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Near-Infrared C-term MCD Spectroscopy of Octahedral
Uranium(V) Complexes

Daniel J. Curran,®" Gaurab Ganguly,”" Yonaton N. Heit,? Nikki J. Wolford? Stefan G. Minasian,*
Matthias W. Loble,? Samantha K. Cary,? Stosh A. Kozimor,? Jochen Autschbach®* and Michael L.
Neidig®*

C-term magnetic circular dichroism (MCD) spectroscopy is a powerful method for probing d—d and f—f transitions in
paramagnetic transition metal and heavy metal complexes. However, this technique remains underdeveloped both
experimentally and theoretically for studies of U(V) complexes of O» symmetry, which have been of longstanding interest
for probing electronic structure, bonding, and covalency in 5f systems. In this study, C-term NIR MCD of the Laporte
forbidden f—f transitions of [UCls]” and [UFs]™ are reported, demonstrating the significant fine structure resolution possible
with this technique including for the low energy I7—Ts transitions in [UFs]". The experimental NIR MCD studies were further
extended to [U(OCsFs)s]™, [U(CH2SiMes)s]™, and [U(NC('Bu)(Ph))s]” to evaluate the effects of ligand-type on the f—f MCD fine
features. Theoretical calculations were conducted to calculate the Laporte forbidden f—f transitions and their MCD intensity
experimentally observed in the NIR spectra of the U(V) hexahalide complexes, via the inclusion of vibronic coupling, to better
understand the underlying spectral fine structure features for these complexes. These spectra and simulations provide an

important platform for the application of MCD spectroscopy to this widely studied class of U(V) complexes and identify areas

for continued theoretical development.

Introduction

Evaluation of electronic structure and bonding in uranium
coordination complexes through both spectroscopic and
theoretical methods has long been an area of intense research
interest, motivated by the need to efficiently handle and
separate nuclear waste? as well as advancing our understanding
of uranium’s reactivity towards small molecules.?* To define
electronic structure and bonding in uranium chemistry,
numerous spectroscopic methods have been employed such as
electronic absorbance spectroscopy (EAS),>° X-ray absorption
spectroscopy (XAS),1*2! electronic paramagnetic resonance
(EPR) spectroscopy,??° and nuclear magnetic resonance (NMR)
spectroscopy.3?3? Besides, computational studies have been
widely employed to interrogate electronic structure in uranium
chemistry.3347 EAS is the most widely employed of these
methods, due to its broad availability and the insight it can
provide on f—f transitions in the near-infrared (NIR) region,
providing a fingerprint to the oxidation states and ligand
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environments of uranium coordination complexes. While it is
extremely useful to probe energy shifts in f—f transitions as a
function of ligand perturbation, this method can suffer from
overlapping transitions and vibrational overtone contributions
from solvent in the NIR region, resulting in the loss of
information-rich fine structure features. While similar
challenges exist for NIR EAS studies of transition metal
complexes, C-term magnetic circular dichroism (MCD) has been
alternatively applied to the study of NIR d—d transitions in
paramagnetic complexes, especially to obtain high-resolution
insight into electronic structure across systems ranging from
bioinorganic chemistry to organometallic catalysis in transition
metal chemistry.*®>° Applying this technique to actinide
chemistry, uranium in the case of this study, is important to test
theory’s ability to treat actinide complexes in addition to better
understand the differences and similarities between actinides
and their transition metals counterparts.

The intensity of an MCD spectrum is proportional to the sum
of three contributions which are designated as the A4-, B-, and
C-terms as shown in eqn (1).

(-4 +(n+ o] o

Here, AE is the field-dependent difference between the
absorption of left- (Icp) and right-circularly polarized (rcp) light,
E (= hv) is the energy of a photon, f(E) is the absorption
bandshape simulated by Gaussian functions, and df (E)/0E is
its first derivative. While all three of these mechanisms may
contribute to the MCD spectrum for a paramagnetic uranium
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complex, the C -term is the largest contribution at room
temperature already, and it is approximately two orders of
magnitude larger than the A- and B -term contributions at
cryogenic  temperatures, dominating  low-temperature
measurements of paramagnetic uranium complexes. The C-
term mechanism requires a degenerate ground-state (GS) and
the presence of an applied magnetic field to remove the
degeneracy via the Zeeman effect. This removal of the
degeneracy in the GS results in differing intensities in Icp and
rcp transitions such that they no longer cancel out, resulting in
an absorption band shape as shown in Fig. 1 that is both
magnetic field and temperature-dependent.
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Fig. 1 The C-term MCD mechanism for a J = 1/2 ground state. (A) No C-term MCD
intensity is observed in the absence of an applied magnetic field, and (B) C-term
intensity in the presence of an applied magnetic field where the two Zeeman split
M, levels are unequally populated, resulting in an MCD transition with an
absorption band shaoe.

The application of NIR C-term MCD in uranium chemistry
to evaluate f—f transitions has largely been limited to several
recent studies on U(lll) and U(IV) complexes.>>> Of particular
importance is the extension of this method to octahedral (Oy)
U(V) (f!) complexes which have been central to evaluating
ligand effects on electronic structure and bonding.>® However,
such an extension is non-trivial due to the role of vibronic
coupling to overcome the dipole-forbidden nature of the f—f
transitions in complexes containing the center of inversion.
Compared to our previous studies on f—f transitions in
distorted high coordinate U(lll) and U(IV) complexes, this
provides a considerable challenge in the computation of the
resultant C-term MCD spectra.>*>>

The present study focuses on the application of C-term
MCD spectroscopy to evaluate electronic structure in a series of
Op U(V) complexes, focusing on f—f transitions in the NIR region
to directly probe their ligand field (LF) states involving 5f
orbitals. Notably, the ground state (GS), denoted by 7, and
transition between its excited states (ESs), referenced as lg, 7,
le, and I's, were investigated.® To our knowledge, this is the first
attempt to calculate vibronic MCD of a metal complex from first
principles. Experimental and theoretical C-term MCD studies of
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[UClg]™ and [UFg]~ demonstrate the significant resolution of fine
structure features in the NIR region that are achievable as well
as the information content and associated challenges in MCD
simulations of f—f transitions through the incorporation of
vibronic coupling.

Results and Discussion

NIR MCD Spectroscopy of [UCl¢]™

Initial studies focused on evaluating the f—f transitions in
[UCl¢]™ in the NIR region using C-term MCD spectroscopy (Fig.
2). The assignments of these transitions are facilitated, due to
previously reported NIR electronic absorption studies of this
complex.” Starting at low energy, the first band observed in the
5 K, 7 T NIR MCD spectrum of [UClg]™ is the I7—[l7 transition
from 6650 to 7150 cm™ (Fig. 2A and 2C). This transition is
comprised of three defining features in the fine structure. The
first and most intense one is a negative to positive derivative
feature with peaks 85 cm™ apart and centered at 6820 cm™.
Within the positive end of the derivative at 6840 cm?, there is
a subtle shoulder on the lower energy side of the peak. There
are two features of reduced-intensity adjacent to the derivative
shape at slightly higher energy, centered at 6930 and 7100 cm"
1, respectively. The 6930 cm™ transition is sharper than the
higher energy fine structure feature and has a small tail on its
higher energy side.

The next transition, I;—Tg, spans 10050 cm™ to 10800 cm”
1. This transition is comprised of two noticeable fine structure
features, with absorption peaks centered at 10180 cm™ and
10600 cm™, which are both less intense and broader than the
derivative feature observed in the [;—[7 transition. The signal
at 10180 cm™ has half the intensity of the signal at 6820 cm™,
while the 10600 cm™ signal is half as intense as the 10180 cm™
feature. From low to high energy, these two fine structure
features are 350 and 300 cm™ wide respectively, about seven
times wider than either component of the derivative feature.
Pure electronic f—f transitions are sharp and intense, providing
context to the possible origin of this transition having other
contribution mechanisms.

The I—[¢ transition is the highest energy f—f transition
observed. This transition is an asymmetrical derivative shape
spanning 11400 cm™ to 11875 cm™ with a midpoint at 11750
cmL. This negative to positive derivative feature is similar to the
I,—Tg transition, and relatively weak and broad concerning the
[,—T7 transition. The negative fine structure centered at 11575
cm™ is 275 cm™® wide and has about the same intensity as the
lower energy signal in the I;,—lg transition. It is slightly
asymmetric, with the higher energy side of the peak being
rather sharp. From 11675 to 11875 cm there is a symmetric
positive fine structure that has one-fourth of the intensity of its
negative counterpart. Based on the observed fine structure
features, the mechanism governing this transition is likely
similar to that for the I;—[g transition.

The high level of resolution of the fine structures of the f—
f transitions in the C-term MCD spectrum of [UCl¢]” compared
to typical electronic absorption studies in the NIR region as
described above is immediately apparent, demonstrating the

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 The 5K, 7 T NIR MCD spectrum of (A) [UClg]~. and (B) [UF¢]-. Enlarged views
of the I';—T;’ transitions for (C) [UClg]~ and (D) [UFe]-and (E) [';—>Ig transition of
[UFg].

power of this technique. The ability to deconvolute and assign
the multitude of fine features of a single transition can provide
superior insight into electronic structure and bonding in
actinide coordination complexes, particularly when combined
with computational studies to calculate and assign these fine
structures (vide infra). For example, this approach can provide
insight into the underlying mechanisms governing the shape
and broadness of the fine features. As such, the extension of
these studies to additional U(V) complexes with O, symmetry

This journal is © The Royal Society of Chemistry 2021
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was pursued to evaluate the effects of ligand type on the f—f
transition signals in NIR C-term MCD.

NIR MCD Spectroscopy of [UFs]~

[UFe]~ was selected for C-term MCD investigation in the NIR
region, as it is known to have larger crystal field (CF) splitting
parameters, a slightly less 5f-orbital character in its frontier
molecular orbitals (MOs), and less electron density in the 5f-
orbitals compared to [UClg]~.° Furthermore, similar high-quality
NIR electronic absorption data are also available for [UFg]™ that
facilitate transition assignments and provide a direct
comparison to the corresponding NIR C-term MCD spectrum.>’

An immediate difference in the 5 K, 7 T NIR MCD spectrum
of [UFg]™ is the ability to observe the low energy ;—Ilg
transition from 5150 to 5850 cm™, which was too low in energy
to be observed for [UClg]™ (Fig. 2B and 2E). This is a direct result
of the larger CF splitting present in [UFg]~. For this transition, the
first two fine structure features can be observed from 5150 to
5350 cm; the lower-energy signal centered at 5180 cm™
contains a weak negative band and an intense positive band
while the higher energy feature at 5325 cm™ contains the
converse. These sharp, intense features are reminiscent of the
[7—T7 transition observed in [UClg]~. Additionally, compared to
the transitions in [UClg]” the NIR MCD spectrum of [UFg]™ is
extremely complex with numerous signals, inferring highly
mixed ESs.

Moving to higher energy, the ;—I transition of [UFg]™
appears from 7250 to 8050 cm™, slightly blue-shifted compared
to the analogous transition in [UCle]™ (Fig. 2D). However, the fine
structure of this transition in [UF¢]~ exhibits multiple differences
compared to [UClg]". For example, the derivative feature
extending from 7250 cm™ to 7430 cm™ with its inflection point
at 7410 cm™ is highly asymmetric, rather than both halves of the
derivative having equal intensity, as was observed in [UClg]~; the
low-energy negative transition in [UFg]™ is over eight times as
intense as the positive component. At higher energy, there is a
symmetric, positive derivative signal from 7500 to 7600 cm™
with an inflection point at 7540 cm™. This fine structure is
significantly different than what was observed in [UClg]™ as it is
considerably weaker than the first negative feature and has a
derivative shape. The final fine structure feature, from 7850 to
7970 cm?, is another slightly asymmetric negative to positive
derivative signal centered at 7910 cm™. Note that the fine
structure features are both less intense and more complex than
for the analogous transition in [UClg]".

The higher energy I7—[lg and I';—[g transitions in [UFg]™ are
shifted to higher energy and weak in intensity compared to the
analogous transition in [UClg]” (see ESI, Fig. S4). For
completeness, they will be briefly described. From 13500 cm™
to 14250 cm™ there is a weak positive to negative derivative
representing the [7;—[g transition. The [;—[g transition
appears from 15500 cm™ to 17500 cm™ as a trio of increasingly
weaker positive absorption features. The extreme weakness of
the vibronic coupling is an anomaly in this series and is worth
considering in future studies.

Dalton Trans., 2021, 00, 1-9 | 3
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Beyond halide ligands: Near-infrared MCD spectroscopy of
[U(OCsFs)s]-, [U(CH,SiMes)q]”, and [U(NC(*Bu)(Ph))s]~

While halide complexes are ideal for both experimental and
theoretical (vide infra) C-term MCD investigations in U(V) Op
complexes, it is also of interest to expand the experimental
studies to U(V) O, systems of other ligand types. This type of
study allows for the evaluation of ligand effects on the fine
structure of the f—f transition in NIR C-term MCD. Towards this
goal, the following complexes, previously reported by Hayton
and co-workers were also examined through NIR C-term MCD
spectroscopy: [U(OCeFs)el, [U(CH,SiMes)e], and
[U(NC(*Bu)(Ph))e]~.>8%° While the resulting MCD spectra are too
challenging for computational evaluation due to the significant
increase in complexity of the ligand environment in these
systems compared to simple halide complexes, they provide a
useful experimental comparison in terms of the changes in the
NIR fine features due to ligand variations beyond the simple
halide complexes.

For the 5 K, 7 T MCD spectrum of [U(OCsFs)s]™ (Fig. 3, Top),
the I,—T transition from 7025 cm™ to 7450 cm™ contains two
sharp fine structure features at 7075 cm™ and 7135 cm™ of an
opposite sign but similar intensity. These features form a
derivative shape and are followed by a series of low-intensity,
higher energy signals which are positively signed. At higher
energy of the spectrum, the I—Tlg transition is observed from
10400 cm™ to 11500 cm™. There are two clear fine structure
peaks present at 10660 cm™ and 10730 cm™ that are indicative
of at least two broad, negatively signed features having
overlapping intensity. Also, this transition is relatively intense.
This [7—>Tg transition from 12050 cm™ to 12950 cm™ is the final
transition observed in the NIR region, appearing almost like a
standard absorption feature. With the signals being extremely
close in energy, it is hard to deconvolute these individual fine
structure features. The aryl oxide ligand complex’s electronic
transition is fairly similar to those observed in [UClg]~ with slight
perturbations. Broadly, the ';—[l7 and ';—[g transitions are
similar in both complexes, with [U(OCsFs)s] being blue-shifted.
However, the fine structural features of these transitions in
[U(OCgFs)e]~ are closer in energy than in the previously
described complexes. Specifically, in the [;—[7 transition, there
are more features present which are predominantly positively
signed. Finally, the relative intensities of the transitions are
more comparable in [U(OCsFs)s]-, while the I7—l7 is much
stronger relative to the others in [UClg]~. With the two higher
energy transitions being vibronic (this will be expanded upon in
the theoretical section) it appears the ligand exchange has
consequential effects on them, while the electronic transition
I,—I7 is more resilient to ligand perturbations.

[U(CH,SiMe3)e] was also probed by NIR MCD spectroscopy, as
this complex is composed of pure o-donor ligands. This provided a
system to examine f—f transitions and their fine structures in NIR
MCD for a U(V) complex without any ligand m-influence, unlike the
three previously described systems. For the [7—[ transition in the
5 K, 7 T NIR MCD spectrum of [U(CH,Si(Mes))s] (Fig. 3, middle), the
derivative shape formed by the first two features is asymmetric with
an extremely intense, sharp, negative fine structure feature at 6805
cmL, Itis immediately succeeded by a weaker, positive signal at 6860

4 | Dalton Trans., 2021, 00, 1-9
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Fig. 3. The 5K, 7 T NIR MCD spectra of top: [U(OCgFs)s]-, middle: [U(CH,SiMe3)s]~
and bottom: [U(NC(tBu)(Ph))s]- complexes.

cm. At higher energy, the I;—Tg transition appears from 10600 cm
1 to 11400 cm™. This transition is both broad and relatively intense.
It is comprised of multiple overlapping fine structures that are
difficult to resolve, though two noticeable peaks are discernible at
10775 cm™ and 11050 cm™. The final transition observed in this
region is the I7—T¢ from 12700 to 13900 cm™. It is an extremely
broad negative transition that is relatively intense with the observed
broadness likely resulting from multiple, overlapping fine structure
features of the same sign. The [—[ transition appears to be more
akin to UFs, though it is red-shifted in comparison to [UClg]~ and
[U(OCsFs)s]- demonstrating the two clear regimes of the electronic
[,—T7 transition present in the complexes studied herein. As seen in
[U(OCgFs)s] there is parity in the relative intensities of the transitions
which were not observed in the halide complexes, further reflecting
the sensitivity of the vibronic transitions to ligand perturbations.
The 5 K, 7 T NIR MCD spectrum of [U(NC(*Bu)(Ph))e]™ is
shown in Fig. 3, bottom. This spectrum has several unique
features compared to those previously reported in this study.
First, the lowest energy transition starting at 6180 cm?, while
sharp and derivative shaped, is very weak in intensity compared
to the higher energy transitions. Furthermore, there is
tremendous complexity and overlap in the higher energy

This journal is © The Royal Society of Chemistry 2021
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features not observed for the other complexes in this study.
These fine structure features can be attributed to the complex’s
previously reported deviation from ideal O, symmetry. From X-
ray crystallography, this complex contains an inner sphere
cation that interacts with the phenyl component of the
ketamide ligands causing them to pucker. Thus, this complex
demonstrates the sensitivity of the f—f transitions and fine
features observable in NIR C -term MCD to not only ligand type
but also geometric perturbations available from O, symmetry.

Theoretical C-term MCD spectroscopy of f—f transitions of O, U(V)
complexes

The experimental NIR C-term MCD spectra of the O, U(V)
complexes described above demonstrate the detailed fine
structure information that can be extracted in principle. As
demonstrated in our previous C -term MCD studies of the
charge transfer (CT) region of [UCle]-,>® this characterization
method is most useful when the experimental measurements
are coupled with theoretical calculations of the spectra.
However, in the NIR region, these calculations are significantly
more challenging than calculations of CT bands because the f—
f transition intensity in a centrosymmetric environment is
largely governed by vibronic coupling. Despite this challenge,
calculations of the NIR MCD spectra of [UClg]™ and [UFs]~ were
pursued as representative examples of O, U(V) complexes to
evaluate simulations of these f—f transitions and to gain further
insight into the origins of the transitions, fine structure features,
and underlying electronic structure of these complexes.

The relevant expressions from Piepho and Schatz® can be
used to determine the intensity of C-terms, where x is either
the electric dipole (u) or magnetic dipole (m) moment
operator:

=g 2 Fao@ QUL+ 281o@i 0

a,a’,,j
“((Paao(@; Q1xI¥;2;(q; Q)
X (W25 (0 Q1% W40 (q; QD))

In eqn (2), Y(q; Q) represents the wavefunction depending on
electronic (g) and nuclear (Q) degrees of freedom: a and A are
components of the GS (A4) and the ES (J), subscript ‘0’ indicates
that the initial state (GS) A is in the vibrational zero-point level,
while the index ‘j’ characterizes a vibrational sub-state of the
excited state (ES) /. Underlying the separation of the vibrational
and electronic components of the wavefunctions is the Born-
Oppenheimer (BO) approximation, where

|W)2; (@ @) = |¥a(a; D)|x;; (@) 3)

Here, ¥;,(q; Q) and x;;(Q) represent the adiabatic electronic
and the nuclear vibrational wavefunctions, respectively.

The f—f transitions are magnetic-dipole allowed, while at
the same time the vibronic contributions to the MCD via the
magnetic transition-dipole moments (TDMs) can be considered
negligible compared to the vibronic contributions to the electric

TDMs. Therefore, the intensities of the purely electronic

This journal is © The Royal Society of Chemistry 2021
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transitions were calculated from the magnetic transition-dipole
moments according to Piepho and Schatz.5!

(@
€™ = 30T Z Wa'IL + 2STae)

((1/’Aa|m|1/)]/1) (¢]A|m|¢Aa))

The Herzberg-Teller (HT) vibronic coupling model was used to
treat the contributions to the MCD from the electric transition-
dipole moments. Accordingly, a Taylor series expansion of TDM
in terms of the normal modes was set up:

(XAO(Q)|”f1a,]A(Q)|X]j(Q)> (5)
= ﬂia,]a(Qo)(){Ao(Q)|X}j(Q)>

o ]A(Q))

M
) @l @) (@) -
p=1

Qo

In the previous equation, the electric transition-dipole moment
between the electronic states s Mia, 2 (Q) =
(1,[1Aa(q; Q)|u|1p],1(q; Q)), Qo is the equilibrium position of the
M nuclei, and @, is one of the M = 3N — 6 vibrational modes
for a non-linear molecule.

The TDM derivatives in eqn (5) were calculated via a sum-
over-state (SOS) perturbation theory approach:%% 3

) .
30,
Oa dH/0 0

S wielnetpy 2 LO / gglwm
Kk#JA Aa Ri

(P2 |oH /0 0
Z (Whalu Wik ka1|50 _EQOplea
Kk+Aa A Ric

Here, superscript ‘0’ indicates a state calculated at Q = Qq; k
represents the component of electronic state K used in SOS;
and H is the molecular Hamiltonian. The Hamiltonian
derivatives (¢2k|6H/6Qp|l/J]°l) , appearing in eqn (6),
calculated numerically by a central finite difference approach in
the form of d(YR, |H|};)/0Qy, as suggested by Orlandi and
others,®* utilizing a “floating” atomic orbital (FAO) basis that
moves with the nuclei along Qp , while the wavefunction
parameters remain those of the equilibrium structure. Matrix
elements (YR |ue|Y)y) and (Y3, 1ue|P)y) facilitate intensity
“borrowing” from state 1,02,( that has the opposite parity of wga
and 1,[)]0/1. The vibronic TDMs among the spin-orbit (SO)-coupled
states are obtained from a posteriori transformation of spin-
free (SF) ug, ;2 With the coefficients that mix different spin-
states via state interaction. This setup was previously tested in
calculations of vibronic f—f absorption spectra and was found
to perform reasonably well.

The matrix element ()(AO(Q)|QP|)(”(Q)) in eqn (5) are
commonly calculated by expanding the vibrational normal
modes of one of the states in terms of the normal modes of the
other state. Here, we are dealing with the electronic transitions
between LF states involving weakly (anti-)bonding metal 5f

are

Dalton Trans., 2021, 00, 1-9 | 5
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RAS-SO PT2-SO
Complex  AEeec®  AEun” GE AEeiec. AEyipb. ©

[UCle] 6988 -0.476E-04 7048 -0.501E-04
0.156E-03 7130 0.270E-04

-0.208E-03 7162 0.100E-06

-0.190E-03 7349 -0.954E-05

[UFe] 7279 -0.524E-04 7506 -0.510E-04
7413 0.639E-04 7640 0.399E-04

7453 0.575E-04 7680 -0.160E-05

7795 0.139E-04 8022 -0.248E-04

2H-T expansion of the zeroth-order wavefunction uses the experimental geometry
bElectronic (AEekec.) and vibronic (AE.i.) energies are in photon wavenumbers (cm?)
°MCD terms are in Debye

Table 1 RAS-SO vs. PT2-SO Electronic and Vibronic Absorption Energies
corresponding to [>T Excitation® and MCD C-terms for UXs (X = F, Cl)
complexes.

orbitals. Therefore, we assumed the equilibrium structures of
the GS and ESs are essentially the same and the vibrational
wavefunctions |y40) and |)(]j) are approximated as products
of the same harmonic vibrational modes: |£££5 ... &5 ... €% )and
|EFEL ... & ... &) From a recursive relation,® the value of the
integral ()(AO(Q)|QP|)(”(Q)) is non-zero if v, = +1, with a
value of (8m%cv,/h(v, + 1))~ ¥/? forv, = +1, and (8m2cv,/
hvp)‘l/2 for v, = —1. At 5 K, only v, = +1 transitions are
observed because excited vibrational levels are not populated.
Vibronic transitions occur at an energy of AE4q j3 = AES, ;3 +
hv,, where AEf, ;3 is the energy difference between the
electronic states involved in the transition, which is
accompanied by excitation of the p-th vibrational mode.

Ab initio wavefunction calculations were performed using the
Restricted Active Space (RAS) self-consistent field method and a
developers’ version of the [Open]Molcas software.®>% For full
computational details see section S2 in the ESI. In the following, RAS-
SO indicates RAS wavefunction calculations including SO coupling.
Calculations labels as PT2-SO also include corrections to the state
energies from the dynamic electron correlation via 2" order
perturbation theory.

Calculated NIR C-term MCD spectra of [UCl¢]” and [UF¢]™

Employing the theoretical methods described above, NIR f—f
transitions in C-term MCD spectra can be simulated. The calculations
decipher the origin of the spectral features of these complexes,
particularly the importance of the sensitivity of the fine structure
features (shape and sign) to ligand identity.

In the SF picture, the GS of UXg™ (X = F, Cl) is orbitally non-
degenerate 2A,,, while the lowest-energy LF ESs are the orbitally
triply-degenerate 2T, and 2T1,.5%%% In the Oy, double-group, the 2A,
transforms as I'7, the 2Ty, splits into lgand I, and 2Ty, splits into an
g and I under the first-order SO coupling, and the same symmetry
species mix further under the SO coupling such that the GS (I =
60%2A,, + 40%2T,,) acquires some orbital degeneracy through mixing
with spatially degenerate excited spin-states.’”®” The attained
spatial degeneracy of the GS gives rise to a significant contribution of
the C-terms to the MCD spectrum at 5 K. Additionally, along with the
ligand identity, it is interesting to observe the change in fine structure
features and with geometric perturbations and the deviations from
O, point group symmetry, and choice of theoretical methods.
Experimental structures were used for the H-T expansion and
vibrational normal modes obtained from optimized Oy structures
were mapped onto experimental structures (for details see section
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Fig. 4. The f—f LF MCD spectra of UCls: Top: the experimental LF spectrum. Middle: LF
MCD spectra (5 K) calculated with RAS-SO using experimental structure for H-T
expansion. Bottom: LF MCD spectra (5 K) calculated with PT2-SO using experimental
structure for H-T expansion. Calculated ;I transitions were Gaussian-broadened
with FWHM = 25 cm™, I;->Tg transitions were Gaussian-broadened with FWHM = 200
cm?, and ;> T transitions were Gaussian-broadened with FWHM = 150 cm. The sharp
and intense ';->T LF MCD peaks are shown in the inset for clarity. The contributions of
electronic and vibronic transitions are denoted with different colors in the underlying
“stick spectra”.

1.4.3 in the ESI). The corresponding LF spectra for UXs™ (X = F, Cl)
complexes are presented in Fig. S5 and S6 in the ESI and show good
agreement with the experiment. Note, as mentioned above, the first
LF transition ([7—Tg) is out of range of the experimental LF MCD
spectra for UClg™. Therefore, we begin our discussion with the -l
LF transition, which is the lowest energy transition observable
transition in both complexes that has been calculated to have
significant intensity not just from vibronic coupling but also from the
purely electronic magnetic-dipole transition.

[UClg]-. For the [;— [, LF transition in [UClg]-, the
experimental MCD spectrum contains three negative and one
positive fine structure features. The lowest-energy sharp
negative feature is calculated to be the magnetic-dipole allowed
electronic transition, while the higher energy three consecutive
weaker features are the vibronic transitions. The calculated
RAS-SO and PT2-SO simulated MCD spectra for this LF transition
are blue-shifted by ~250 cm™ and 300 cm'?, respectively, which
is well within the error bars of this type of calculation, and fall
within the range of ~6950 - 7350 cm. The calculated
broadened spectra along with the experimental spectrum are
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presented in Fig. 4. Numerical data for the I',—[7 LF transition
are collected in Table 1. In the experimental spectrum, there is
a shoulder to the first vibronic feature at 23 cm™ which does not
correspond to any vibrational frequency, therefore, it was not
reproduced in the calculations. Hecht et al. showed evidence
that this feature could be due to coupling with an unassigned
low energy mode,®® while Ohwada attributed a similar feature
to a rotational or translational lattice vibrational mode.®® The
sign, shape, and energy for all the fine structure features are
well simulated with RAS-SO. However, with RAS-SO, the
magnetic-dipole allowed transitions were less intense than in
the experiment, which is reflected in the relative intensity
between electronic and vibronic transitions. The relative
intensity is better reproduced with PT2-SO, although the third
fine structure feature in this band is very weak and therefore
not visible in the PT2-SO spectrum. The first derivative-like
feature is created by two consecutive electronic and vibronic
(82 cm™) transitions. It is nicely reproduced with both RAS-SO
and PT2-SO, but not when the Oy structure was used for the
zeroth-order wavefunction calculation in the H-T expansion (see
Fig. S7 in the ESI). The sign of the other vibronic fine structure
feature is also opposite to the experiment when Oy, structures
were used (see Fig. S7 in the ESI). Overall, therefore, the LF MCD
spectra are quite sensitive to approximations made in the
calculations, including the choice of structure for the HT
expansion. This indicates that future vibronic MCD calculations
need to be improved and treat Duschinsky rotations and related
effects explicitly.

Likewise, the higher energy I'—[g transition turns out to be
difficult to simulate. The RAS-SO simulated MCD spectrum for
this particular LF transition is blue-shifted by ~400 cm™ whereas
the PT2-SO simulated spectrum for the same is blue-shifted by
~1100 cm™. Unfortunately, the sign of the band is opposite in
the experiment vs. the calculations. We tentatively attribute
this to the fact that the ES is orbitally degenerate in Op
symmetry and may undergo a distortion that we are presently
not able to model.

Going to the highest energy '7—T transition, the RAS-SO,
and PT2-SO MCD features match reasonably well with the
experiment. In the simulated MCD spectra using the
experimental geometry. Both the RAS-SO and the PT2-SO
spectra are blue-shifted by ~750 cm™? and ~1700 cm¥,
respectively, relative to the experiment. However, as pointed
out already, such deviations are not untypical in calculations of
electronic excitation energies with the methods used. The
simulated spectra capture the derivative shape of the band
qualitatively.

[UFs]~. Due to the interest in the I,—I» LF transition, as it is
the only one with significant magnetic dipole character, the
MCD spectrum for this transition was calculated for UFg™ as well
to evaluate the different LF of fluoride. The simulated spectra
along with the experimental spectrum are shown in Fig. 5.
Numerical data for this transition are collected in Table 1. The
calculated RAS-SO spectrum is slightly red-shifted by ~100 cm™
while the PT2-SO spectrum is slightly blue-shifted by ~120 cm™%,
relative to the experiment. Both RAS-SO and PT2-SO predict the
first negative peak is due to the magnetic TDM of the electronic

This journal is © The Royal Society of Chemistry 2021

Dalton Transactions

Expt. ——
MI
£
=]
2
kS 33em 133 cem? 545 cm!
BT
2 -1
= jU P 179 cmv 508 cm!
T T T
7.2 7.4 7.6 7.8 8.0
T T T T T
6 8 10 12 14 16 18
AE/10% emt
Electronic
| | Vibronic
= |
% 133 o 173 om-1 I
> |\ s16cm-1
2
= 0cml
T T T
7.2 7.4 7.6 7.8 8.0
T T T T T
6 8 10 12 14 16 18
AE/10% em?
Electronic
‘\ Vibronic
s '||
g ‘1_, . —
o
3 133 em!
z /.
g s A4
15 0ot 516 em-1
T T T
7.4 76 7.8 8.0 8.2
T T T T T
6 8 10 12 14 16 18

AE /107 cm™t

Fig. 5. The f—f LF MCD spectra of [UFe]™: Top: the experimental LF spectrum. Middle: LF
MCD spectra (5 K) calculated with RAS-SO using experimental structure for H-T
expansion. Bottom: LF MCD spectra (5 K) calculated with PT2-SO using experimental
structure for H-T expansion. Calculated ;T transitions were Gaussian-broadened
with FWHM = 25 cm-1, ;=T transitions were Gaussian-broadened with FWHM = 200
cm, and ;> lgtransitions were Gaussian-broadened with FWHM = 150 cm™. The sharp
and intense ;T LF MCD peaks are shown in the inset for clarity. The contributions of
electronic and vibronic transitions are denoted with different colors in the underlying
“stick spectra”.

transition while the higher energy peaks are vibrionic. Similar to
[UCl¢]~ there is a feature at 33 cm™ that does not correspond to
any vibrational frequency, therefore, it is not produced in the
calculations. Similar explanations®®%° as for the 23 cm™ feature
in [UClg]” apply here as well. The comparison of the calculated
and measured spectra likewise shows that fine structure details
of the MCD can be assigned with the help of the calculations,
but in some cases, even the signs of the vibronic peaks are
challenging to obtain. For the MCD spectra simulated using O
structure see Fig. S8 in the ESI.

Conclusion

Insight into the electronic structure of actinide complexes is
critical to defining the roles of d- and f-orbitals in bonding and
reactivity. Towards this goal, we have focused on the
experimental and theoretical development of low-temperature
C-term MCD spectroscopy to probe f—f transitions in the NIR
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region of U(V) O, complexes, which have been of longstanding
interest for probing electronic structure, bonding, and
covalency in 5f systems. C -term MCD spectra of the f—f
transitions in [UCleg]” and [UFg]™ (and additional non-halide O
complexes) demonstrate the high-resolution low energy
transitions that can be obtained with these methods, including
additional fine structure facilitated by the signed nature of the
transitions. In addition, theoretical methods were developed to
calculate the experimentally observed spectra of the halide
complexes from first principles, providing further insight into
the origins of these transitions and their associated fine
features. Overall, the spectra and simulations reported herein
provide an important platform for the application of MCD
spectroscopy to this widely studied class of U(V) complexes and
identify areas for continued theoretical development.
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