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ABSTRACT: The recent isolation of molecular tetravalent lanthanide By, 20 A 1Eu
complexes has enabled renewed exploration of the effect of oxidation state BN /_E) 1
on the single-ion properties of the lanthanide ions. Despite the isotropic N /M 2:Gd
nature of the ®S ground state in a tetravalent terbium complex, [Tb(NP(1,2- "o S
bis-Bu-diamidoethane) (NEt,)),], preliminary X-band electron paramagnetic Y <n—"n=" 1 3-ca»
resonance (EPR) measurements on tetravalent terbium complexes show rich z A NEt; Bu 17
spectra with broad resonances. The complexity of these spectra highlights the By, /\\ _NE, /J 4TbH
limits of conventional X-band EPR for even qualitative determination of N” N <Bu ”"/
zero-field splitting (ZFS) in th lexes. Theref h ~ 260 OHz |
plitting (ZFS) in these complexes. erefore, we report the

T T T
i it : LRz s i, 20 10 00 10 20
synthesis and characterization of a novel valence series of 4f" molecular M = Eu*, Gd*, Tb*"; 4f

complexes spanning three oxidation states (Eu**, Gd**, and Tb*") featuring a

weak-field imidophosphorane ligand system, and employ high-frequency and -field electron paramagnetic resonance (HFEPR) to
obtain quantitative values for ZFS across this valence series. The series was designed to minimize deviation in the first coordination
sphere from the pseudotetrahedral geometry in order to directly interrogate the role of metal identity and charge on the complexes’
electronic structures. These HFEPR studies are supported by crystallographic analysis and quantum-chemical calculations to assess
the relative covalent interactions in each member of this valence series and the effect of the oxidation state on the splitting of the
ground state and first excited state.

B INTRODUCTION resulted in broad, complex spectra that were difficult to
interpret, and, thus, a quantitative evaluation of the zero-field
splitting (ZFS) has not yet been possible for these molecular
compounds. ZFS refers to the energetic separation between the

The accessible molecular oxidation states of the lanthanides
have rapidly expanded.'™ The synthesis and characterization
of novel divalent complexes has enabled a detailed under-

standin% of lanthanide electronic structure® >' and reactiv- spin projection (mg) levels in the absence of an applied
ity,””7** and, as a result, has demonstrated significant magnetic field and originates from the mixing of low-lying
opportunities to improve our knowledge of the magnetic excited electronic states facilitated by spin—orbit coupling
properties of the lanthanides.”” ™ Until 2019, molecular (SOC) and, to a lesser extent, the spin—spin coupling (SSC) of
tetravalent lanthanide complexes were limited to cerium.**™* unpaired electron spins.*® As a result, ZFS is sensitive to the
Recently developed weak-field ligand systems, such as interplay between the ligand field, SOC, and interelectronic
imidophosphoranes [N=P(NR,);]~ (R = alkyl), decrease repulsion and therefore offers unique insight into the ground-
the thermodynamic barrier for oxidation, thereby making the state electronic structures and magnetic properties. A detailed
OXidatio?z potential more accessible within the solvent understanding of ZFS as a function of the metal identity and
window.”” We have recently reported the synthesis and oxidation state in the lanthanides is a crucial reference for

characterization of novel lanthanide complexes featuring weak-
field dialkylamide imidophosphorane ligands. This class of
compounds includes the most reducing Ce** complex to date
as well as one of the first isolable Th* complexes. Similarly, the ] ]
Mazzanti group has isolated a pair of Tb*" complexes featuring Rece}Ved= April 6, 2021 o ety
weak-field siloxide ligan ds. 34 Published: June 9, 2021 EN\ W
Magnetic susceptibility measurements on both the imido-
phosphorane- and siloxide-supported Tb*" complexes demon-
strate results consistent with a 4f” ion formulation. Concurrent
X-band electron paramagnetic resonance (EPR) measurements

understanding and rationalizing the behavior of actinide 5f7
ions including Cm>* and Bk*.*"7>° Most importantly, this
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Figure 1. Molecular structures of 1-Eu**, 2-Gd*', 3-Gd**, and 4-Tb*". The [(2.2.2-crypt)K]* was omitted in the drawing of 3-Gd*" for clarity.

analysis is crucial in guiding the design principles for
lanthanide single-molecule magnets, qubits, magnetocaloric
effect coolants, and frustrated magnetic materials based on
significant variations in the metal-ligand covalency as a
function of the lanthanide oxidation state.

To address the challenge of ascertaining reliable ZFS
parameters in these lanthanide systems, we have employed
high-frequency and -field electron paramagnetic resonance
(HFEPR). HFEPR has proven to be a powerful technique
capable of directly determining ZFS parameters.”' >’ To
analyze the effects of oxidation state on the physical properties,
we have prepared a valence series of 4f” complexes consisting
of Eu**, Gd*, and Tb*. Herein, we report the synthesis,
structural analysis, magnetic measurements, HFEPR analysis,
and quantum-chemical calculations for this imidophosphorane
valence series, with the lanthanide ion spanning three oxidation
states. These complexes exhibit an °S ground state and,
consequently, are expected to exhibit small ZFS parameters
(typically IDI < ~0.1 cm™", where D is the axial, second-order
ZFS>*>%) because of the lack of other octet states and a large
separation between the ground octet and first excited sextet
state.’®™> Until now, there has not been a series of
pseudoisostructural molecular compounds of Eu?*, Gd*, and
Tb*" to interrogate the dependence of S 7/, spin
Hamiltonian parameters (i.e., isotropic g values and ZFS) on
the metal identity and charge. The present HFEPR studies on
the Tb* complex demonstrate ZFS ~ 8 times greater than its
closest structural analogue Gd*" complex.

B RESULTS AND DISCUSSION

The four homoleptic compounds investigated here are
supported by the [(NP(1,2-bis-Bu-diamidoethane)(NEt,))]~
ligand (INP*¥]7)*"** and include [(THF)K][(Et,0)K]-
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[Eu**(NP*),] (1-Eu™), [(EL;O)K][Gd™(NP*),] (2-Gd™),
[(2.2.2-crypt)K][Gd**(NP*),] (3-Gd*"), and the previously
reported [Tb(NP*),]*" (4-Tb*; Figure 1). The synthesis of
each of these complexes is detailed in Scheme S1. All four
complexes have similar primary coordination spheres with four
imidophosphorane ligands coordinated in a pseudotetrahedral
fashion. However, because of the interactions of the bound or
unbound potassium countercations in the second coordination
sphere, both the gadolinium structures and the europium
structure deviate from the S, point group observed in the solid-
state structure of neutral 4-Tb*.°" This deviation from a
tetrahedral structure is quantified by two parameters in this
study: (1) 7,, where a value of 1.0 implies a perfect tetrahedral
structure and a value of 0.0 implies a square-planar structure,’!
and (2) X095, which is the sum of the absolute difference from
each of the six angles in the primary coordination sphere from
the tetrahedral angle (109.5°). This latter parameter is useful
because it represents absolute deviance from a tetrahedral
configuration, while 7, represents an average deviation. As
expected, the neutral complex 4-Tb*" has a coordination
geometry closest to tetrahedral of the four (7, of 0.99 and
Y1095 of 9.8°). In contrast, the dianionic complex 1-Eu*" is
furthest from a tetrahedral geometry (7, of 0.82 and X o9 of
60.6°). The two monoanionic gadolinium complexes fall in
between these extremes (2-Gd** and 3-Gd**: 7, of 0.94 and
0.98 and X455 of 28.4 and 6.0°, respectively).

The average Ln—N bond lengths are 2.483(4), 2.271(6),
2.267(4), and 2.106(3) A for 1-Eu*, 2-Gd*, 3-Gd*, and 4-
Tb*, respectively. The change in the bond lengths across the
series follows that expected based on the six-coordinate
Shannon ionic radii: Eu** (1.17 A), Gd** (0.938 A), and
Tb* (0.76 A).°> The average P—N,,.q. bond length [1.555(4)
A] for 4-Tb*" is longer than those for the other compounds in
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this series, which are 1.519(4), 1.521(6), and 1.523(4) A for 1-
Eu?, 2-Gd*, and 3-Gd*, respectively. This difference is
greater than the error of the respective measurements but not
greater than 30. The P—N bond lengths for 1-Eu**, 2-Gd*',
and 3-Gd*" are more in line with the P—N;, 4. bond lengths
observed in the solid-state structure for the potassium salt of
the ligand, 1.526(7) A.*' This result could be indicative of
increased electron donation to the metal center for 4-Tb* in
comparison to 1-Eu**, 2-Gd*, and 3-Gd**.

The variable-temperature direct-current (dc) magnetic
susceptibility data for all compounds in this series are shown
in Figures 2 and S4—S1S. All four complexes exhibit a
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Figure 2. Variable-temperature molar magnetic susceptibility times
temperature (yT) for 1-Eu**, 2-Gd*, 3-Gd*', and 4-Tb*" collected
under a dc field of 1 T.

consistent room-temperature y,, T value, ranging from 7.80 to
7.93 emu-K/mol, with a theoretical value of 7.88 emu-K/mol
for an isotropic 4f" complex (g=2,5S="/,,L=0,] ="/, and
Hegr = 7.94 pg). The distinguishing feature of the magnetic
behavior of these compounds is their low-temperature
susceptibility and is a direct result of varied ZFS parameters
among these europium, gadolinium, and terbium complexes.
Utilizing multifield data and accounting for increased Zeeman
splitting at higher fields (see the Supporting Information, SI),
the isotropic g and D values for each of these compounds can
be extracted from their fit using PHI software (the results are
summarized in Table $21).%* As expected, for 1-Eu?*, 2-Gd**,
and 3-Gd*', the absolute values of D obtained from the fit are
relatively small, ranging from 0.03(7) to 0.19(5) cm™". On the
other hand, 4-Tb*" exhibits a strikingly large IDI value of 6.3(3)
cm™!, which is in agreement with the previously reported
analyses.*'

The X-band and representative HFEPR spectra of 1-Eu®*, 2-

Gd**, 3-Gd*, and 4-Tb* in solution (toluene) along with
their respectlve simulations (using the Matlab toolbox
EasySpin®") are shown in Figure 3. The spectra of the solid-
state samples and additional solution experiments along with
their spectral simulations are shown in Figures S16—S19 and
Table S22. All of the recorded HFEPR spectra exhibit broad
linewidths away from the central transition that are indicative
of strain in the ZFS parameters.””> Here, strain refers to a
distribution in ZFS that results from a variation in the local
coordination sphere of the molecular species under inves-
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Figure 3. (a) Experimental (black traces) and simulated (red traces)
X-band EPR spectra at 9.36 GHz and 5 K for 1-Eu**, 2-Gd**, 3-Gd*,
and 4-Tb*. (b) Experimental (black traces) and simulated (red
traces) HFEPR spectra at 260 GHz and 5 K for 1-Eu**, 2-Gd*, 3-
Gd*, and 4-Tb*". The horizontal blue line represents the breadth of
the feature. In these spectra, the field of the central transition is
subtracted in order to facilitate a direct comparison of the observed
spectral extent for each compound. Simulation parameters are given
in Table 1.

tigation. This effect manifests as a broadening of the spectral
features. The narrow central feature arises from the transition
of mg= ="'/, = mg = +'/, and is, to first order, immune from
the effects of strain.”° Note that in these samples the strain is
often of magnitude comparable to that of the ZFS parameter
itself. This situation makes spectral simulation tedious because
the often-used approximation for the effect of strain on the
spectrum is strictly valid only when the strain is small
compared to the central value.®* Testing of the typical/
approximate model of strain compared to an explicit model of
strain showed that differences in the ZFS parameters are
smaller than the estimated error in all cases except for 1-Eu*"
and 4-Tb*". For this reason, the approximate model has been
employed for all compounds except for 1-Eu*" and 4-Tb*" to
expedite the data analysis. The procedures for the explicit
modeling of strain is detailed in the SI along with the Matlab
script.

The EPR spectrum of a well-isolated spin ground state can
be described in terms of the following spin Hamiltonian:>*>*
5 oA A2 S(S+1) E s2 42
=fB-g-S + D[S, . +D(Sx ) o
The first term is the electronig Zeeman interaction where f3, is
the electron Bohr magneton, B is the magnetic field vector, g is
the g tensor (assumed to be isotropic), and S represents the
electron spin operator. The second term describes the second-
order ZFS interactions and is parametrized by D (axial term)
and E (rhombic term), respectively. Here S, is the component
of the spin operator (i = «, y, z). Note that, in the present case
where the strain is 51gn1ﬁcant there is a distribution of positive
and negative D parameters 7 In cases where S > 2, the spin
system may need to be characterized by fourth-order ZFS
terms, and even sixth-order terms for § > 3.>*°° In this work,
we have limited the analysis to only second-order terms as not
to overparametrize the results. In extended lattice systems
containing 4f’ ions as dopants in high-symmetry sites, e.g., the
Y?* site in yttrium aluminum garnet (Y;Al;O;,) and the Pb**
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Table 1. Spin Hamiltonian Parameters Extracted from EPR Spectroscopy of Solution Samples”

sample 2005 (deg) g D (ecm™) E (em™)
1-Eu** 60.6 1.990(5) 0.045(5) 0.008(5)
2-Gd* 28.4 1.990(5) 0.086(3) 0.018(3)
3-Gd* 6.0 1.990(5) 0.018(3) 0.005(3)
4-Tb* 9.8 2.010(3) 0.140(5) 0.025(3)

op (cm™) op (em™) A®S (em™) A% (em™)?
0.020 0.020 0.58 0.596
0.017 0.017 1.14 1.181
0.020 0.010 0.25 0.271
0.095 0.035 1.81 1.857

“Numbers in parentheses are the estimated uncertainties in the last digit. YValues are calculated through first-order perturbation theory, as

described in ref 72.

site in PbWO, (both materials have been used as hosts for
Eu?* and Gd*")®"~7° or thoria (host for Tb*),”" it is possible
to extract fourth- and sixth-order ZFS terms, although these are
much smaller than the D (=3B,°) term. To simplify the
analysis, a new parameter, A®S, defined as the energetic
separation between the highest and lowest myg states of the § =
7/, ground state, is employed (vide infra). This parameter is
defined to capture the effect of ZFS, without the distraction
that results from the ambiguity of the sign of D for a highly
strained system. It corresponds to 12IDI at zero field for an
axial system and to [12IDI + 39.6E*/IDI] for a rhombic
system.72

A qualitative analysis of the anisotropy of this series can be
achieved by comparing the spectral extent of each compound
in Figure 3b. Here, each spectrum is offset according to the
resonance condition of the Amg +'/, transition. This
presentation allows simultaneous examination of the entire
series of spectra and shows how the ZFS produces peak
separations that are independent of the magnetic field (Figures
S16—S19). It also allows a direct comparison of the spectral
extent and thus the anisotropy of each compound (Figure 3b).
Examination of Figure 3 clearly shows that the spectrum of 4-
Tb* extends much further to either side of the central
transition than in the spectra of the other compounds,
indicating comparatively larger anisotropy. This expectation
is confirmed by the parameters extracted from the spectral
simulations (Figure 3 and Table 1), which determined that the
A®S parameters for 1-Eu** (A%S = 0.58 cm™), 2-Gd>* (A®S =
1.14 cm™), and 3-Gd** (A%S = 0.25 cm™") are all significantly
smaller than that of 4-Tb* (A3S = 1.81 ecm™).

Additionally, the g values are isotropic and nearly equal for
1-Eu*’, 2-Gd*', and 3-Gd*" with g = 1.990(5) [the g values for
the free ions Eu** and Gd*" are 1.9926”>’* and 1.991,”°
respectively]. Interestingly the g value for 4-Tb**, g = 2.010(S),
is not only larger than those for the Eu**/Gd®" complexes but
is larger than the free electron value (g, = 2.0023). This
unusual observation, however, is not without precedent.
Although scarce, some solid-state materials containing Tb*"
have been investigated through EPR and yielded a diverse
range of g values.”’°77% In these cases, the g values in different
host lattices span 1.997(5)—2.0146(4). The highest values
were obtained in ThO, and ThSiO, host lattices, where g =
2.0146(4) and 2.011(5), respectively.”””” Similarly, g values
for Eu** and closely related Gd** complexes exhibit a reduced g
value compared to ‘ge.67’68’70’78 A qualitative comparison
between the values among materials containing Eu®*, Gd*,
or Tb*" is available only in pairs (e.g, Eu*"/Gd** or Gd**/Tb*"
in related hosts/sites). The lack of close structural similarity,
combined with a dependence on the local structure, makes it
difficult to definitively determine the effect of the metal
identity and highlights the importance of the close structural
congeners in this work.
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The two Gd complexes, 2-Gd*>" and 3-Gd*', highlight the
significant impact that associated counterions can have on the
resultant spectrum. Both complexes have the same coordina-
tion environment but differ in the binding or sequestration of
the potassium counterion. If the counterion were not
associated with the structure in solution, then both compounds
would be expected to give identical EPR spectra. However, the
spectra are quite different, as is reflected by the A®S value,
which increases by ~4.5 times from 3-Gd** to 2-Gd**. Insight
into this difference can be gleaned from a comparison of the
crystal structures of these two complexes. The X,y 5 value for
3-Gd*" is 6.0°, meaning that the structure adopts a nearly
tetrahedral geometry, while the 2-Gd structure has a Xy of
28.4°. The large difference in X595 values for these two
complexes arises from the K* counterion in 2-Gd>* that is
bound to the inner sphere and distorts the ligand field about
Gd*, while sequestration of the K* counterion in 3-Gd*" only
minimally perturbs the ligand geometry via charge pairing.
These metrics are useful because for an " ion (S ="/, L = 0),
in a perfect tetrahedron, there can be no ZFS. Therefore, one
would expect that the closer to an ideal tetrahedron, the
smaller the anisotropy that would be observed. This simplistic
expectation is found to be true in a comparison of the
measured ZFS parameters of 2-Gd** and 3-Gd>*. Importantly,
the expected reduction in the observed ZFS with decreasing
deviation from the ideal tetrahedral symmetry is not found for
4-Tb*. This complex reveals the largest ZFS of the series
despite the very small distortion from an ideal tetrahedron.
This observation implicates the significant changes in the
electronic structure of the Tb** ion in comparison to both Eu**
and Gd**. The high symmetry of the tetrakis(imidophos-
phorane) coordination is reflected in the ZFS of the Gd*>" and
Eu®" complexes being of smaller magnitude than even these
ions in the Pb** site in PbWO,, where the lanthanide ion is in
octacoordination by tungstate oxygen atoms.®”’® This
comparison highlights the significance of the relatively large
ZFS in 4-Tb*" in this coordination environment.

To understand the basis of the divergent properties of the
Tb*" ion and the link between the spectroscopic properties and
electronic structure, a series of complete active space self-
consistent-field (CASSCF) calculations was performed fol-
lowed by N-electron valence perturbation theory to second
order (NEVPT2) to account for the dynamic correlation.””~*
To gain insight into the differences in bonding across the
series, the results of these calculations were analyzed in terms
of ab initio ligand-field theory (AILFT).**~*" Specifically, the
energies and AILFT parameters of the free ions Eu®, Gd*,
and Tb*" and a series of truncated models of 1-Eu?*, 2-Gd**/
3-Gd*, and 4-Tb*" (referred to as Eu™, Gd™, and TbY,
respectively) were compared. The truncated models were
optimized starting with the crystallographically determined
atomic coordinates where all methyl groups more than four
bonds from the metal center were replaced with hydrogen
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atoms and all counterions were removed (Figure S21). This
suite of calculations forms a convenient framework to
systematically evaluate the interplay between bonding,
interelectronic repulsion, and SOC. The goal of these
calculations is not to reproduce the experimental ZES values
but rather to understand how the electronic structure changes
across the series. The accurate calculation of ZFS parameters
for 4f systems is extremely challenging because of the
numerous excited states that mix via SOC into the ground
state and make significant contributions to the phenomeno-
logically observed ZFS. This scenario makes the quantitative
determination of D extremely sensitive to the accuracy of the
calculated excited-state energies, which, in turn, are extremely
sensitive to the geometry. Given these caveats, it is
unreasonable to assume that the truncated geometries will
model the exact magnitude of a given observed ZFS. The focus
is on the trend of the energetics and mixing of the sextet states
as well as the effects of covalent interactions.

The definition and evaluation of the covalency is not unique,
and trends are sensitive to the choice of method. Here, the
covalency is considered to be a one-electron interaction that is
analyzed in terms of the nephelauxetic reduction.*”*”** This
effect was originally used to explain why the SOC and electron
repulsion parameters in coordination complexes were reduced
compared to those of the free ion.”””" The nephelauxetic
reduction results from two effects. The first is termed
“symmetry-restricted” and arises from orbital mixing, specifi-
cally dilution of the metal orbitals with ligand character. The
second is the “central field” and results from the change in the
radial extent of the f (or d) orbital wave functions because of
complexation of the metal with a ligand. The central field
covalency will contribute mostly to the reduction of
interelectronic repulsion, while the symmetry-restricted co-
valency will manifest itself primarily in the reduction of the
SOC constant, £.5%*

Comparing the percent reduction of the SOC parameter,
defined as [100 X (1 — £/{;..)], across the series reveals that
all three model complexes exhibit very little reduction, ~1%
compared to the calculated free-ion value (note that the Tb**
free-ion value is greater than that of Eu** because of its greater
effective nuclear charge).93 This limited change in the SOC
parameter in the model complexes is not unanticipated given
the small radial extent of the 4f orbitals in the lanthanide series.
Importantly, we find that Tb™ has a slightly greater reduction
than either Gd™ or Eu™, which are nearly equal. To confirm
this result, the same calculations were performed on the
hypothetical series of [LnCl,]'~'* complexes. In this much
simpler ligand field, it is again found that the reduction of the
SOC parameter for the Tb* ion is greatest, while the
reductions in ¢ for the Gd** and Eu®" ions are smaller and
essentially the same (Figure S20 and Table $23). It is
important to note that the SOC constant is only mapped onto
the CASSCF wave function and that, for now, evaluation of the
effects of the dynamic correlation are not possible. However, as
noted by Aravena and co-workers, because the goal is to
evaluate the effects of covalency as a one-electron property,
neglect of the dynamic correlations, a multielectron
interaction, is not a limitation.”” A similar analysis can be
performed for reduction of the interelectronic repulsion. In this
case, the CASSCF and CASSCF+NEVPT?2 wave functions can
be mapped onto the ligand-field model. Here, no trend in the
reduction of the interelectronic repulsion is found across the
series. However, inclusion of the dynamic correlation further

reduces the interelectronic repulsion parameters by ~0.5—1%.
Interestingly, in the hypothetical [LnCl,]'™%'* series, we
again find that the reduction is approximately equal for Gd*"
and Eu’*, while the Tb*" model exhibits a larger reduction.
Overall, our computational results suggest that both the
symmetry-restricted and central field covalency are larger in
Tb*" than in the Gd** and Eu** compounds. This observation
trends with the AILFT-calculated ligand-field splitting (A;p),
defined as the difference between the highest and lowest
AILFT orbital, which increases across the series A;p = 334,
438, and 914 cm™ for Eu™, G, and TbM, respectively.
Because quantitative calculation of the ZFS parameters is
not possible for this 4 series, the AILFT model can be used to
gain insight into the origins of the ZFS. The largest
contribution to the magnitude of the ZFS is from SOC
between the S ground state and excited states of the °P
manifold and is proportional to {*/E(°P;), where E(°P,) is the
energy difference between ®S and one of the three °P excited
states.”**>?*?* The separation of the °S and °P states is
predominately governed by the strength of the interelectronic
repulsion that increases from Eu** to Tb*" (Figure 4).
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Figure 4. Energy levels for the ground ®S state and excited sextet
states calculated at the CASSCF/NEVPT2 level of theory. For each
metal ion, the free ion and model structure energy levels are shown.

However, the calculations also show that the SOC constant
increases from Eu* to Tb*". This increase in SOC means that
the magnitude of the ZFS is a competition between the
contributions from interelectronic repulsion and spin—orbit
interactions. The ratio (2/E(°P) increases across the series
(Table 2) from Eu®* to Tb*. This trend suggests that the
contribution from the larger spin—orbit interaction in Tb*"
overwhelms that from the increased interelectronic repulsion
and thus results in a larger ZFS. The trend of increasing ¢*/

Table 2. Metrics Derived from AILFT and CASSCEF/
NEVPT?2 Calculations

ground-state

character
C(em™) /g™ E(°P) (em™) C/E(P) S (%) °P (%)
EuM 1259.5 0.989 30698.2 S1.7 97.76 2.22
Gd™ 1545.9 0.991 35351.7 67.6 97.48 2.51
THM 1848.1 0.987 38909.0 87.8 97.05 292

“Ctee values are calculated in this work and shown in the SI
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E(°P) from Eu** to Tb*" is also reflected in the composition of
the ground state that increases in P character upon moving
from Eu®* to Tb* (Table 2). This analysis demonstrates the
competing interactions (SOC, interelectron repulsion, and
ligand-field splitting) that lead Tb* to exhibit larger ZFS
values than formally isoelectronic Eu** and Gd**. The ZFS is
mostly determined by the splitting within the P state, e.g,, in
the T, point group, and the microstates within P terms are
triply degenerate, while in lower symmetry groups, this
degeneracy is lifted. The magnitude of the splitting among
these °P microstates is then governed by the ligand-field
strength. Because each of these microstates makes a different
contribution to the ZFS, the computed ZFS values are
extremely sensitive to the geometry of the molecule. This
situation is particularly challenging because the magnitude of
each individual contribution is often much larger than the ZFS.
While these factors limit quantitative analysis of the
experimental results, the significantly larger value of A®S
observed for the Tb complex is rationalized by the single-ion
properties of the Tb* ion wherein the increased interelec-
tronic repulsion, shown by the increased separation between
the %S and °P states, is compensated for by a larger SOC
interaction in Th*".

B CONCLUSION

The isolation of tetravalent terbium complexes facilitated the
first ever series of isostructural, isoelectronic lanthanide
complexes spanning three oxidation states. Despite an isotropic
ground state (*S), conventional X-band EPR measurements of
the tetravalent terbium compound in this study, as well as
other tetravalent terbium complexes, exhibited strongly
anisotropic spectra. The spectra contained broad, complex
resonances, and using low-frequency EPR, the quantitative
value of ZFS in these compounds was impossible to determine.
Multifield fitting of the dc magnetometry data for all four
compounds in this study highlights the increase in the ZFS (as
given by A®S, which gives the effect of ZFS without the
complication of signage of traditional parameters) for Tb**
compared to Eu*" and Gd’" in a nearly conserved ligand
environment. This trend is replicated in the analysis of the
solution and solid-state HFEPR of the 1-Eu?*, 2-Gd**, 3-Gd**,
and 4-Tb*' complexes, which demonstrate similar ZFS
parameters for the Eu** and Gd** complexes. The Gd**
parameters depend strongly on the deviation from tetrahedral
coordination. As in the trend seen in the fit of the dc
susceptibility data, the IDl and A®S values increase by ~8 times
between 3-Gd** and 4-Tb*".

These experimental results were rationalized through
CASSCE-NEVPT?2 calculations on a series of model complexes
(Eu™, GdY, and TbM) and simplified tetrahedral structures
([LnC1,]'~"%"* complexes). These calculations reveal that the
similarity of the Eu** and Gd*' single-ion properties and the
divergence of the Tb*" properties are driven by the
competition between electron—electron repulsion and SOC.
Specifically, in Tb*, the increase in the interelectronic
repulsion is compensated for by a comparatively large increase
in SOC (from Gd* to Tb* versus from Eu?* to Gd**).
Additionally, these studies contribute to the recent spectro-
scopic reevaluation” ™" of lanthanide covalent bonding and
reveal that tetravalent lanthanides, even midlanthanides, have
greater metal—ligand bond covalency than their di- and
trivalent counterparts.

9069

B EXPERIMENTAL SECTION

General considerations are listed in the SI along with crystallographic
information, magnetic data fits, EPR spectra, explicit strain model for
EPR line width, and model geometries. The synthetic procedures for
the reported compounds follow:

1-Eu?*. Inside a glovebox, Eul,(THF), (0.246 g, 0.447 mmol) was
added to a 20 mL scintillation vial charged with a glass stir bar and 2
mL of diethyl ether. [PN*]K (0.584 g, 1.79 mmol, 4.0 equiv) was
added as a solution in diethyl ether (5§ mL), and the reaction mixture
was stirred overnight. The mixture was filtered through a fine-porosity
frit packed with Celite. The filtrate was concentrated in vacuo to give
an orange solid. The residue was triturated three times with 1 mL of
n-pentane, then taken up in S mL of diethyl ether, and filtered
through a pipet filter packed with Celite and glass filter paper. The
dark-orange solution was concentrated in vacuo and placed inside a—
35 °C freezer overnight, during which time dark-orange crystals were
obtained (0.531 g, 86%). No 'H, *C, or 3P NMR signals were
observed. IR (cm™): v 1266 (m), 1246 (m), 1204 (s), 1180 (m),
1147 (s), 1093 (s), 1076 (s), 1047 (m), 1023 (m), 969 (w), 911 (w),
866 (w), 795 (w), 705 (s), 680 (m), 614 (w). Elem anal. Found
(caled): C, 49.15 (50.37); H, 9.60 (9.64); N, 14.65 (14.69). Carbon
was consistently low on multiple burns. X-ray diffraction (XRD)-
quality crystals were grown from a concentrated solution of diethyl
ether at —35 °C.

2-Gd3*, Inside a glovebox, GdI;(THF), (0.313 g, 0.396 mmol)
was added to a 20 mL scintillation vial charged with a stir bar and 2
mL of diethyl ether. [PN*]K (0.518 g, 1.58 mmol, 4.0 equiv) was
added as a solution in diethyl ether (5 mL), and the reaction mixture
was stirred overnight. The mixture was filtered through a fine-porosity
frit packed with Celite. The filtrate was concentrated in vacuo to give
a pale-tan solid. The residue was triturated three times with 1 mL of
n-pentane, then taken up in S mL of diethyl ether, and filtered
through a pipet filter packed with Celite and glass filter paper. The
pale-orange solution was concentrated in vacuo and placed inside a—
35 °C freezer overnight, during which time colorless crystals were
obtained (0.407 g, 71%). No 'H, "*C, or P NMR signals were
observed. IR (cm™): v 1266 (m), 1246 (m), 1217 (s), 1200 (s), 1171
(s), 1151 (s), 1113 (m), 1051 (m), 1031 (m), 977 (w), 928 (w), 866
(w), 795 (w), 725 (w), 692 (m), 626 (w). Elem anal. Found (calcd):
C, 50.12 (49.97); H, 9.66 (9.59); N, 16.48 (16.65). XRD-quality
crystals were grown from a concentrated solution of diethyl ether at
-35 °C.

3-Gd®*. Inside a glovebox, 1-Gd*" (0.164 g, 0.122 mmol) was
added to a 20 mL scintillation vial charged with a stir bar and 2 mL of
1,2-dimethoxyethane. 2.2.2-Cryptand (0.046 g, 0.122 mmol) was
added as a solution in 1,2-dimethoxyethane (2 mL), and the reaction
was stirred overnight. The mixture was filtered through a fine-porosity
frit packed with Celite. The volume of the solution was reduced to
around 3 mL in vacuo, and crystals were grown through slow
evaporation at room temperature. The solution was decanted, and the
colorless crystals were dried in vacuo to give the title compound
(0.165 g, 79%). No 'H, "*C, or *'P NMR signals were observed. IR
(em™): v 1258 (m), 1250 (m), 1217 (s), 1200 (s), 1180 (s), 1155
(m), 1134 (m), 1105 (m), 1080 (w), 1051 (m), 1023 (m), 977 (w),
952 (w), 923 (w), 866 (w), 795 (w), 688 (m). Elem anal. Found
(caled): C, 50.81 (51.60); H, 9.49 (9.60); N, 14.61 (14.64). Carbon
was consistently low on multiple burns. XRD-quality crystals were
grown from an evaporated solution of 1,2-dimethoxyethane at room
temperature.
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