similar to those observed in CeO, in
1988.284 More recent studies explain the multiconfigurational
ground state through a complementary approach on Ce?**
complexes. Magnetic susceptibility studies have been
performed on cerocene ([Ce*(CsHs)2]), [Ce**(acac)sl,
[Ce**(trop)s], and [Ce**(tmtaa),] and show that these four
formally 4f° complexes exhibit TIP with xo > 0.2°4 29
Additionally, for [Ce**(acac).], [Ce**(trop)a], and [Ce**(tmtaa),],
Complete Active Space Self-Consistent Field (CASSCF)
calculations demonstrate that the TIP behavior is correlated to
the small energy difference between the ground state (open
shell singlet, fIL) and the first excited state (open shell triplet,
f1L).2%% Further studies of cerocene at the Ce Ms4-edges and
configuration interaction (Cl) calculations to model the spectra
also provide evidence for a multiconfigurational ground state,
discussed below in the M-edge section.302

In light of these studies demonstrating multiconfigurational
behavior at tetravalent Ce, the Ls-edge spectra of tetravalent
lanthanides may be fit to determine the relative contribution of
each configuration to the ground state. In particular, weighting
the 2p>4fr*15d1L intensity to the total observed intensity is
described by an nsvalue, which provides a quantitative measure
to compare between different systems. Using the common two-
peak model, the nsvalue is defined in Equation 6:

Apn3+

A3+t Appat

(6)

ny

where Ains+ is the intensity of the 2p>4f"*15d1L contribution and
Aina+ is the intensity of the 2p>4f"5diL contribution to the white
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Figure 11. Curve fit Ln Ms 4-edge spectra for binary oxides of Ce, Pr, and Tb. Reprinted with permission from S. G. Minasian, E. R. Batista, C. H. Booth, D. L. Clark, J. M.
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American Chemical Society (Ref.296).

line doublet. Thus, lower nf values have a smaller 2p54f+15d1L
contribution to the ground state and vice versa.

However, in some cases, a two-peak model has proven to be
insufficient. Compounds such as [CeClg]?-, 8,252 Cs;RbDyF7 and
Cs2KDyF7,193 Pr0,,2%7 and likely others all require the inclusion of
more than two peaks to arrive at satisfactory fits. In cases such
as these, comparison to the established two-peak model have
been made by summing intensities of lower or higher energy
features, although there is no physical basis established for this
grouping. Additionally, there is some variability in the literature
in the placement of the step-function which limits the ability to
make quantitative comparisons between independent
investigations. For example, ceria has been reported to have nf
values of 0.58(3)2%9, 0.56(4)2°¢ and 0.5.2°5 However, keeping
these factors in mind, ngvalues are still useful for comparison.

The reported nfvalue of Ce** complexes spans the range of
0.38(2) to 0.82(3) (Table 5). The range spans from 8259 at
0.38(2), CeO, at 0.56(4), to cerocene at 0.82(3). Andersen,
Booth, and co-workers note an important trend in the decrease
of ngvalue with the increasing electronegativity of the ligating
atoms C > N > O. This trend holds true for most Ce complexes,
however, does not appear to hold true for imidophosphorane
complexes which have nf values lower than complexes with O
donor atoms. In the same work, it is noted that complexes with
the lowest nfvalue and o values have the highest energy peak
maxima for the 2p>4f"5d1L transition (i.e. the Ln** contribution)
which they attribute to a high degree of covalency. The
reported nf values for Tb systems are limited to TbO,, 0.42(4),
and 10,252 0.39(4). Since cerocene has the largest component
of trivalent character of any Ce complex studied to-date,
terbocene is therefore an important target to investigate
multiconfigurational behavior in lanthanides beyond Ce and as
an important benchmark for the behavior of other tetravalent
lanthanide complexes.253, 254, 303, 304 Theoretical studies predict
that terbocene has a significant 4f8 contribution to the ground

state and Ls-edge studies would be an important component of
this investigation.30> See Table 5 for a list of selected Ce, Tb, and
Pr nsvalues.

The emergence of molecular Ln* complexes beyond Ce
provides a new opportunity to investigate multiconfigurational
behavior via Ls-edge XAS. Through varying both the energy and
radial extent of the metal valence orbitals, by changing the
identity, a more complete understanding of the
multiconfigurational behavior in lanthanide complexes can be
achieved. Additionally, the physical basis of the spectral
features can be further developed through the use of high
energy resolution fluorescence detection (HERFD) XANES,

which provides better resolution of multipeak features.277, 306
312

metal

Lanthanide M-edge XANES. My- (3ds2 = 4fs;2) and Ms-
(3ds/2 = 4f7/2 and 3ds;; > 4fs;2) edge spectroscopy provides
unique insight into lanthanide materials by probing 4f valency
at lanthanide ions.293, 298, 313320 Muyltiplet structure and
branching ratios in Mss-edge spectra (vide infra) are valuable
for characterizing orbital occupancies in 4f elements.321-328
Features in these spectra show all allowed transitions from
core-level 3d orbitals to unoccupied states containing 4f
character. Kaindl and co-workers assembled an exhaustive set
of the accessible tetravalent lanthanide fluorides of the general
form A,LnF; (A = Cs, Rb; Ln = Ce, Pr, Nd, Tb, Dy) to investigate
through Mss-edge XAS.2%3 These studies interrogated the
ground state electronic configuration through the expected
final state, i.e. a 4f" ground state from a 3d4f**1 (where 3d
represents a 3d hole) final state. For Cs;RbCeF, the typical
multiplet expected for a 4f° ion was observed with a dominant
3D, feature and a much smaller 3P; satellite feature 4.9 eV below
the main peak. The dominant feature was 2.5 eV higher in
energy than the analogous feature in CeFs, a trivalent fluoride
counterpart.
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This energy shift of the dominant peak is in contrast to the
shift in energy observed for CeO; from Ce,03 by Minasian co-
workers.29. 329 |n the oxides, the dominant feature is only 1.7
eV higher in energy. This difference in the peak shift from the
fluorides to the oxides implies stronger ionic character for Ce**
in the fluoride materials when compared to the oxides. A similar
trend is seen with Cs,RbTbF;, where the dominant feature of
the Mss-edge spectra is 2.4 eV higher in energy than the
trivalent fluoride, in comparison to a difference of 1.2 eV in the
equivalent oxides. Pr follows suit with an increase in the
dominant peak of 2.5 eV in the fluorides versus 1.7 eV in the
oxides.

For the stable dioxides (CeO,, PrO,, and TbO;), Mss-edge
spectroscopy provides evidence for Ln—L bond covalency and
corroborates the covalency measured by ligand K-edge XAS
studies (vide infra).2%6 Due to relatively large spin-orbit coupling
in the lanthanides, both Ms and Ms-edges are split into a more
intense main feature and a higher energy satellite feature for all
three dioxides (Figure 11). Analysis of the first and second
derivatives of the Mss-edge spectra support the use of four
pseudo-Voigt functions to fit the spectra of CeO; and PrO,. Due
to the complexity of the multiplet splitting for TbO,, more
functions are required to obtain a satisfactory fit. To quantify
the effect of splitting, a branching ratio is defined, or the ratio
of total peak intensity associated with the Ms transition to the
total peak intensity associated with both Ms and M, transitions.
This value is 0.44(5) for CeO; and PrO; and 0.65(7) for TbO.. It is
important to note that since final states are 3d%4f"*! and
3d°L4f™2, the branching ratio is not suitable for investigating the
amount of L4f"*1 that may be present in the ground state of the
materials. The values of the branching ratios are consistent with
expected trends for these three lanthanides; the ratios
approach one as the series is traversed, because the probability
of transitions to 4fs,, state decrease as the f-orbitals are filled.

Configuration interaction (Cl) calculations were performed
to determine the origin of spectral features and assign how
ground and final state mixing between Ln 4f orbitals and O 2p
orbitals contribute to observed Mss-edge spectra. These
calculations showed that using simply a purely trivalent or
tetravalent model for Ce and Pr did not agree well. In particular
satellite features are not modelled accurately. A more
satisfactory model is obtained through a charge-transfer model
using two ground-state configurations, 3d1%4f" and 3d0L4f+1,
and the corresponding final-state configurations, 3d%4f™1 and
3d°L4f™*2.  Both ground- and final-state are defined by the
difference in charge-transfer energy, which can be
benchmarked to experimentally observed LMCT feature in
UV/vis spectra. The calculated ground states for CeO; and PrO;
were similar. CeO, was calculated to be 70% 3d'°4f° and 30%
3d10L4f1, with a LMCT energy of 3.2 eV (experimental value is
3.1 eV339). PrO; was calculated to be 71% 3d04fl and 29%
3d10L4f2, with a LMCT energy of 2.2 eV (experimental value is
2.4 eV331), Although the amount of ligand hole character in the
ground state for each of these materials is smaller than the
amount determined from Ls-edge spectroscopy on the same
materials, it does provide additional evidence for mixing
between Ln 4f orbitals and O 2p orbitals in the ground-state.

24 | J. Name., 2012, 00, 1-3
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Figure 12. General depiction of transition from ligand 1s orbital to molecular
antibonding orbital containing ligand np character. Figure adapted from 276.

Ms, 4-edge XAS can also provide evidence of 4f occupation.
However, this measurement is perturbed by the differences in
formal oxidation state between analytes. Changing oxidation
state affects the magnitude of the branching ratio and
introduces satellite features for tetravalent complexes. For
example, the spectra of molecular Ce% complexes differ from
those of La3* complexes, even though both ions are formally 4f°.
Considering the most likely final state of 3d%4f, it is expected
that there would be a singular peak for each the Ms- and My-
edge. This structure is observed in La3* spectra.323 However, the
spectra of Ce(CgHs),, CeRhs, and CeClg? contain the expected
intense feature along with weaker satellite features.276. 296, 302,
332 These spectra are similar in shape to spectra of Ce0,.2% 324,
333,334 However, the energy of the main features varies for each
compound. The main features for [Ce(CsHs)2] (882.0 and 900.0
eV) and CeRh3 (882.6 and 900.1 eV) are lower in energy than in
[CeClg]? (883.7 and 901.6 eV) and CeO, (883.7 and 901.7 eV).
The former resembles the energy scale observed for formally
trivalent Ce compounds such as [CeClg]3- (882.3 and 900.0 eV)
and [Ce(CsHs)2]" (882.4 and 900.2 eV). This similarity is
suggestive that there may be correlation between peak energy
in M-edge XAS and the nrmeasured by Ls-edge XAS.

In this context, the branching ratio for the trivalent and
tetravalent molecular hexachlorides can be used to compare,
relatively, the 4f occupancy in the ground state.2’¢ Since Ce3*
has one more 4f electron than its tetravalent counterpart, it is
expected that Ce3* would have a higher branching ratio than
Ce%. For the hexachlorides, the branching ratios are 0.50(3) and
0.48(2) for Ce3* and Ce**, respectively. Although the trivalent
branching ratio is slightly higher, once error is considered, the
values are essentially equal. This is similar to what is seen for
PrO, and Ce0,2%¢ (vide supra) and implies that the sensitivity of
the technique may not be enough to easily distinguish between
a 4f! and a 4f° material.

Ligand K-edge XAS. Since ligand K-edge XAS probes bound-
state, dipole-allowed 1s = np transitions from ligand-based
orbitals, transitions to molecular orbitals with ligand p-
character can be observed.102, 276, 296, 329, 335-358 Figyre 12 depicts
a generalized form of transitions from ligand based 1s orbitals
to a molecular orbital containing ligand p-character.
Measurement of the intensity of pre-edge features can allow for
a quantitative measurement of orbital mixing, or metal-ligand
covalency —i.e. the amount of mixing between ligand-based p-
orbitals with metal-based d- and f-orbitals.

This journal is © The Royal Society of Chemistry 20xx
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Figure 13. Overlay of Cl K-edge spectra for [CeClg]> and [LnClg]3- (Ln= Ce, Nd, Sm,
Eu, Gd). Reprinted with permission from M. W. Léble, J. M. Keith, A. B. Altman, S.
C. E. Stieber, E. R. Batista, K. S. Boland, S. D. Conradson, D. L. Clark, J. Lezama
Pacheco, S. A. Kozimor, R. L. Martin, S. G. Minasian, A. C. Olson, B. L. Scott, D. K.
Shuh, T. Tyliszczak, M. P. Wilkerson and R. A. Zehnder, J. Am. Chem. Soc., 2015, 137,
2506-2523. Copyright 2015 American Chemical Society (Ref.276).

In Cl K-edge XAS studies of molecular hexachlorides, [LnClg]3-

[LnClg]?, Kozimor and co-workers challenged the
conventional purely ionic description of lanthanide bonding.276
For the formally Ce** compound, [CeCle]?, two large pre-edge
features were observed (Figure 13). The first feature (A) was
near the onset of the rising edge at 2823.6 eV and the second
feature (B) was lower in energy at 2820.6 eV. The two features
were of comparable peak intensity, 0.84(8) and 0.70(7),
respectively. When a similar analysis is applied to the formally
trivalent compounds, [LnClg]> , a several differences are
observed. Feature A is still present in each compound;
however, it is located on the rising edge of the spectra (higher
in energy) instead of just at the onset of the rising edge. Analysis
of feature A suggests that the peak intensity for the Ln3*
complexes systematically decreases as atomic number
increases in the lanthanides, from 0.93(9) for Ce to 0.48(5) for
Gd. Feature B, on the other hand, is greatly diminished when
compared to that of the Ce** compound for all Ln3* Cl K-edge
spectra. Furthermore, feature B becomes broader and lower in
energy as you move down the series until it is undetectable in
the spectra of [GdClg]3-.

Assignment of these features was supported by time
dependent density functional theory (TD-DFT) calculations and
spectral simulation. The higher energy features (feature A) were
largely associated with excitations from Cl 1s orbitals to 5d =-
orbitals (t2¢" set) while excitations to 5d c-orbitals (eg* set) were
hidden underneath the rising edge. Feature B was attributed to
overlapping excitations to molecular orbitals containing Ln 4f
character (t1," and ty,* sets). Quantification of covalency in Ce—
Cl bonds in [CeClg]? indicates that the percentage of Cl 2p
character is 11(1)% and 9.9(9)% for the 5d and 4f orbital sets,
respectively. This result is in contrast to that for [CeClg]3, where
Cl 3p characteris 13(1)% and 1(1)% for the 5d and 4f orbital sets,
respectively.

From these results, a few conclusions can be drawn about
the nature of Ln—Cl bonds in these compounds. First, covalent
mixing of Cl 2p orbitals and Ln 5d orbitals is prevalent in the
trivalent lanthanides and the extent of this mixing decreases

and

This journal is © The Royal Society of Chemistry 20xx

Dalton Transactions

20

1.5

1.0

0.5

2.0

1.5

1.0

tg

0.5

Normalized Intensity

20

1.5

1.0

0.5

528 530 532 534 536 538
Energy (eV)

Figure 14. Curve fit pre-edge features of O K-edge spectra for Ln binary oxides of
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with increasing Z. In a similar vein, Cl 3p mixing with Ln 4f
orbitals is only marginal in the formally Ln3* hexachlorides
investigated in this study. Upon oxidation, in the case of Ce
however, substantial 4f mixing (t1,” + t2u") is observed with little
to no effect on the 5d mixing observed in the trivalent analog.
As a result, it is apparent tetravalent lanthanides can be
regarded as more covalent as increased 4f mixing with ligand
orbitals is observed with little effect on the 5d mixing.

This observation is further rationalized through the
consideration of the radial extent of the 4f orbitals in Ln3* versus
and Ln#*. According to calculations for trivalent lanthanides, the
valence 4f orbitals are eclipsed by the [Xe] core in the bonding
region.359-364 However, these Cl K-edge results suggest that,
upon oxidation, there is differential compression of the core
orbitals versus the valence orbitals. As a result, the 4f orbitals
are able to participate in covalent bonding.

Comprehensive O K-edge XAS studies have been performed
by Minasian and co-workers on the entire series of trivalent
lanthanide sesquioxides3?® as well as the stable tetravalent
dioxides, CeO,, PrO;, and Tb0,.2% Utilizing pre-edge features in
the O K-edge spectra for the sesquioxides, the covalent mixing
between O 2p orbitals and Ln 5d/4f/6p orbitals was
investigated. As seen in the Cl K-edge XAS studies of [LnClg]*,
little 4f mixing is observed and there is a substantial amount of
ligand 2p — Ln 5d/6p mixing.2’6 Furthermore, 2p — 5d mixing is
further resolved to explicit o- and m-symmetry. While n-
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symmetry mixing remains relatively constant across the series,
o-symmetry mixing is maximized for La, Gd, Tb, Dy, Ho, and Er.
In these cases, the covalent part of the Ln—O bond can best be
described as an O 2p = 5d charge transfer since there are no
4fr or 4f**1 states in the gap between filled O 2p and Ln 5dt
states. Reduced mixing in the other elements can be ascribed to
4f/5d hybridization (such as in the case with Ce, Pr, and Nd) and
better energy parity between O 2p and Ln 4f orbitals which
enhanced the amount of 2p = 4f charge transfer possible.

For the stable dioxides, O K-edge XAS elucidates the
magnitude at which the O 2p orbital participates in G-symmetry
mixing with lanthanide 4f and 5d orbitals and m-symmetry
mixing with lanthanide 5d orbitals.2%¢ Each spectrum (shown in
Figure 14) contains large, distinctive pre-edge features below
540 eV, which are indicative of mixing between O 2p and Ln 5d
and 4f orbitals. More specifically, each spectrum of the
tetravalent dioxides contains a broad feature centered around
537 eV (tyg set) and a sharper feature near 533 eV (eg set). Ce
and Tb each have a single additional sharp feature at 530.2 and
528.8 eV (az, set), respectively. Pr has two features in this region
at 528.8 (ay, set) and 531.0 eV (ty, set).

Fitting of these pre-edge features allows for a direct
comparison of O 2p mixing in Ce, Pr, and Tb through peak
intensity. Oxygen 2p mixing with Ln 5d (both o- and =-
symmetry) remains relatively similar between the three
elements and is a significant contributor to the covalent nature
of Ln—0 bonds in these dioxides. For the 1s > e, transitions, the
peak intensities are 2.9(2), 3.1(2), and 2.9(2) for Ce, Pr, and Tb,
respectively. Similarly, the intensities of the 1s = tg transitions
are nearly equivalent for the three elements: 5.2(5), 5.5(6), and
5.2(5) for Ce, Pr, and Tb, respectively. The larger 1s = t peak
intensities are due to greater orbital overlap of the O 2p in o-
bonds than in m-bonds. The invariance of transitions to mixed
5d states is expected since the 5d orbital energies do not
decrease in energy significantly across the series. However, the
Af orbital energies decrease across the lanthanide series.276, 365
When considering O 2p mixing with Ln 4f, some variance is
observed. As such, peak intensities for 1s = aj, transitions are
3.0(2), 2.6(2), and 1.5(2) for Ce, Pr, and Tb, respectively. PrO;
also contains a unique 1s = ty, transition that is not present in
the other two oxides and with a peak intensity of 0.8(1).
Therefore, considering the relative invariance in o- and ©-type
mixing of 5d orbital sets for these three elements and the
hierarchy of 4f mixing, total covalency can be ranked as TbO; <
CeOz < PFOZ.

F K-edge XAS was performed by Kaindl and co-workers to
investigate covalency in Ln—F bonds.2?3 Trivalent fluoride
materials, such as CeFs, contain only a singular broad peak
superimposed on the rising edge, which is attributed to F 3p
character hybridized with lanthanide 5d orbitals in unoccupied
states. In tetravalent CeF4, a new feature appears ~2 eV below
the main feature seen in CeFs, which also is attributed to a F
3p/Ln 5d hybrid state. Additionally, a new pre-edge feature is
observed about 5.7 eV below the main feature. This pre-edge
feature is attributed to a transition from F 1s to a 2p/4f hybrid
state. The energy difference between the transition associated
with 2p/4f state and the transition associated with 3p/5d state
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is comparable to the energy difference between 4f and 5d
bands observed in optical reflectivity measurements. In
Cs3CeF7, a pre-edge feature is observed at the same energy as
was seen in CeF,, despite the difference in structure. An
increase in the secondary main feature (2.4 eV below main
feature) is observed. This is compared to CsF and assigned to
be related to Cs—F bands. Because of this competing interaction,
the pre-edge feature is comparatively small when looking at the
edge jump and primary features. In Cs3PrF;, a very similar
spectral profile to that of Cs3CeF7; the primary difference is the
pre-edge feature for CssPrF; is centered 1.3 eV lower in energy
than in Cs3CeF;. The energy for this transition is the same for
Cs;2RbTbF7 but the peak intensity for the Tb compound is greatly
decreased. This change in intensity is indicative of a reduced
amount of 2p/4f mixing in Tb versus Pr and Ce.

Pre-edge features in C K-edge XAS studies provide evidence
for mixing between Ce 5d/4f orbitals with the 7w system of
cycloctatetraenediide [COT]% in [Ce(CgHs)2].392 Furthermore,
these results are contextualized through comparison with C K-
edge studies of tetravalent actinides, [Th(CsHg)2] and
[U(CgHsg)2].3*8 Analogous to what is observed in Th and U, two
main pre-edge features are observed for Ce at 284.2 and 286.7
eV. Similar to other ligand K-edge XAS studies, the peak
intensities of these transitions are weighted and used to
evaluate C 2p and Ce 4f/5d mixing in [Ce(CsgHs)-].

Calculations are used to deconvolute overlapping
transitions in the pre-edge region. TD-DFT was used to calculate
absolute energy and oscillator strengths of singular transitions.
From the calculated spectrum, the lowest energy feature at
284.2 eV was assigned to a transition from a C 1s orbital to a
molecular antibonding 2e,, (3-type 4f). The second feature was
shown to be two overlapping transitions at 286.6 eV,
corresponding to transitions to the antibonding 2es, and
nonbonding lesg sets.

The peak intensities of these features are weighted by the
relative amount of C 2p to evaluate the extent of atomic orbital
mixing between C and Ce. Despite convolution of features due
to overlapping transitions of similar energy, patterns emerging
from DFT calculations support qualitative comparisons
extracted from the observed spectra. Notably, the 1s > 2ey (o-
type 5d) transition was not observed clearly in the obtained
spectra for Ce but was composed of 22% C 2p and 76% Ce 5d.
This weighting is equivalent to the models of the resolved
features for the 2ey; set in [Th(CsHs).] and [U(CgHsg)2]. The les,
(5% C 2p and 95% Ce 4f) and 2es, (89% C 2p, 7% Ce 4f) are
described as non-bonding Ce and C-based orbital sets. This
bonding pattern is similar to that observed in [U(CgHs)2]. In
[Th(CsHs),], however, substantial ¢-type mixing occurs.348 366
The pre-edge feature at 284.2 eV in the C K-edge spectra is
attributed to transitions to -type antibonding orbitals of the
2ey, set (24% C 2p and 76% Ce 4f). These orbitals are the
counterpart to the bonding le,, set (72% C 2p and 25% Ce 4f).
The extent of metal character of these orbitals is greater in
[Ce(CgHs).] than in [Th(CgHs).] and similar to that in [U(CsHs),].
These results provide concrete evidence that the increase in 4f
electron density in [Ce(CgHsg).] is a result of increased 3-type
mixing.

This journal is © The Royal Society of Chemistry 20xx
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It should be noted that Autsbach and co-workers have
proposed an alternative interpretation of the C K-edge spectra
of [Th(CgHs)2] and [U(CgHg);] based on an ab initio
multireference, restricted active space (RAS) approach.303
These calculations indicate that the experimental C K-edge XAS
spectra do not indicate the involvement of ¢-5f orbitals in
ground state bonding for [Th(CgHs).], and that for [U(CgHs),]
there is ligand to metal ¢-bonding in the excited state. However,
the multiconfigurational character of the wavefunction
prevents the assignment of bonding interactions.

9. Optical Spectroscopy

Optical spectroscopy probes available transitions which are
inherently tied to a specific oxidation state and electronic
configuration. Similar to d-d electronic transitions in transition
metals, f-f transitions in the lanthanides are forbidden based on
selection rules. However, unlike transition metals, f-f
transitions are not usually broadened or gain intensity through
molecular vibrations and crystal field effects, which results in
sharp transitions. On the other hand, f-d transitions in
lanthanides are not orbital-forbidden and are relatively intense,
especially in the case of Ce3* and Th3* which have very intense
transitions.

Optical spectroscopy has been carried out by Asprey and
Varga to identify the free ion levels of Dy* and Nd* in
Cs3LnF;.367, 368 The presence of Dy3* and Nd3* impurities was
evident from the optical spectra. The optical spectra of Nd**and
Dy were compared to their isoelectronic trivalent
counterparts, Pr3* and Th3* respectively. The observed optical
spectra were fit to a function with spin-orbit coupling
parameter (¢) and Racah parameters E1, E2, and E3 which are a
function of the Slater radial integrals F,, F4 and Fg to determine
the f energy levels for the corresponding free ions.

In Cs3NdF5, all transitions (7 f-f) up to 1D, level at 487.8 nm
(20500 cm™) were assigned using absorption spectra.
Fluorescence spectra for CssNdF;showed two sets of transitions
at 350-380 nm (28571.4 — 26315.7 cm) and 270-280 nm
(37037 — 35714 cm), the former was assigned to transitions
from 3P;, 3Pg and 1D, (upper f-f transitions) and the latter to Nd3+
impurities or charge transfer. However, the transitions in the
350-380 nm region were broad and their origin was dubious.
These transitions could be from the charge transfer band
associated with orange/yellow color of CssNdF;. Since f-d
transitions were so high in energy, they were not observed in
either the absorption or the fluorescence spectra.36?

In Cs3DyF7, six new transitions (f-f) between 3891 nm (2570
cm?) and 1333.3 nm (7500 cm) were observed in the
absorption spectra when compared to CssDyFs. A broad
absorption band with a maximum at 400 nm (25000 cm-1) was
observed and assigned as a charge transfer band giving rise to
the orange/yellow color of Cs3DyF;. With fluorescence, two
more f-f transitions were observed at 525 nm and 630 nm.
These transitions were assigned by comparison of the spectrum
to isoelectronic CssTbFs. Again, no f-d transitions were
observed.368

In Cs3TbF; no excitation was observed
fluorescence or the absorption spectra, hence putting a lower

in either the
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limit on the first f-f transition at 303 nm (33000 cm-1). Such high
energies for f-f transitions in Th** are reasonable because Gd3*
with the same electron configuration (4f7) has the first f-f
transition ~312.5 nm (32000 cm). However, the first f-f
transition for Th#* is higher in energy than Gd3* due to less
effective screening of the nuclear charge in tetravalent
lanthanides. Asprey and Varga did not comment on the charge
transfer band in Cs3TbF; even though Tb* compounds are
known have bright colors. Again, no f-d transitions were
observed.368

Asprey and Reisfeld reported one f-f transition as expected
for a 4f! Pr**in NayPrFs and PrF; around 3466 nm (2885 cm-1)
corresponding to a 2Fs;; = 2Fy; transition.142 The authors did
not comment on the charge transfer band in Pr#* fluorides.
Again, there were no obervable f-d transitions. While the study
by Asprey and Reisfeld reported only one f-f transition for Pr4+,
Popova et al., reported five f-f transitions in the optical
spectrum of BaPr0s.3%° The observation of five f-f transitions is
in stark contrast to the expectation for a 4f! system. However,
the five f-f transitions are a result of comparable energy scales
of CEF and SOC in tetravalent lanthanides. Two excitations were
observed in the energy range of 900-2500 nm (11111 — 4000
cm1) and were assigned to excitations to I's" and lg states based
on a cubic symmetry first approximation as shown in Figure 7.
Electric dipole transitions between different CEF levels are
forbidden but transitions to ;7 and g’ are magnetic dipole
allowed. The optical excitation at 1449 nm (6900 cm) was
assigned as a I'7 to I vibronic transition. The optical excitation
at 1887 nm (5300 cm-1) was assigned to a 7 to I'g’ transition. The
transition corresponding to 7 to s’ is asymmetric, probably due
to the splitting of the quartet into two Kramer’s doublets due to
a lower CEF symmetry (a cubic CEF was a first order
approximation). Further investigation of the optical
spectroscopy on BaPrOs resulted in the observation of two
transitions, a two-peak feature at 4968 nm (2013 cm) and
4885 nm (2047 cm-1) and a single maximum at 3182 nm (3143
c¢m1).370 The transition at 3182 nm is assigned to a 7 to I/
transition. The excitations at 4968 nm and 4885 nm correspond
to 7 to I transitions (where lg is a quadruplet split into two
Kramer’s doublets due to a lower CEF symmetry). For a Pr4* free
ion the first f-d transition is situated at 86.9 nm (115052 cm-1,
measured in the gas phase).371

The one f-f transition observed in PrF; and Na;PrFe
corresponds to a transition between two different J manifolds,
J=5/2 and J = 7/2 with 7¢/2 = 2885 cmresulting in {= 824 cm-
1. In BaPrOs the transition between I; with predominantly J =
5/2 character to I/ with predominantly J = 7/2 character can be
considered as the first f-f transition between the two different J
manifolds. Crystal field calculation on BaPrOs by Popova et al.,
provides a { = 840 cml. Both the reported values of SOC
parameters are less than the SOC parameter for a Pr4* free ion
(865 cm1).371 This discrepancy could be attributed to the effect
of the ligand fields on Pr4+.370

Corresponding Cvalues for 3+ and 4+ lanthanides are plotted
in Figure 15. It is evident that the spin-orbit coupling parameter
for tetravalent lanthanides is greater than the trivalent
lanthanides. It should be noted that, in Ln3+, there is a break in
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Figure 16. Slater integral term, F, for Ln3*(pink trace) and Ln** (blue trace) plotted
against corresponding electron configuration. Figure adapted from reference
368.

the spin-orbit coupling parameter at Gd3* with 4f7 electron
configuration, however, in the 4+ oxidation state, there is a
break at Tb4 with 4f7 electronic configuration. The slater
integral, F2, which corresponds to Racah parameter is plotted in
Figure 16. The trend of F;in Ln** follows the trend in Ln3* with
breaks at 4f7 and 412 electron configurations.3¢8 Following this
trend, the SOC parameter and F; values could potentially be
extrapolated to other lanthanides in the tetravalent oxidation
and hence serve as a guideline to assigning different transitions
in the optical spectra.

Hoefdraad reported charge transfer spectra of Ce**, Pr#+,
and Tbh** doped in several diamagnetic oxide lattices. When the
lanthanides are in an octahedral O environment, two
absorption bands are observed for Pr4*and Tb4around 400 nm
(25000 cm-1) and 333.3 nm (30000 cm) and one absorption
band for Ce4+at higher energies 312.5 nm (32000 cm-1).331 When
the lanthanides are surrounded by eight 02 ions, three
absorption bands are observed for Pr4*and Tb4around 500 nm
(20000 cm1), 434.7 nm (23000 cm1) and 333.3 nm (30000 cm-
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1) and one absorption band for Ce#* at 317.4 nm (31500 cm-1).
These absorption bands for both six and eight coordination
number were found to be red-shifted when compared to their
corresponding trivalent counterparts. The red-shift of the first
absorption band between six and eight coordination number in
tetravalent lanthanides has been attributed to the degree of
perturbation of the energy levels of 4f and 5d orbitals by the
surrounding O atoms.

Agueous, molecular UV/vis studies are similar to the
aforementioned optical spectroscopy studies in extended solids
in which new transitions are observed upon oxidation to the
tetravalent oxidation state. In Hobart and Peterson’s UV/vis
studies of aqueous Pr, in high concentrations of carbonate and
hydroxide, show that upon oxidation, either electrolytically or
chemically, the fine f-f transitions are bleached and a very broad
band is introduced, which is most likely attributable to a charge
transfer event. This broad feature at 283 nm (35335 cm!) was
estimated to have an extinction coefficient >1000 cm-IM-1. In a
similar vein, oxidation of Tb results in decreases in the
absorbance features characteristic for the trivalent ion, and an
increase in the intensity of a broad band spanning 250-650 nm
(40000-15385 cm-1) with a peak maximum at 365 nm (27397 cm-
1). This absorbance feature is estimated to have a molar
absorptivity greater than a 1000 cmIM-1 by correlating the
decrease in absorbance of the Th3* features and increase in
absorbance of the Th#* feature.

The UV/vis/NIR electronic absorption spectra for the three
isolated tetravalent Tb complexes are best described as single
broad absorption features with extinction coefficients between
3000-4500 cmIM-1, These absorption spectra are consistent
with early work by Hobart and Peterson.234 The absorption
spectrum for the deep indigo complex, 10, spans 375—-1100 nm
(26667 — 9091 cm?) with an extinction coefficient of 3700 cm-
IM-1in THF consistent with a charge transfer transition.2’3 This
is in stark contrast with the Tb3* complex, 9, which has no
observable transitions in the UV/visible/NIR in THF. For the
siloxide complexes, the absorption spectra span a much smaller
range and the absorption maxima are shifted higher in energy,
likely due to the more electronegative O donors in comparison
to N. For the orange Th* complex 12,260 the absorption
spectrum spans 275 — 570 nm (36364 — 17544 cm1) with an
extinction coefficient of 4200 cm1M-1at 371 nm (26954 cm1) in
toluene while the orange Th** complex, 14,261 spans 275 — 650
nm (36364 — 15385 cm1) with an extinction coefficient of 3000
cmIM1 at 386 nm (25907 cml) in THF, both of which are
consistent with a charge transfer transition.

In line with the work by Hoefdraad, the broad features seen
in the three Th* complexes can be assigned to charge transfer
bands. While multiple charge transfer bands were observed for
Th#+*with both six and eight oxygen coordination numbers in the
solid state, only one broad charge transfer band is observed for
all Tb* complexes. In the solid state, the charge transfer bands
are higher in energy compared to the molecular Tb** complexes
and this can be attributed to the different degrees of
delocalization of 4f/5d orbitals depending on the extent of
interaction with different ligand fields. As expected from the
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solid state, no f-f/f-d transitions were observed in the Tb4*
complexes.

The UV/vis/NIR absorption spectrum of the brown Pr4+
complex, 16, spans 275 — 700 nm (36364 — 14286 cm1) with a
molar absorptivity coefficient of 3800 cm-M-1at 363 nm (27548
cml) in THF.262 The molar absorptivity of this feature is
consistent with that of a charge transfer transition. This
spectrum is more asymmetric than those of the Tb siloxides.
These results on Pr are also in line with the aqueous studies of
Pr4* by Hobart and Peterson. The absorption spectrum for 16 is
in line with absorption spectra reported for Pr4 doped in
different diamagnetic lattices, which also contained a charge
transfer feature. Within the energy range measured, no f-f
transitions were observed, in line with the optical spectra of
BaPrOs where all five f-f transitions were observed in the far IR
region between 1500 nm (6667 cm-1) —4900 nm (2041 cm-1).369
The f-d transitions are likely too high in energy to observed.

10. Magnetic Properties

The only magnetic data available for Ln** ions are Pr4* and
Tb4. Prand Tb in the tetravalent oxidation state have electronic
configurations of 4ff and 4f7, respectively. Due to their
characteristic paramagnetism, magnetic studies can be used to
assign oxidation state and understand the electronic structure
of tetravalent lanthanides complexes and extended solids.
Lanthanides exhibit significant SOC, and optical spectroscopy
measurements have shown that SOC is further enhanced in the
tetravalent oxidation state compared to the trivalent oxidation
state (vide supra).

Lanthanide anisotropy results from unquenched orbital
moments, hence making J a good quantum number to describe
the trivalent lanthanides. This model is in contrast to that for
transition metals (mainly first and second row) where Sis a good
quantum number since these elements exhibit quenched
orbital moments. Hence all three empirical Hund’s rule plays a
critical role in determining the ground state of trivalent
lanthanides while the first two empirical rules are sufficient to
describe the ground state of first and second row transition
metals. The trivalent lanthanides are best described in the
Russell-Saunders (L-S coupling) scheme. Extending the same
conceptualization of ground states to tetravalent lanthanides,
the electronic structure of Pr4* and Tb** can be explained using
ground states 2Fs/; and 8S;/,, respectively. The expected room
temperature magnetic moments for pure 2Fs;; and 8S7/; ground
states are 2.54 ug and 7.94 ug respectively assuming the ground
state is completely populated at room temperature.

DC-susceptibility measurements were performed on all
three tetravalent terbium complexes and their trivalent
counterparts. The expected magnetic moment at room
temperature for a 4f2 Tb3* ion is 9.72 ug in contrast to the
lowered moment for the 4f7 Th** ion, which is 7.94 us. For 10,
the magnetic moment was 8.27 pg while the Th3* precursor, 9,
was 10.7 pg.273 Both values are higher than the expected
moments but clearly demonstrate a change in oxidation state
from Tb3* to Th#*. In addition to the Tbh3* and Tbh** complexes,
Mazzanti and co-workers synthesized the isoelectronic 4f7 Gd3*
equivalent to the tert-butoxy siloxide Tb4 complex. The
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complex [K][Gd3*(OSi(OtBu)s)s] had a magnetic moment of 7.88
Mg and the Tb* complex, 12, of 7.89 ug, confirming the 4f7
configuration.260 The Tb3* complex, 11, had a magnetic moment
of 9.46 pg, which although slightly lower than the predicted
value, confirms the change in oxidation state between the two
Tb complexes. For the Tb** phenyl siloxide, 14, the magnetic
moment was consistent with the previous tetravalent complex
at 7.91 pe.261 The Tb3* complex’s, 13, magnetic moment was
9.12 g, significantly lower than the predicted value. These
moments are consistent with values obtained for extended
solid state Tb* compounds (Table 2).95, 151,155

Similar trends were seen for magnetic studies of molecular
Pr. The expected magnetic moment at room temperature for
the 4f2 Pr3+ion is 3.58 pg, larger than that of the 4f1 Pr#* ion at
2.54 pg. Additionally, Mazzanti and co-workers synthesized a
Ce3* complex for comparison to the isoelectronic Pr#* complex.
For [K][Ce3*(OSiPh3)4(THF)] the magnetic moment was 2.08 us
while for 16 it was 2.23 pg, below the predicted value but
consistent with the assignment of a 4f! ion.252 Likewise, the
magnetic moment for the Pr3* complex, 15, is higher at 3.46 us
and consistent with a 4f2 ion. These magnetic studies are in
contrast with extended solid systems of Pr4+.

The shape of the DC susceptibility vs T plot for 16 is in
reasonable agreement with that of [K][Ce3*(OSiPhs3)4(THF)]. In
both complexes, xmT monotonously decreases from room
temperature down to the lowest temperature measured, which
can be attributed to thermal depopulation of low-lying Kramer’s
doublets. The 2Fs/; ground state J multiplet in the Ce3*and Pr4+
complexes are split by the crystal field into three Kramer’s
doublets with |J, M> = |5/2,+1/2>, |5/2,£3/2>, and
|5/2,4£5/2>.372 Mazzanti and co-workers report the absence of
an EPR spectrum at 5 K for both the Ce3* and Pr4* complexes
(vide infra). Assuming only the ground state doublet is
populated at 5 K, the absence of an EPR spectrum rules out the
possibility of a |5/2,21/2> ground state with XY anisotropy (g,
=0.86, g, =2.57) in both complexes.372

The observed results for [K][Ce3*(0OSiPh3)4(THF)] and 16262
indicate that the ground states could be comprised of either the
|5/2,£3/2> doublet with g, = 2.57, g,= 0 and an expected
magnetic moment of 1.28 pg or |5/2,£5/2> doublet with g, =
4.29, g, = 0 and expected magnetic moment of 2.14 pg (both
Kramers doublets exhibit Ising anisotropy).372 However, the
possibility of a quartet ground state cannot be ruled out
(although unlikely in lower symmetry complexes). The observed
magnetic moment at 5 K for the Ce3* complex is ~1.25 g is in
reasonable agreement with the |5/2,+3/2> ground state
doublet and for the Pr4* complex with ~1 ugis less than the
expected value for either a pure |5/2,£3/2> or |5/2,£5/2>
doublet and hence making the ground state assignment
difficult.

Mixing the ground state with excited states in the same J
manifold could potentially explain the reduced moment of Pr4*
complex with a ground state of the form a|5/2,+3/2> +
b|5/2,£5/2> + c|5/2,+1/2>, a2+b2+c2 = 1. The room
temperature magnetic moments of the Ce3*and Pr#* complexes
are less than the expected value for a f1, indicative of the 2Fs);
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ground state not being completely populated at room
temperature.

However, the above explanation is valid only when
assuming that the electronic structures of the Pr4* and Ce3*
complexes are alike. The observed room temperature magnetic
moment of Pr#* complex is in contrast to observed magnetic
moments for Pr#* extended solids which exhibit reduced
moments (0.5 — 1.5ug).9% %6 From the CEF scheme established in
the solid-state section for f1 systems, the first excited state of
Pr4*+in BaPrOs (260 meV) is an order of magnitude greater than
for Ce3+in Ce;Sn,07 (55 meV) and Pr3+ in PryZr,07 (9.53 meV)
shown in Figure 17.198 373,374 When the crystal field splitting is
comparable to SOC, the J = 7/2 manifold mixes into the J = 5/2
manifold. The energy splitting diagram for a flion in an Oy, point
symmetry based on the relative interaction energy between
SOC and the crystal field is shown in Figure 18. Extending the
same conceptualization to molecular complexes, one might
expect the first excited state for the Pr#* complex, 16, to be
significantly greater than in the Ce3* complex. This can be
addressed by considering mixing the J = 7/2 manifold with the
ground state J = 5/2 manifold with a more likely ground state of
the form a|5/2,+3/2> + b|7/2,£3/2>, a2+b?2 = 1. The exact
splitting diagram for 16 is complicated considering the lower
point group symmetry at the metal center. Simply, this initial
result on Pr#+in 16 is exciting.262 Further work will be helpful to
understand ligand effects on ground state electronic structure
in Pra+.

11. EPR Spectroscopy

Tetravalent Pr and Tb are the only tetravalent ions to-date
interrogated by EPR. This limitation is due to the chemical
inaccessibility of other paramagnetic Ln#* ions such as the non-
Kramers ions Nd** and Dy#*.375> Analysis of their electronic
structure is based on their electronic configurations, Pr#+, 4f1
and, Tb**, 4f7, (both Kramers ions) using SOC and crystal field
interactions as the major considerations. In the case of the
trivalent lanthanides, SOC constants are typically significant
(640 — 2800 cm™1) in contrast to first and second row transition
metals. These effects are much larger than the observed crystal
field effects, which is on the order of 100 cm for Ln3+.376
However, in tetravalent lanthanides, the crystal field effects are
at least a magnitude greater than the corresponding trivalent
lanthanides (on the order of 1000 cm) as established in the
solid-state section via INS.198

141pr (100% abundance) is expected to have a characteristic
six absorption lines in its tetravalent state, attributable to the
hyperfine interaction of the sole f-electron with its nuclear spin
(I = 5/2) as shown in Figure 19. Since SOC and CEF are of
comparable energy scales in Pr4, resulting in competing
interactions, the traditional models of 4f1 (Ce3*) systems with L-
S coupling limits might not be the obvious choice resulting in
intermediate coupling limits. Following the CEF scheme
established in the solid-state section for PrO, and BaPrOs, the
energy splitting diagram for Pr4*in an octahedral crystal field is
shown in Figure 18. This splitting is similar to the energy splitting
diagram for 5f1 systems, Pa%*, U5* and Np®*, which deviate from
the L-S coupling limits, but SOC and CEF are both of greater
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Figure 17. CEF energy diagram for Ce3*in Ce,Sn,0; (D34 point group symmetry),
Pr3*in PryZr,0; (D34 point group symmetry) and Pr4* in BaPrO; (O point group
symmetry). The ground states are indicated by yellow lines, the first excited states
by pink, the second excited sates by red and further excited states by green. The
purple lines indicate the energy separation between the first excited state and the
ground state. Data from references 198, 373, and 374.

magnitude for the actinides. The solid-state section briefly
describes the splitting of J = 5/2 manifold in an octahedral
crystal field. However, for the best description of intermediate
coupling, crystal field splitting of the excited state J = 7/2
manifold is crucial. The 2F;/; excited state is split by the On crystal
field to a 7’ quartet, I's’ doublet, and a s doublet as shown in
Figure 18.377

The g values for an felectron in the ' doublet (perturbed by
the octahedral crystal field) have been calculated to be -10/7
and for an f electron in I'; (with no SOC) is 2. Hence the value of
g for f* should lie between -10/7 and 2 depending on the ratio
of the crystal field parameter and the SOC parameter.377 With
increasing crystal field, the g value increases from -10/7.

The hyperfine structure of Pr#+ has been studied through its
doping into various host materials.378 Direct observation of the
hyperfine structure of Pr4* in phase-pure systems was not
possible due to strong spin orbit interactions. All measurements
were carried out at 4.2 K. The EPR absorption lines became
significantly weaker in intensity with increase in temperature.
When doped into BaCeOs, the six expected allowed transitions
were observed along with five forbidden ones.378 These
forbidden transitions are diminished as the Pr#* is further
diluted. The nuclear spin of Pr#+ (1 = 5/2) couples with S =% to
generate F = | + S states. In the absence of a magnetic field, F =
2 (when S =-1/2) and F = 3 (when S = + }4) states are split by 3A,
where A is the hyperfine coupling constant.377 In the presence
of a magnetic field, the F = 2 states are split in to five |2, mg>
states by Zeeman interactions while F = 3 states are split into
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Figure 18. Energy splitting of a f system as a function of § determined by the
relative magnitudes of crystal field splitting parameters (A and 6) and SOC
parameter (7). § = 1 corresponds to a strong crystal field limit with SOC parameter
(Q = 0 and § = 0 corresponds to a weak crystal field limit with crystal field
parameters A + 6 = 0. Figure adapted from reference 377.

seven |3,£mg> states. The six allowed transitions follow the
selection rule AF = +1, Amg = +1 as shown in Figure 19. The five
observed forbidden transitions were assigned as AF = £1 and
Ame = £0. The forbidden transitions were not observed in any
other Pr#* doped host lattices. In very dilute, Pr doped zirconium
and tin perovskites (Pr4*: BaZrOs, BaSn0s), very distinct
hyperfine lines broader than in BaCeOs; (hence masking the
forbidden transitions) are observed and, in some cases, only five
lines are observed.37° Calculations demonstrated that the sixth
line is expected at a higher field that was not instrumentally
accessible.

Pr4* doped in different diamagnetic oxide lattices has also
been studied. It should be noted here that the number of
observed allowed transitions varies anywhere between 4 — 12
depending on the lattice and the accessible scan window of the
instrument. All these EPR spectra were fit to the following
Hamiltonian by Hinatsu in Equation 7:380

H=gBH.S+ AS.] — gyBH.I (7)

where g is the value corresponding to spin, gy is the value
corresponding to Pr nucleus, A is the hyperfine coupling
constant, | is the nuclear spin, H is the magnetic field applied
and B is the Bohr magneton. The best fit parameters with g
values and hyperfine coupling constant (A) are summarized in
Table 6 along with values determined for isoelectronic Pa%*, U3+
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Figure 19. Energy level splitting diagram for hyperfine coupled term of Pr** with F
=1+S, where | = 5/2 is the nuclear spin and S = +1/2 is the electron spin in the
presence and absence of a magnetic field. The absence of the magnetic field is
represented by H = 0 and the presence of magnetic field by H = Hy. Dotted arrows
indicate allowed transitions. It should be noted here that the Zeeman splitting
levels are equally space only for clarity.

and Np®+.381-385 The EPR spectrum for Pr#*: La;Sn,07 has been
simulated using EasySpin38¢ with the parameters provided by
Hinatsu et al.,38% and plotted in Figure 20. When Pr4+is doped in
Ce** based lattices (SrCeOs and Sr,CeO,4) there are twelve
observed transitions. These transitions in Pr4*: Sr,CeO4 can be
separated into two different groups each consisting of six
transitions and has been attributed to significant anisotropy of
hyperfine interaction between the nuclear spin and electron
spin parallel and perpendicular to the crystallographic c-axis
due to the axial symmetry (|g;| > |g.1).3%7 In Pr#+:SrCeQOs, a
spatially anisotropic g tensor with |g,| > |gy| > |g,| was used
to fit the spectrum.37® The fit parameter with corresponding
anisotropic values are provided in Table 6. The EPR spectrum for
Pr4+: SrCeOs has been simulated using in EasySpin with the
parameters provided by Hinatsu et a/.37? and has been plotted
in Figure 20.

While all of the host lattices described above include Pr#*in
a pseudo On environment, studies have been carried out by
Parker and Harris, where Pr4* doped in ZrSiO, single crystals is
coordinated to eight O atoms, thereby reducing the point group
symmetry at Pr4 compared to previous studies.388 The
corresponding A and g values are listed in Table 6. At 4.2 K, six
widely spread hyperfine lines were observed with significantly
small anisotropy along and normal to c-axis (z-direction parallel
to c-axis).

It should be noted that in all the studies discussed above, a
first order approximation of an O crystal field was assumed
irrespective of the point group symmetry at Pr4*. The above
studies do not provide the sign of the g value. However, by
creating an analogy to isoelectronic 5f1 systems — Pa%*, U5* and
Np®*, Hinatsu and Edelstein assigned a negative sign to the g
value of Pr4+.38> Based on these tabulated g values, it has been
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concluded that as crystal field increase, the | g| value decreases.
Hinatsu and Edelstein have argued, based on the values in Table
6, the |g| values for Pr4* (except La;Sn>07 and LayZr,07) are
comparable to the |g| value of Np® meaning, the ratio of
crystal field to SOC experienced by Pr4+ is comparable to that
experienced by Np6+.377

Table 6. Summary of different f! systems studied via EPR in different host materials with
corresponding g and hyperfine coupling constant values (A).

Doped Host material lgl Hyperfine coupling
ion constant A (cm 1)
Ba,Sn0,4389 0.6460 0.0605
SraSn04389 0.6150 0.0605
Sr,Ce0,43872 1.1690, 0.0703,
0.9660 0.0669
La;Sn, 07380 1.2620 0.0752
LayZr 04380 1.2700 0.0768
BaSn03378 0.5830 0.0589
BaZrQ;378 0.6480 0.0597
Pra+ BaCe033770 0.7410 0.0609
BaHf0Q33%0 0.6190 0.0589
SrCe0537% 0.8750, 0.0712,
0.7900, 0.0643,
0.7550 0.0614
Ba3Sn,04391 0.6060 0.0608
LigCeOg!33 0.5500 0.0610
ZrSiQ,4388a 1.0038, 0.0604,
1.0384 0.0638
Pa** Cs,ZrClg385 1.1420 0.0526
LiUF¢382 0.7680 -
us+ UClg381 100 H—
UBre 382 1.2100 e
Nps+ NpF,38¢ 0.6040 0.1100

aFit parameters includes anisotropic g and A values because of the presence of 12
transitions.

bPr4+: BaCeOsis the only system that shows forbidden transitions.

Extending the analogy of ground states for f! systems from
the magnetism section, the ground state of Pr4*ions (I'; doublet)
in the solid-state under a pseudo O crystal field has
predominantly |5/2,+1/2> character. However, the possibility
of mixing from the excited state cannot be ruled out since the
magnetic moment observed in some of the doped systems is
significantly lower (0.503 g in LisPrOs, 0.68 pg BaPrOs) than
expected for a |5/2,£1/2> ground state (1.35 pg).133 392 This
discrepancy can be attributed to the small g values observed in
the EPR spectra of Pr4* solid-state systems. Such reduced g
values can be obtained by accommodating significant mixing
from within the same J manifold or from excited state J manifold
as described in the magnetism section. Mazzanti and co-
workers reported the absence of an X-band EPR spectrum for
the molecular Pr4* complex, 16, at 5 K in frozen solutions of
toluene or THF. As explained in the magnetism section, the
absence of EPR spectrum is indicative, though not definitive
proof, of a ground state different from |5/2,+1/2>.

Tetravalent Tb is like Pr#* in that the trivalent Tb is a non-
Kramer ion while the tetravalent state, is a Kramers ion. The
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Figure 20. Simulated EPR spectra for Pr**doped in La,Sn,0; (pink trace) and SrCeOs
(yellow trace) using parameters obtained from reference 379 and 380. The EPR
spectra were simulated using the EasySpin software package incorporated in
Matlab (Ref. 386). The EPR spectrum for Pr**: La,Sn,0; was simulated using
isotropic |g| = 1.262; A =0.0752 cm obtained from reference 380. EPR spectrum
for Pr#+: SrCeO3 was simulated using anisotopric |gy| = 0.875, |g,| = 0.790, |g.| =
0.755; A,=0.0712 cm A, = 0.0643 cm A, = 0.0614 cm* obtained from reference
379. Both EPR spectra were simulated using 100% 41Pr nuclei with | =5/2,S =%
and frequency = 9.091 GHz (obtained from the paper). “Pepper” function in
EasySpin was used and 10mT line broadening was applied to both EPR simulated
spectra.

ground state of Tb4 with 4f7 electronic configuration is
predominately 8S7/,, J manifold similar to Gd3* and EuZ*. When
the 8S7,; manifold is completely populated, the expected g value
(2.00232) is isotropic and close to the value of a free spin.372
However, in the presence of a crystal field, the g value
decreases. For a pure S ground state, the ion should not exhibit
either hyperfine interaction or Stark splitting. However, in real
systems, the ground state is often perturbed by mixing with
excited states. EPR studies on Eu?* and Gd3* in different host
lattices estimate a g value of 1.991.372 However, EPR studies
carried out by Hurrell and Baker on Th** doped in ThO; single
crystals reveal a g value of 2.0146, greater than the free spin
value.393 The study also reveals that Th#* exhibits crystal field
splitting 15 times greater than in Gd3*and EuZ*.372 Th#*also has
shorter spin lattice relaxation times than other S state ions.393
Hurrell and Baker collected Tbh4:ThO, spectra at 20K. Four
absorption lines were observed with sharp lines at low field and
broad lines at high field due to anisotropy. Electron nuclear
double resonance (ENDOR) measurements on Th** doped ThO;
further revealed three more transitions in the intermediate and
high field region.

The Hamiltonian to best describe the Tb4* spectra includes,
Zeeman interactions, crystal field, and hyper fine interaction.
The crystal field Hamiltonian in a cubic field is given in Equation
4. From Equation 4, the sign of Bs=V,f is determined by the
ratio of intensities of transitions in the high field region. For
Th#+: ThO,, B, appears to have a negative sign. However, the
magnitude of B, is in contrast to values calculated from simple
point charge models (which provide a reasonable
approximation for Gd3* and EuZ*). The authors argue that the
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unusually large value of B4 in Tb** compared to Gd3*and EuZ*is
indicative of covalent bonding effects.372 The anomalously large
g value can be explained by higher order perturbations
distorting the spherical symmetry of Tb** resulting in a small
anisotropy or by mixing the ¢P;/; excited state into the ground
state. The magnetic hyperfine coupling in Tb* was found to be
significantly smaller than in Eu?* and Gd3*, which is indicative
increased covalency in Th#+.393

The EPR spectrum of Tb4*in zircon (a non-cubic crystal field)
by Milne and Hutton have similar findings to the above
discussion.394 The crystal field Hamiltonian in a non-cubic crystal
field requires the use of higher order operators as shown below
in Equation 8:

Hcgpr = B,0, + B,0, + BgOg + BSOS (8)

The By value in the crystal field Hamiltonian determined for Th#+
in zircon is 20 times greater than for Gd3* in the same host
lattice indicative of increased covalency. In a paper by Fielding
and co-workers, hyperfine coupling to Tb (I = 3/2) is resolved in
Tbh#* doped in zircon single-crystals. The hyperfine coupling is
measured to be A, =94.7(9) MHz and 4, = 101.2(9) MHz at 50
K. The authors also note the significant zero field splitting of Tb4*
in comparison to Gd3+*.3%5 Heidepreim and Ehrt observed EPR
spectra for Tb**and Eu2* in fluoride phosphate glasses with g =
5.0 for Th* and g values of 2.0, 2.8 and 6.0 for EuZ*. The
difference in the spectra has been attributed to higher crystal
field strength for Tb4* in comparison to Eu2+.3%

Perovskites of tetravalent Tb as well as diamagnetic
perovskites doped with Tb have been synthesized and studied
through EPR experiments by Hinatsu. The EPR spectrum of
BaTbOs; shows a very broad linewidth, spanning over 1100 G.
The g-value was estimated to be 2.00. Crystal field effects play
a notable role the magnetic properties of tetravalent Tb. During
the perovskite studies, it was noted that distortion from ideal
perovskite structure, as was the case in SrTbOs;, resulted in a
decrease in g-value from 2.00 to 1.97.154 However, EPR studies
by Lanzi on SrTbOs reveal a g value of 2.012, greater than the
free spin value in line with the observation by Baker and Hurrell.
The increased g value was again attributed to increased
covalency in the Tb—O bond.397 Lithium-rich oxides of Tbh have
also been studied through EPR. After doping with diamagnetic
LigCeOs, a very broad line width of approximately 3000 G is
observed along with a complicated structure due to hyperfine
interaction with the Tb nucleus.133 No g value was estimated. It
should be noted here that these measurement by Hinatsu were
carried out at room temperature and the observation of broad
features rather than fine structure as in Th** doped in ThO, can
most likely be attributed to temperature effects.

All three tetravalent Tb complexes were characterized via
EPR and their spectra differ significantly from those obtained in
the solid-state. Spectra were collected at 4 K in toluene for 10273
and 20 K for 14261 gnd 12260 which were in Et,O/THF and
toluene, respectively. Signals for 10 were dampened at 77 K and
completely attenuated at room temperature. The temperature
dependence nature of the signal in the two siloxide complexes
is unreported. A number of factors may contribute to the

This journal is © The Royal Society of Chemistry 20xx
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convoluted spectra including zero field splitting, potential
hyperfine coupling to the | = +3/2 Tb nucleus, g-strain, and
rhombicity, |D/E|. Disentangling these contributions to
provide a cohesive and detailed model requires the
investigation of these complexes via high-field and frequency
EPR techniques.

12. Summary

While the isolation of tetravalent Pr and Tb molecular
complexes had been a long-standing challenge in coordination
chemistry, these recent results are based on the considerable
progress that had been made in extended solid phases and in
the gas-phase to identify and characterize tetravalent
lanthanide ions. These synthetic and spectroscopic results,
detailed in the above sections, map out areas where further
discoveries are possible and suggest areas for the development
and application of advanced spectroscopies. Outstanding
challenges include definitive evidence for Dy** in oxide lattices
and the potential to prepare Sm4* or Ho** in fluoride or oxide
lattices. However, revisiting the synthetic approaches of Hoppe
to prepare the AsLnF; materials (condensed, pressurized F;) is
daunting. The thermochemistry and electronic structure of Pr4+
in oxides indicates that further unusual magnetic phenomena
can be realized as synthetic chemistry is developed.
Additionally, it is clear from the characterization of extant
tetravalent lanthanides that the CEF is increased in comparison
to their trivalent counterparts. This phenomenon is an
opportunity for the application of advanced synchrotron
techniques including RIXS to map higher lying crystal field states
in systems that include strong neutron absorbers.398-404

Synthetic molecular chemistry has many avenues for further
development. The prospect of pentavalent Pr complexes,
gas-phase experiments, should provide
significant impetus for the further exploration of the reactivity

established in

of early lanthanide coordination complexes. The evidence from
in aqueous chemistry in strongly complexing solutions and the
recent isolations of molecular tetravalent complexes suggest
that stable Pr4* and Th%* may be accessible in aqueous phases
via further ligand development. This technology could have
significant implications for redox-based separation processes.
Additionally, the dramatic shifts in the observed the redox
couples based on the coordination sphere for 7 and 9 suggest
that a wealth of Pr** and Tb** coordination chemistry and
reactivity is available to be explored. Given the very negative
potentials accessible with the ligands developed to stabilize Tbh4*
and Pr#, there may even be the possibility to isolate other
tetravalent lanthanide ions in molecular complexes.
Synchrotron spectroscopies are an efficient and powerful
tool to evaluate oxidation state in the lanthanides. However,
there are a number of open questions including the physical
basis of the observed multipeak feature in tetravalent spectra
in L-edge and M-edge XAS spectra. The expanding coordination
chemistry of these systems presents the opportunity for the
application of HERFD-XANES and CASSCF methodologies to the
identification of ligand parameters involved in the observed
multiconfigurational behavior and other complicating physical
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phenomena.277,306-312 | jgand K-edge studies have demonstrated
the increased covalency in tetravalent lanthanides and will
remain an essential technique to evaluate bonding as synthetic
chemistry expands the known analytes. The continued
development of synthetic chemistry is essential to increase the
number of known tetravalent analytes in pure form in the
condensed phase. These analytes are essential to fully mapping
the physical and chemical properties of tetravalent lanthanides,
and will drive the continued development of optical,
spectroscopic, magnetic, and EPR characterization
methodologies to understanding the electronic structure of the
tetravalent lanthanide ions.
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(Pr, Nd, Tb and Dy) in extended phases, gas phase, solution, and as isolable molecular complexes is presented.
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