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Abstract

Metal complexes with unpaired electrons in orbitals of different angular momentum
quantum numbers (e.g., f and d orbitals) are unusual and opportunities to study the interactions
among these electrons are rare. X-band EPR data were collected at <10 K and 77 K on ten U(lI)
complexes with 5f%6d* electron configurations and on Ce(l1), Pr(l1), and Nd(Il) complexes with
4f"5d* electron configurations. The U(I1) compounds unexpectedly display similar two-line axial
signals with gy = 2.04 and g1 = 2.00 at 77 K and U(ll1)-like spectra at 5 K. In contrast, U(II)
complexes with a 5f* configuration are EPR silent. Unlike U(l1), the congener Nd(11) complex is
EPR-silent although it possesses an analogous 4f35d* configuration. The Ce(Il) complex with a
4f15d* configuration is also EPR silent, but a signal is observed for the Pr(11) complex, which has
a 4f°5d* configuration. Whether or not an EPR signal is expected for these complexes depends on
the coupling between f and d electrons. If the coupling is sufficiently strong, no signal is expected
for ions with an even number of electrons, which is the observation for the lanthanide species. If

the coupling is very weak, separate EPR signals for the f and d systems might be observed even in
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systems with an even number of electrons. The Coulomb interaction between 5f and 6d electrons
is strong in trivalent uranium systems, which results in strong coupling between the 5f and 6d
electrons. This coupling will be weaker in divalent uranium systems, but it is still expected to be
sufficiently strong to preclude an EPR signal from compounds with a 5f36d* configuration. Some

potential sources of the EPR signal from the U(Il) complexes are discussed.

Introduction

Understanding the chemistry and electronic structure of the actinide elements is a topic of
great interest for both the fundamental and practical reasons.}™ The heaviest elements provide the
opportunity to explore how the various factors (Coulomb repulsion, spin-orbit coupling, ligand
field) determine their electronic structures. On the practical side, the chemistry of the actinide
elements contains the information needed to develop efficient separation processes and more
effective nuclear waste remediation.6 ! The electronic structures of these metals can play a pivotal
role in the physical properties and reactivity of actinide complexes and have been extensively
investigated.1?132214-21 - A notable example of physical properties arising from coupling among
electrons with different orbital angular momentum quantum numbers is the ultra-hard magnetism
of divalent lanthanide complexes in which the magnetic properties are due to the strong coupling
between 4f and 5d electrons.?®

New electronic configurations for actinide complexes have recently been reported for
molecular complexes in the +2 oxidation state. Although the presence of molecular species
containing U(I1) was suggested as early as the 1980s,%42° it was not until 2013 when the first,
unambiguous molecular example of U(I1) was isolated in [K(crypt)][Cp'sU] (Cp’ = CsH4SiMes).*°

Surprisingly, the uranium ion was assigned a 5f36d* electron configuration based on structural,
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UV-visible, and theoretical analysis.®® This mixed principal quantum number electron
configuration was unexpected since reduction of a 5f U(I11) ion would be expected to yield a 5f*
configuration. However, gas phase studies of U(II) ions show that the 5f%6d* configuration was
only 210 cm™ higher in energy than the 5f* configuration.®-3* Isomorphous lanthanide Ln(ll)
complexes, [K(crypt)][Cp'sLn], of Ln = La, Ce, Pr, Nd, Gd, Th, Dy, Ho, Er, and Lu also have
mixed principal quantum number 4f"5d* electron configurations.®>°

Other U(I1) complexes have been synthesized including [M(chelate)][Cp”3U] (M = Li, Na,
K, Cs; chelate = crypt, 18-crown-6, 12-crown-4, (THF)x; Cp” = CsH3(SiMe3)2),
[K(crypt)]J[UNR2)s] (R = SiMes), [K(crypt)][(CsMesH)sU], [K(crypt)][(CsMes)U(NR2)],
(Cs'Prs)2U, and [K(crypt)][(CsMes).U(A)] (A = NRz, OCsH2'Bu,-2,6-Me-4, OCsH2Ad,-2,6-'Bu-4,
CH(SiMes)2, CsHs, CsMeqH).%>*° These complexes have electronic structures consistent with a
5f36d* electron configuration. However, in other ligand environments, the electronic structure of
U(Il) is consistent with a 5f* electron configuration. Complexes of this type include
[K(crypt)][[(A*MeArO)sU],* (NHArP®),U,4” and [K(crypt)][U(TDA)2]*® [NHArP® = 2,6-(2,4,6-
'PrsCeH2)2CeHs); TDA = OC('BU)N(CsH3'Pr-2,6)].  This apparent dichotomy in electron
configurations may be due to the ligand geometry around the U(Il) center.*® More recently,
[K(crypt)][(Cs'Prs)2U] was synthesized which was assigned as a U(l) complex with a 5f%6d?
electron configuration.°

The current study was initiated to determine if EPR spectroscopy could be used to
differentiate the two different types of U(Il) electron configurations and if it could be used to
identify highly reactive U(l1) species that had low thermal stability. EPR spectroscopy has been
used extensively to identify U(V) and U(lII) species,1?1559-6851.6952-%8 it few EPR studies on

U(Il) compounds have been reported. [K(crypt)[{[(**MeArO)smes]U} and U(NHAr'"™®), were
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found to be EPR silent in both perpendicular and parallel modes.*®*" [K(crypt)][U(TDA).] has a
signal at g = 2.00 due the presence of a mono-reduced arene component of a ligand.*® The uranium
center in all three of these compounds has been assigned a 5f* electron configuration. While this
work was in progress, the 5f%6d* U(Il) compound (Cs'Prs),U was found to be EPR silent in
perpendicular mode.*

We report here EPR studies on 5f3%6d* U(I1) compounds carried out to determine if they
display a characteristic type of EPR spectrum as is observed for 6d* Th(lIl) compounds since the
EPR signature for Th(l11) has been very valuable in identifying this ion.'2%772270-16 To address
this issue, we report EPR studies of ten 5%6d* U(II) compounds, along with data on some related
U(II1) species as well as some 4" Ln(111) and 4f"5d* Ln(I1) lanthanide compounds for comparison.
Lanthanide(Il) complexes with an even number of unpaired electrons are EPR silent; however, the
ten uranium(l1) samples described here display similar two-line axial signals with g; = 2.04 and

gL =2.00 at 77 K and U(l1)-like spectra at 5 K.

Results

Sample Preparation. The homoleptic U(Il) compounds [K(crown)(THF)2][Cp"sU],
[K(crypt)][Cp'sU], [K(crypt)][Cp™U], and [K(crypt)][U(NR2)s] (R = SiMes) were synthesized via
literature routes and isolated as crystalline materials.3®4*4> For measurements on solid samples,
crystalline materials were ground in a mortar and pestle in an inert atmosphere glovebox and
placed in an EPR tube for data collection. For solution measurements, the crystalline solids were
dissolved in THF, quickly transferred to an EPR tube, and immediately frozen at 77 K in liquid
nitrogen. The  heteroleptic ~ U(Il)  compounds  [K(crypt)][(CsMes)2U(NR2)],

[K(crypt)][(CsMes)U(NR2)2], [K(crypt)][(CsMes)U(Cp™)], and [K(crypt)][(CsMes)2U(CsHs)],
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were generated via reduction of the corresponding U(I1I) species with KCg and cryptand at low
temperature in THF**® and immediately placed in the EPR sample tube for data collection since
the compounds decompose readily at room temperature. U(OAr)s (OAr = OCgHs'Bu,-2,6)"® and
(CsMes)2U(NPh2)(THF)'® were reduced similarly with KCs in the presence of crypt in THF to
generate the species “[K(crypt)][U(OAr)z]” and “[K(crypt)][(CsMes).U(NPh2)]” and immediately
frozen. AIll manipulations involving the synthesis of U(Il) species were performed rapidly inside
the glovebox with glassware precooled to —35 °C due to the thermal instability of the compounds.

[K(crypt)][Cp®tsU] and Cp®tU (Cp't = CsMesH). The 5 K EPR spectra of a powdered
sample of the crystallographically confirmed U(Il) compound, [K(crypt)][Cp®sU], and its
precursor, Cp®sU, are shown in Figure 1. The spectrum of [K(crypt)][Cp™'sU] was modeled using
g = 3.005, 2.10, and 1.660 and that of Cp''3U was modeled using g = 2.380, 2.195, and 1.985.
Both spectra strongly resemble the g. signal of Cp*3U for which g = 2.44 and 2.06 (the remaining

g value is < 0.7).%*
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Figure 1: X-band, perpendicular mode EPR spectrum of [K(crypt)][Cp*sU] (a) and Cp™sU (b)

taken as powdered samples at 5 K.
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Figure 2 compares the EPR spectrum of powdered [K(crypt)][Cp®sU] at 5 K with those at
10 K and 77 K in frozen THF, shown in Figures 2b and 2c, respectively. In frozen THF at 10 K,
a signal is observed with g; = 2.04 and g1 = 2.00, and the “U(III)-like” signal is greatly broadened,
presumably due to rapid spin-lattice relaxation. At 77 K in frozen THF, the “U(III)-like” signal

has disappeared, and only the signal near g = 2 remains. No signal was detected in parallel mode.
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Figure 2: X-band, perpendicular mode EPR spectra of [K(crypt)][Cp*sU]: (a) a powdered sample

at 5 K, (b) a frozen THF solution at 10 K, and (c) a frozen THF solution at 77 K.

Since EPR spectroscopy is so sensitive, it seemed possible that the spectra in Figure 2 were
due to a uranium-containing impurity. However, identical spectra were observed across multiple
different sample batches. The most likely decomposition product would be the Cp*';U starting
material. The signal at 77 K near g = 2 is not consistent with the spectrum of Cp®*3U. On the other
hand, the signal observed in powdered [K(crypt)][Cp*'sU] at 5 K is consistent with U(I11) although
it is different than the signal of Cp*';U.

To further investigate the possibility that the spectrum arose from a decomposition product,

the sample temperature was raised to allow decomposition and presumably formation of more of
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the decomposition product. However, raising the sample temperature to 298 K led to an immediate
disappearance of the two-line signal shown in Figure 1 and the appearance of a single sharp feature
at g = 2.00 after one minute, Figure S2-5. Subsequent cooling did not regenerate the original
spectrum.

Nine Other 5f36d' U(l1) Complexes. Figure 3 shows X-band EPR spectra in frozen
solution at 77 K of nine other U(I1) compounds assigned the 5f%6d* electron configuration. The g
values of these spectra are given in Table 1. The spectrum shown in Figure 3g has a much larger
signal at g = 2, which is attributed to electride formations. All compounds display axial spectra
with g values of approximately 2.04 and 2.00, which are very similar to those observed at 77 K for
[K(crypt)][Cp™5U] in Figure 2. An overlay of the spectra is shown in Figure S1. EPR spectra of
solutions of the reduction products collected at 10 K are similar, Figures S6-S14. None of the
samples displayed a signal in parallel mode. These signals also differ from the EPR spectra of the

corresponding U(111) precursor, Figures S15-21.
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Figure 3: X-band perpendicular mode EPR spectra taken as a frozen THF solution at 77 K of (a)
[K(crown)(THF)2][Cp"sU]L,  (b)  [K(erypd][Cp'sUL,  (¢)  [K(crypt)][U(NRz2)s],  (d)
[K(crypt)][(CsMes)2U(NR2)], (e) [K(crypt)][[U(OAr)s], (f) [K(crypt)][(CsMes):U(CsMesH)], (9)
[K(crypt)][(CsMes)2U(CsHs)], (h) [K(crypt)][(CsMes)2U(NPh2)], and (i)
[K(crypt)][(CsMes)U(NR2)2]. No features were observed outside the window shown. The small,
narrow features are due bubbling N> moving the EPR tubes.

Table 1: The g values of the EPR signal observed for U(1l) compounds. Data were collected at
X-band frequency in perpendicular mode at 77 K (crypt = 2.2.2-cryptand, crown = 18-crown-6,

Cptet = CsMegH, Cp’ = CsH4R, Cp” = CsH3R2, R = SiMes, OAr = OCngtBU2-2,6).

Compound o]l gL

[K(crypt)][Cp'sU] 2.04 | 2.01
[K(crown)(THF)2][Cp"3U] 2.04 | 2.01
[K(crypt)][Cp'3U] 2.04 | 2.01
[K(crypt)][(CsMes).U(Cp™)] | 2.04 | 2.00
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[K(crypt)][(CsMes)2U(NR2)] | 2.04 | 2.00
[K(crypt)][U(OAn)s] 2.04 | 2.00
[K(crypt)]JU(NR2)s] 2.04 | 2.00
[K(crypt)][(CsMes)U(CsHs)] | 2.04 | 2.00
[K(crypt)][(CsMes).U(NPh,)] | 2.04 | 2.00
[K(crypt)][(CsMes)U(NR2)2] | 2.04 | 2.00

It is conceivable that the signals observed for the U(Il) compounds generated in situ with
KCsg, Figures 1-3, arise from impurities in the graphite. Both natural and synthetic graphite contain
iron and the KCg reductant could provide a source of iron or nickel.® However, these putative
graphite signals are not observed in the spectra of any of the [K(crypt)][Cp®*Ln] complexes
described in the next section or any of the 5f* complexes made with potassium graphite. Although
graphite contamination is possible in in situ generated samples, it seems less likely in isolated
crystalline  samples and crystals of [K(crypt)][Cp®sU], [K(crown)(THF)2][Cp”sU],
[K(crypt)][Cp'3U], and [K(crypt)][U(NR2)3] show the similar two-line patterns to the U(II)
compounds generated in situ.

To test further the possibility that the signals arise from graphite impurity, reduction of
Cp”3U with a Li smear and a Cs smear were examined by EPR. Both graphite-free reactions
generated EPR spectra like the previous ten presented (Figures S22-24). In addition, EPR spectra
of KCg in THF alone and with crypt or 18-crown-6 failed to generate the signals observed. for the
U(I1) samples.

Ln(l11) and Ln(l1) Spectra. For further comparison with the uranium spectra, the EPR
spectra of 4f" Cp®sLn and 4f"5d* [K(crypt)][Cp®™'sL.n] complexes®®2 of Ln = Ce, Pr, Nd generated
with KCsg are shown in Figure 5 and summarized in Table 3. This provided EPR data on 4f*, 42,
and 4f2 systems with Ce(l11), Pr(I11), and Nd(l11), respectively, and on 4f'5d*, 4f25d*, and 4f5d*

compounds with Ce(ll), Pr(Il), and Nd(Il), respectively. The spectrum shown in Figure 5b
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(Cp™4Pr) has the same g-value as Cp*'sCe and is likely due to a Ce impurity in the Pr starting
material. Among the lanthanide complexes, those with an even number of unpaired electrons have

no EPR signal while those with an odd number of electrons do display a signal.

2000 2500 3000 3500 4000 2000 2500 3000 3500 4000 0 2000 4000 6000 2000 4000 6000 9000
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Figure 5: X-band, perpendicular mode spectrum of Cp®3Ce (a), Cp*sPr (b), Cp®sNd (c), Cp*iU
(d), [K(cryptl[Cp*sCe] (), [K(cryptl[Cp®sPr] (f), [K(crypt)][Cp™sNd] (g), and

[K(crypt)][Cp™sU] (h) taken as a powdered sample at 5 K.

Table 3: Cp®3M and [K(crypt)][Cp®'sM] g values from EPR

_ Electron conl"iguration g values
[K(crycpli))t]e fgstetsce] 4322(11 | sziigr?t a
[K(cr;E]t Eg;te‘gPr] 4;;1;3(11 > Ieg t 03.54
[K(cry%?)!e[jcll\lge%Nd] 4;%11 szii:elrSIt
[K(cry%%] [3CLZthe‘3U] Sf?;dl 23%?08005,22'.11905,’11.696805

a) Signal is attributed to Cp™sCe resulting from Ce impurities in the starting material.
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Discussion

The observation of EPR signals from U(I1) samples is intriguing and perplexing. In frozen
THF, all U(I1) compounds with 5f36d* electron configurations show similar EPR spectra with g
values of 2.04 and 2.00. These spectral features were observed across ten compounds at both 10
Kand 77 K and appear characteristic of these samples. These signals are due to a highly thermally
unstable species as evidenced by their disappearance after one minute at room temperature. Since
the EPR signals are observed in the presence of the U(I) compounds, which are also highly
thermally unstable, it is natural to assume that the signal at 77 K is due to the U(I1) ion. However,
this assignment is problematic.

For discussing the EPR spectra of the complexes studied here, it is useful to describe the
electronic structure using total angular momentum quantum number, J, and the magnetic quantum
number, my, which can have values ranging from +J to —J. The value of J is determined by coupling
between the spin and orbital angular momenta of the electrons to give a ground state term whose
degeneracy is 2J+1. The interaction between the metal and ligand orbitals removes this degeneracy
and creates states that can be described as mixtures of components with different values of m;:
v = X cilmy), where |m;) represents a state with a given value of m; and c; is the coefficient for its
contribution to the wavefunction For ions with half integral values of J, an axially symmetric
ligand field (like the complexes discussed here) will create a set of pairs of states (Kramers
doublets) where the absolute values of ci are the same for the pairs, but m; have opposite signs in
the members of pair. For ions with integral values of J, an axially symmetric ligand field will
create both singlets and doublets. The selection rule for observing an EPR signal in perpendicular
mode is that the ground state doublet (or higher multiplet) must contain states with m; that differ

by 1. For complexes with a half-integral value of J (odd number of unpaired electrons), this is true
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if the two states in the Kramers doublet contain the state |m; = £1/2). Other states in the Kramers
doublet also fulfill the selection rule, e.g. y = c1|+5/2) + c2|+3/2). For complexes with integral
values of J (even number of unpaired electrons), the ground state could be a singlet, which is not
EPR active, and the doublets rarely contain states with m; that differ by 1. As a result, complexes
with integral J values are typically not EPR active in perpendicular mode.

In the case of complexes with f"d* configurations, whether or not an EPR spectrum may be
observed depends on the coupling between the f and d electrons. If the coupling is sufficiently
strong, the d electron will be coupled with the f" electrons to give a total angular momentum J, and
complexes with an odd number of unpaired electrons may be EPR active and those with an even
number are unlikely to be EPR active. The spectra of the lanthanide complexes in Table 3 are
consistent with this description. On the other hand, if the f" electrons and the d* electron are only
weakly coupled, it may be possible to observe separate EPR spectra from the coupled " electrons
and from the d* electron. Qualitatively, this appears to be consistent with the EPR signals of U(I1).

While the configuration fd* is rare for ground states, it is common for excited states. The
electronic structure of the excited state of U(I11) in LaCls and CeCls was studied using crystal field
theory to determine the values of the interaction parameters.®> The metal site in LaCls and CeCls
has the same symmetry, Dan, as [K(crypt)][Cp*sU] and Cp™sU. The Coulomb repulsion
parameters (Slater F parameter) for the 5f and 6d electrons are ~20,000 cm™.83 Consequently, 5f
and 6d electrons in the excited 5f?6d* excited state U(I11) in LaCls are strongly coupled. While
Coulomb repulsion will be weaker in divalent uranium complexes, it should still be sufficiently
strong to couple the 5f% and 6d' electrons, so no EPR spectrum would be expected for
[K(crypt)][Cp™5U] in perpendicular mode, which does not match the observed results in Figures

1 and 2.
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If [K(crypt)][Cp™'sU] is not the source of the EPR signal at 77 K, some other thermally
unstable species must be responsible. The EPR signal shows no hyperfine coupling, which
eliminates organic radicals and any metal having a non-zero nuclear spin, including potassium.
Organic radicals are also not consistent with the g = 2.04 peak observed for the unknown species.
The g-values of the unknown species are most similar to those of first-row transition metal with a
low-spin 3d’ configuration, especially Fe(l). While few Fe(l) species have been reported, their
EPR spectra typically display one peak with g = 2.0 and one with g =2.2 + 0.2, which is consistent
with the species observed in the frozen THF at 77 K.8 Another option is Ni(l) complexes, which
typically have g values between 2.08—2.00,8>%" although the signal rhombicity is more dependent
on the metal geometry than the Fe(l) examples. Although graphite contains transition metal
impurities which might explain the signals,®® the fact that the characteristic signals could be
generated from reduction of Cp”3U with graphite free Li and Cs (Figures S22-24) indicates that
graphite is not the source.

Another possible source of the signal is a U(l) species, where the expected configuration
for U(I) would be 5f36d? with two electrons in the 6d.? orbital based on the configuration observed
for Th(11).888° While the recently isolated compound [K(crypt)][(Cs'Prs)2U] was assigned as a
U(l) complex with a 5f%6d? configuration, the two 6d electrons were described as occupying the
6dz? and 6xy/6x2-y? orbitals instead of pairing in the 6dz? orbital which resulted in a complicated
EPR spectrum.®® The EPR spectrum of a tris-cyclopentadienyl U(l) complex with a 5f6d?
configuration should resemble that of the analogous tris-cyclopentadienyl U(IIl) complex. The

EPR signal from [K(crypt)][Cp®U] at 5 K is consistent with U(l) as well as U(I11).

Conclusion
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X-band EPR spectra of ten 5f36d* U(11) compounds have been collected and show a similar
two-line pattern in frozen THF at both 10 K and 77 K. This is unexpected based on theoretical
analysis. The possibility that the spectra arise from impurities or decomposition to U(I) cannot be
ruled out, but no experimental data were obtainable to support either of these ideas. At this point,
the results have to be viewed as an unexplained phenomena. However, they do show that 5f36d*

U(I1) samples can be differentiated from 5f* U(11) complexes by EPR spectroscopy.
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