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Emission spectroscopy of uranium(lv) compounds: a
combined synthetic, spectroscopic and computational
studyt

Emtithal Hashem,> Adam N. Swinburne,? Carola Schulzke,® Rachel C. Evans,® James
A. Platts,* Andrew Kerridge,*® Louise S. Natrajan*® and Robert J. Baker*®

Emission spectroscopy has been used for the first time in a spectroscopic study of a family of uranium(iv)
halide complexes in non-aqueous media. The room temperature electronic absorption spectra of the
simple coordination compounds [Li(THF)4][UXs(THF)] (X = Cl, Br, 1), [Et4N]>[UClg] and UCl4 in THF have been
recorded and all transitions assigned with the aid of a comprehensive computational study using CASSCF
and CASPT2 techniques. Excitation into a band of f-d and LMCT character followed by energy transfer into
the 5f-orbital manifold accounts for the UV-visible radiative transitions observed in the emission spectra,
which have been fully assigned as arising from transitions from the 5f'6d’ electronic configuration to
envelopes of states arising from the ground state 52 configuration. The bonding in [Li(THF),][UCls(THF)]
has been further elucidated utilising NBO and AIM calculations which describe the nature of the U-Cl
bond as predominantly ionic with some dative covalent character and substantial overlap between the Cl
3p orbitals and 5f and 6d orbitals on uranium. These studies indicate that the emission spectral fingerprint
of simple U(lv) compounds of Oy, C4, and C,, symmetry are similar and characteristic and may be used as a
diagnostic tool to assign U(1v) species in solution and by inference, in the environment, in the presence of

www.rsc.org/advances [UO,1*.

Introduction

Photoluminescence spectroscopy of complexes of the
lanthanide(m) metals has had a significant and important
impact on materials and bioinorganic chemistry and the
physical processes that give rise to these emissions are well
known and understood." Current understanding of the
corresponding photoluminescence processes of actinide com-
plexes does not approach this level of sophistication.> The
most well defined is the green emission of the uranyl, [UO,]*",
ion which occurs from deactivation of a formally triplet ligand
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to metal charge-transfer (LMCT) excited state. Whilst the
majority of studies have focused on aqueous compounds, this
technique has only recently been applied to non-aqueous
uranyl compounds.® What is clear from these studies is that
the position of the emission band and the radiative lifetimes
can provide valuable insight into the electronic environment at
the uranium centre and, more recently, the degree of
aggregation in solution.’> The later actinide ion Cm®" (and to
a lesser extent Am®") is routinely characterised by time-
resolved laser-induced emission spectroscopy in certain
laboratories as the sensitivity of this technique is useful in
studying small quantities of these highly radioactive materials
in low concentrations.>** There is no obvious physical reason
why uranium(rv) compounds should not also show photo-
luminescence in fluid solution; in solid-state materials (e.g. in
cubic U*" doped LiYF, and Cs,ZrBre) there are a number of
studies that show emission from the highest energy *F, energy
charge-transfer excited-state manifold (5f'6d") to the Russell-
Saunders coupled *H, 5f> ground state and higher lying energy
states derived from the 5f> electronic configuration.’
Kirishima et al. reported the only comprehensive photolumi-
nescence spectrum of U**, as the hydrated ion and suggested
that the ten emission bands originated from the highest
energy 'S, Russell-Saunders coupled state to the lower lying 5>
spin-orbit coupled levels.® Interestingly, computational stu-
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dies indicate that when the highest energy term is corrected
for a large Stoke’s shift (i.e. solvation effects), the assignment
of the emission bands changes considerably,” highlighting the
fact that the intra 5f electronic transitions are very sensitive to
the coordination environment, crystal field and symmetry.®
The open shell nature of these compounds make the assign-
ment of absorption and emission bands challenging, although
analysis based upon the Russell-Saunders coupling scheme
can be used as a good approximation.*?

In terms of synthetic inorganic and organometallic chem-
istry, there has been a substantial body of work published on
U(1v) compounds, and fundamental studies have given greater
insight into the reactivity and electronic structures of these
compounds. In particular organometallic compounds have
been used as a readily tuneable platform for comprehensive
studies on the electronic structure of [Cp ,AnX,] (An = Th, U).
The effect of the o- and 7- type X ligands on the electronic and
magnetic properties has been thoroughly elucidated in a
number of elegant studies.® A probable explanation for the
lack of reports on the photoluminescence of U(1v) species is
that in general the coordinated ligands possess low energy
charge transfer absorptions that can mask f-f transitions. This
is exemplified by the reports of the metallocene ketimide
system [Cp ,U{N=C(Ph)(CH,Ph)},], where no 5f-centered emis-
sion was observed following photoexcitation since decay from
the ligand centered singlet state proceeds directly through the
5f-electron manifold, resulting in efficient quenching of the
emission and lifetimes of picosecond order.*® With the correct
choice of ligands, we postulate that photoluminescence
spectroscopy should be a very useful technique in fingerprint-
ing the +Iv oxidation state of uranium, and for further
elucidation of the electronic structure of uranium(iv) com-
pounds that is complementary to conventional absorption
spectroscopy. In addition, if U(v) can be detected in the
presence of the uranyl ion, the qualitative and quantitative
discrimination of these two oxidation states would have a
significant and substantial impact upon the environmental
detection of these important ions for example, under nuclear
waste repository or soil contamination conditions. There is
currently no simple and scalable analytical technique that can
do this.

With this in mind, it is noteworthy that Maldivi et al.
reported that absorption spectroscopy in trivalent uranium
compounds can provide insight into the degree of 5f-orbital
participation in bonding to ligands.” The participation of the
5f and 6d orbitals in forming covalent bonds is now of great
experimental and theoretical interest.’® Enhanced covalency is
not just of academic interest as it is also postulated to allow for
a methodology to separate the minor actinides Am** and Cm**
from the lanthanides for applications towards current and
future nuclear waste streams.'! In particular it has been noted
that ligands containing softer donor atoms have a higher
affinity for trivalent actinides (U**, Am**, Cm®") over trivalent
lanthanides,'™ and this is thought to be due, in part, to a
greater covalent character to the actinide-ligand bond."
However, recent computational studies cast some doubt on
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the origins of this perceived covalency and suggest that
enhancements in separation factors for the isoelectronic pair
Am(m)/Eu(mm) in particular are due to the coincidental match
of ligand and metal orbitals and not enhanced overlap of the
f-orbitals. This has been termed ‘“near-degeneracy driven
covalency”.*%d

A thorough understanding of the electronic structure of the
actinides is still lacking in some areas. However it is of great
importance since it underpins separation science studies and
further experimental and theoretical studies are required to
fully understand the subtleties of actinide chemistry. In this
contribution we report for the first time the photoluminescent
properties of some simple U(1v) coordination compounds that
have previously been prepared, viz. [Et,N],[UCls] and
[UCI4(THF);], and the synthesis and comprehensive character-
isation of [Li(THF),][UCl5(THF)]. A comprehensive computa-
tional study on the electronic absorption and emission spectra
of these compounds has been carried out using CASSCF
techniques. In addition a thorough analysis of the bonding in
the U-Cl bond is explored via an NBO (Natural Bond Order)
and AIM (atoms-in-molecules) approach.

Results and discussion

Synthesis and structure

In order to probe the use of photoluminescence spectroscopy
of non-aqueous U(1v) species, simple model compounds are
required that have no quenching processes arising from
ligands containing aromatic groups or conjugated entities. It
occurred to us that the well defined [UCI¢]*~ anion would be a
useful starting point; however the high symmetry of this
compound may suggest that any formally symmetry forbidden
bands would not be seen. A reduction in the symmetry around
the metal ion would therefore be more informative. We
reasoned that compounds such as [UCI5(THF)]” and
[UCI4(THF);] (of C4 and C,, symmetry, respectively) would
be more amenable for our initial studies. The compound UCl,
was prepared as described in the literature and all character-
isation data were in agreement with those previously reported.
The reaction of UCl, with one equivalent of dry LiCl in THF,
followed Dby filtration and recrystallisation yielded
[Li(THF)4][UCI5(THF)], 1 in excellent yield as a pale green air
sensitive crystalline solid. The structure of this compound has
previously been reported as a by-product formed during a salt
metathesis  reaction.'>  The  analogous compound
["BusN][UCI5(THF)] has also been previously reported.'* The
corresponding  halides [Li(THF),][UBrs(THF)], 2, and
[Li(THF),][UIs;(THF)], 3, were prepared by the reaction of 1
with Me;SiX (X = Br, I). Whilst the bromide compound was
stable in solution, we found that the iodide was substantially
more air sensitive and only mixtures of [UIs(THF)]” and
[UO,1,]*7, the latter as the major product, were observed by
UV-vis absorption spectroscopy (vide infra), even under
rigorously anhydrous and oxygen-free conditions. Hayton
et al have  prepared the related compound
[H(OEt,),][UIs(OEt,)] and reported that it decomposes in
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donor solvents, but the nature of this decomposition was not
described.” The "H NMR spectra of 1 and 2 in pyridine-ds
show the presence of uncoordinated THF suggesting that this
ligand is rather labile. Due to this, we have been unable to
obtain reproducible elemental analyses as they are consis-
tently low in carbon and hydrogen. There is a single resonance
in the “Li NMR spectra of 1 and 2 in THF at d;; = —2.64 ppm
and —0.97 ppm, respectively, which indicates that in solution
they exist as separated ions, as any interaction with the
paramagnetic uranium centre would be expected to induce
large pseudocontact chemical shifts. The infrared and Raman
spectra show bands that can be assigned to the coordinated
THF molecule, whilst a U-Cl stretch can be seen at 305 cm ™!
in the Raman spectrum. Confirmation of the U(1v) oxidation
state comes from the variable temperature and variable field
magnetic susceptibility of 1, with a region of temperature
independent paramagnetism from 300 to 100 K (fefr = 2.04 g
at 300 K) followed by a precipitous drop in the magnetic
moment (feg = 0.40 pg at 10 K)*° (Fig. S1 and S2, ESIt). This
compares well to the magnetic susceptibility recorded for
[PhsPBu],[UCs] (2.22 pg at 295 K),'” and lower than the value
of 3.38 g expected for a pure *H,4 ground state. This reduction
in effective moment compared to the free ion at room
temperature is common in U(1v) compounds and has been
ascribed to quenching of spin-orbit coupling due to covalent
metal-ligand interactions.

Crystals of 1 suitable for X-ray diffraction were grown and
the metric parameters around the uranium are as reported
previously."*'* One interesting structural feature is that the
Cleq-U-O angles are 85.3° (average) as the uranium atom sits
slightly above the equatorial plane by 0.2 A. The average bond
length (2.60 A) can be compared to the U(u1) compound K,UCl;
(2.80 A)'® and the U(v) compound [UCIs(OPPh;)] (2.47-
2.50 A)." The expected bond lengths, on the basis of the
6-coordinate ionic radii,?® are 2.43 A, 2.56 A and 2.695 A for
U(v), (1v) and (1) respectively, suggesting the bonding in 1 is
primarily ionic. The nature of the bonding in [Cp*,MCl,]'*?
and [MClg]*~ (Cp* = CsMes; M*" = Ti, Zr, Hf, Th, U)*' has
recently been experimentally investigated using Cl K-edge
X-ray absorption (XAS) spectroscopy and for uranium a
contribution of 9% and 18% Cl 3p orbital are involved in the
U-CI bonds, respectively; i.e. a small degree of covalency.

Electronic spectroscopy

Absorption Spectroscopy. The UV absorption spectra in the
range 260-380 nm of 1 and 2 in THF are shown in Fig. 1.
Looking firstly at the spectrum of 1, there are two broad,
intense bands in the UV region at 277 nm and 303 nm and a
shoulder at 331 nm, which are difficult to definitively assign as
they could be due to either chloride to uranium charge
transfer (CT), THF to uranium charge transfer or f — d
transitions, all of which would be formally allowed and give
rise to the large molar absorption coefficients (¢) observed. In
order to make definitive assignments we utilised multiple
lines of characterisation. We have prepared the analogues 2
and 3 (Fig. S3, ESIf) and also exposed these samples to air to
form the uranyl salts [UO,X,]*~, which also aids our spectro-
scopic assignments. Comparison of the UV spectra of 1 and 2
(Fig. 1) clearly indicates that the intense band at 277 nm does
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Fig. 1 UV absorption spectra of 1 (red line) and 2 (black line) in THF at ca. 1
mmol concentration (* indicates uranyl impurity).

not significantly shift upon halide substitution from CI (1) to
Br (2) and can therefore be assigned as an f-d transition,
probably from the ground *H, state into the *F, Russell-
Saunders coupled state (6d t,, orbitals).>’ This is Laporte
allowed and therefore relatively large molar absorption
coefficients would be expected.

The band at 303 nm exhibits a red-shift on halide
substitution (to 322 nm in 2), which indicates that this is
likely to be a CT band containing a contribution from a halide
to uranium charge transfer process. In order to ascertain the
presence and direction of a charge transfer band (i.e. LMCT or
MLCT) we have used cyclic voltammetry (CV). The electro-
chemistry of 1 has been previously reported, with a reduction
potential of —2.75 V (vs. Ag/Ag’ at 298 K) and no observable
oxidation wave."* We observe identical electrochemical beha-
viour, and have re-examined the electrochemistry at variable
temperatures as this enables the thermodynamic parameters
to be extracted. Thus, a plot of the redox potential vs.
temperature allows AS and AH to be determined.>” 1 shows
a well-defined temperature dependence and the thermody-
namic parameters are AH = 464 k] mol ™" and AS = 666 ] mol *
K™' (Fig. S4, ESIf). Entropy is measured directly in this
technique, whilst there are some errors associated with the
enthalpy, it should be taken as a relative measure rather than
an absolute one. Nevertheless, the large enthalpy is to be
anticipated as the redox potential of —2.75 V suggests that 1 is
difficult to reduce. We suggest that the use of temperature
dependent CV may become a useful tool in studying the
thermodynamics of actinide compounds. The electrochemistry
of 2 shows analogous behaviour (Fig. S5, ESIf), with the
reduction potential of —2.03 V for the reduction wave. This
indicates that any charge transfer must be LMCT in character,
and the decrease in the reduction potential for 2 is in accord
with the bathochromic shift observed in the UV absorption
spectrum. The variable temperature electrochemistry gives AH
=336 k] mol™" and AS = 471 ] mol 'K ™", in keeping with the
less negative redox potential observed in 1. Of note is that
under no experimental conditions were we able to observe a
U(1v)/U(v) oxidation in either 1 or 2; the lack of an oxidation
potential has commonly been observed in previous systematic
reports of CV investigations of U(tv) compounds with
o-donating ligands®" as the U(v) species formed is unstable

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Assignment of intraconfigurational f-f transitions in 1 (insert shows
bands in the region 1750-2000 nm).

with respect to disproportionation on the CV timescale.
Important exceptions to this observation are [Cp;U(NEt,)],*
and [(CsH4R);UCI] (R = H, Me, ‘Bu, SiMe;).>* Except for the
mono(amide) complex, the U(1v)/U(v) couple is proposed to be
linked to a subsequent chemical reaction, which presumably
involves disproportionation of the U(v) species. Notably the
UV-vis absorption spectra of the compounds [Et,N],[UCl¢] and
UCl, in anhydrous THF are remarkably similar to 1 and display
absorption maxima at 280 nm, 307 nm, 331 nm ([Et,N],[UCls])
and 260, 290 and 334 nm for [UCI,(THF);]** (Fig. S6, ESIf),
suggesting that the change in symmetry does not have a
noticeable effect and that a THF to uranium charge transfer
band can be discounted.

The bands observed in the visible and NIR region for 1 are
the formally Laporte forbidden f — f transitions of the U*" 5f>
ion (Fig. 2). The molar absorptivity of these bands is typical for
this type of actinide compound (¢ ~ 5-40 M~ ' em™ ') and
higher than observed in lanthanide(ur) complexes due to the
greater radial extension of the 5f orbitals compared to the 4f
orbitals. The spectrum of 1 can be deconvoluted and, using
previously published energy level diagrams derived from
experimental data®® and computational studies (vide infra),
the f-f transitions in 1 can be fully assigned. The highest
energy f-f transition to the 'S, state is likely to be buried under
the more intense bands in the UV region. Interestingly, this
band is significantly lowered upon solvation (U*"(), 221 nm
(45 316 cm ™ '); U*' (4q), 245 nm (40 820 cm ™ ')),”*” and suggests
it may be sensitive to the coordination environment.

An interesting comparison can be made to the [UCIg]*~
anion. Hydrogen bonding is generally sufficient to distort the
geometry so that symmetry forbidden bands can be observed,
albeit with molar absorption coefficients ¢ = 2-5 M~ ' cm ™ ".%®
We initially postulated that a lowering of the local symmetry
from Oy, to C,, in 1 would allow any symmetry-forbidden bands
to be observed. Due to the air-sensitive nature of these
solutions, it was difficult to accurately determine the
concentration, and we anticipate that there may be a reason-
able error associated with our determined ¢ values. However,
the observed colour of equimolar solutions of 1 and [UCle]*~
(Fig. S7, ESIf) supports the rather surprising outcome that
molar absorption coefficients of 1 are lower than [UCI]*".

This journal is © The Royal Society of Chemistry 2013
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Interestingly, there appears to be little difference in the energy
of the bands for both 1 and [UCl¢]>~, which suggests that the
local symmetry is not as important as the coordination
geometry and crystal field effects are not large. Whilst the
uranyl was the major decomposition product in the isolation
of 3, the f-f transitions occur in a region where this ion does
not absorb. These transitions for 2 and 3 are rather similar, as
seen in Fig. S3, ESIf. This is as expected if the crystal field
effects are small, resulting in negligible perturbation of the 5f
manifold.

Photoluminescence Spectroscopy. The emission spectra of
the U(lv) compounds are discussed in this section. It is
important to note that this is only the second example of
emission spectroscopy reported for U(1v) compounds® and the
first in non-aqueous solutions.>® Due to the air sensitive
nature of these solutions, it was difficult to accurately
determine the concentration, so that for all photolumines-
cence spectroscopic measurements the solution concentra-
tions were determined by absorbance spectra which had
typical absorbance of the most intense band at 0.5 absorbance
units; whilst this is generally higher than ideally required for
photoluminescence measurements, the weak U(iv) emission
and the difficulties associated in the handling of these
challenging samples, made this unavoidable. We take the
possibility of self-absorption and aggregate emission into
account in the discussion of our data. Excitation into any UV
absorption band of solutions of 1 in THF (Aex. = 260 to 390 nm)
with continuous wave or pulsed UV-vis light sources produces
identical emission spectra with three, featureless bands
observable in the UV and visible region centred at 365 nm,
421 nm and 518 nm (Fig. 3a). Moreover, reducing the emission
monochromator slit widths (e.g. to <0.5 nm) produces
identical broad emission bands, with no additional structure,
this suggests that excitation into the highest energy absorption
band results in excitation into vibrationally coupled states of
the 5f'6d" configuration, which then relax to a lower energy
level arising from the same electronic configuration resulting
in emission at ca. 365 nm. The two remaining lower energy
transitions at 421 and 518 nm are likely to terminate on
successively higher energy Russell-Saunders coupled states in

1.0 ()

Normalised Emission Intensity
oooo
N3O
1ol 1.1

0.4+
0.2+
0.0

350 400 450 500 550
Wavelength (nm)
Fig. 3 (a) Emission spectrum of 1 in THF (J.ex = 303 nm); (b) emission spectrum of

2 in THF (4ex = 325 nm); (c) emission spectrum of [UCI4(THF)3] in THF (lex = 290
nm), all measured at 298 K (Raman bands have been subtracted).
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the 5f> ground state configuration. This is in agreement with
the U(1v) doped solid state system U : LiYF,,”* although the
photoluminescent spectra are considerably more resolved; an
effect of increased vibrational coupling of the excited electro-
nic states in fluid solution. The compounds 2 and 3 also
exhibit broadly similar emission profiles, albeit with small
blue shifts (ca. 20 nm for 2, Fig. 3b). The emission spectra for
[UCI)*~ (Fig. S8, ESIf) and [UCI,(THF);] (Fig. 3c) are compar-
able, as expected from the similarities in the absorption
spectra. Using the assignments from the absorption spectra
and CASPT2 calculations (vide infra), the bands in the
emission spectra can be assigned as transitions from the
5f'6d" state to the *F; (1, 365 nm; 2, 384 nm; [UCI¢]*~, 364 nm;
[UCL,(THF);], 365 nm), "G, (1, 421 nm; 2, 442 nm; [UCI,]* ",
424 nm; [UCI4(THF);], 408 nm) and *P; (1, 518 nm; 2, 541 nm;
[UCI¢]>~, 510 nm; [UCI,(THF),], 500 nm) 5f> states. However as
the bands are quite broad the emissions are most probably
due to an envelope of energy levels; this is borne out to a
certain extent by analysis of the CASPT2 calculated transitions
and comparison to the assignments in earlier reports on
doped systems. We were unable to measure the quantum yield
for all compounds in this study as the emissions are weak, but
the intensity of these emissions are comparable to the Raman
bands from the solvent; the data in Fig. 3 has these bands
removed, (Fig. S9, ESIf displays the raw data).

All excitation spectra recorded at the respective emission
maxima (ca. 365, 420 and 510 nm) are wavelength independent
and strongly suggest that the emission bands originate from a
common excited state (Fig. S10 and S11, ESIf), which is in
broad agreement with the emission lifetime data. Under the
concentrations measured (absorbance units of 0.2 for the CT
band at 303 nm; ca. 1 pM) there is a small Stokes shift of 10
nm, that may be due to the comparatively high concentration.
The observed emission lifetime of 1 is ~4 ns and is
independent of emission wavelength (365 nm, 421 nm and
518 nm) confirming that each band originates from the same
emissive state. Comparable emission lifetimes are observed
for 2, 3, [UCl¢]*~ and [UCI,(THF);]. We note that the lifetimes
are multiexponential when reconvolution of the kinetic data is
employed (Fig. S12, ESIf) giving lifetime values in the range 2-
10 ns. Such behaviour may suggest that multiple radiative
processes are occurring in fluid solution and that radiative
decay may involve more than one excited state. This is possibly
due to the fact that the emission bands encompass an
envelope of excited state configurations, however we cannot
eliminate a contribution from aggregate emission as the cause
of this deviation from monoexponentiality and further studies
are being conducted. Similar decay kinetics for the analogous
emission bands in [UCI(THF);] and [UClg]’~ were also
measured. By comparison, the emissive lifetimes of the seven
resolvable 5f'6d" — 5f> charge transfer bands in the system
U:LiYF, are 17 ns and for the macrocyclic complex
[U(DO3A)]Br (DO3A = [4,7,10-tris-carboxymethyl-1,4,7,10-tetra-
aza-cyclododec-1-yl]-acetic acid) the radiative lifetimes range
8-12 ns. This indicates that photo-induced electron transfer
from the chloride ions in the complexes 1, [UCls]*~ and UCl,
may act to quench the emission to a certain degree and/or
bimolecular deactivation with labile THF solvent molecules
may increase the rate of radiative decay. However, when
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Fig. 4 Emission spectrum of 1 in THF at 77 K (lex = 303 nm).

compared to the organometallic compound in the metallocene
ketimide system [Cp ,U{NC(Ph)(CH,Ph)},] (Cp" = CsMe;), the
lifetimes are long and easily measured using commercial
instrumentation. Unfortunately, we have been unable to
directly excite into the visible and near infra-red f-f U(1v)
transitions (e.g. at ca. 420, 640, 880 and 980 nm) and observe
emission in all complexes studied, even in more concentrated
solutions (millimolar rather than micromolar) using our
current equipment. This is not unexpected due to the low
molar absorption coefficients observed for these transitions
(Fig. 2).

Low temperature (77 K) emission experiments were also
conducted to enable better spectral resolution such that
transitions to individual energy levels may be assigned. The
77 K emission spectra of all compounds in this study were
consistently observed to be a mixture of U(v) and a uranyl
moiety, assigned on the basis of the diagnostic vibronically
coupled uranyl peak centred at 524 nm (Fig. 4). In order to
ensure that the U(1v) spectrum we observe does not come from
a[UY'0,]*" species, a solution of [Li(THF),][UCI;(THF)] in THF/
pyridine was exposed to air and the room temperature
emission spectrum observed over time (Fig. 5). This clearly
shows the decrease in intensity of the U(1v) species and an
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Fig. 5 Oxidation of 1 in THF/pyridine monitored by the emission band at 518
nm over time (lex = 303 nm; 298 K).
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Table 1 CASPT2 calculated 5f'6d" — 5f2 transitions for [UClg]?~, [UCIs(THF)]~
and [UCI4(THF)s]. Values in parentheses are intensities, relative to the most
intense 3H, transition; values in bold are the experimentally determined
transitions

5f* State / (nm) [UCI¢]*~ 2 (nm) [UCI5(THF)]~ / (nm) [UCl4(THF)s]

*H, 256 (1) 251 (1) 241(1)

°F, 291 (0.33) 290 (0.29) 275 (0.38)

*Hj 304 (0.14) 292 (0.16) 284 (0.17)

°F, 310 (0.14) 310 (0.086) 319 (0.17)

°F, 337 (0.14) 334 (0.14) 323 (0.12)
364 365 365

°Hg 325 (0.04) 334 (0.029) 327 (0.030)

G, 439 (0.017) 428 (0.018) 413 (0.026)
424 421 408

'D, 468 (5.3 x 107°%) 453 (5.0 x 107%) 388 (0.01)

P, 600 (2.7 x 107?) 554 (3.2 x 107%) 494 (5.0 x 10~?)
510 518 500

increase in the vibronically coupled [UO,]** band. After
standing for a period of time, small yellow crystals suitable
for X-ray analysis were deposited in the cuvette and the
structure was determined to be [PyH],[UO,Cl¢] (Fig. S13, ESIY);
the structure is unremarkable, with metric parameters typical
for this ion.** This structure determination proved our
hypothesis that the spectrum is due to the uranyl(vi) ion as
the low temperature emission spectrum of these crystals
dissolved in THF show features that are identical to that
shown in Fig. 5.

CASPT2 study of 5f'6d"'-5f> transitions.

State averaged CASSCF (complete-active-space self-consistent-
field)*" calculations were performed using version 7.6 of the
MOLCAS code.** Dynamic correlation was included via multi-
configurational 2nd order perturbation theory (CASPT2).*?
Whilst DFT calculations show a small degree of covalency in
the U-CI bond (vide infra), the bonding is essentially ionic and
therefore the Cl orbitals are not included in these calcula-
tions.>* All possible 5f> and 5f'6d' configurations were
considered, resulting in 119 states in the absence of spin
orbit coupling, which was included using the RASSI formal-
ism.*® This resulted in a total of 231 spin-orbit coupled states.
Although the reduced symmetry of the complexes considered
in this study means that atomic term symbols cannot be
rigorously defined, the weak ligand field experienced by the
uranium ion means that those dominated by 5f> configura-
tions can be approximated, and these approximate term
symbols are quoted here. Throughout this discussion energies
and states will be given only for [UCI5(THF)] ; for the
corresponding [UCls]>~ and [UCI4(THF);] data, the reader is
referred to Table 1.

The CASPT2 calculations (Fig. 6) reveal that the 5f* and
5f'6d" manifolds interact only very weakly in the presence of
spin orbit coupling, with the exception of the high energy 'S,
5f* state. In the absence of any 5f'6d" contribution this state is
calculated to lie 49 500 cm ™" (202 nm) above the ground state;
inclusion of the 5f'6d" states results in significant stabilisa-
tion, to 42 600 cm™" (235 nm). The extent of the mixing is
revealed when the contribution of the 5f> spin-orbit free terms
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Fig. 6 Computed mean ground and excited state energy levels and assignments
for U** in H,0, [UClg]?>~, [UCIs(THF)]~ and [UCI4(THF)s]. Note a PCM solvent
continuum of H,O was used in the calculations of U**, but no explicit water
molecules ligated to the U(lv) centre were included, meaning the 1S, state may
be artificially high in energy.

to the latter states is considered; this contribution is 24%. The
lowest lying 5f'6d" state is calculated to lie at 38 600 cm ™" (259
nm; ¢f 277 nm in the experimental spectrum) and so clearly,
the 5f'6d" manifold begins at a lower energy than the 'S, state
(Fig. 6). Of the other 5f* states, the highest in energy is
calculated to lie at 28 500 cm ™" (351 nm) and analysis of the
calculated emission spectrum strongly supports the view that
the observed emissions are due to 5f'6d' — 5f> transitions.
Furthermore, the excitation wavelength (/.. = 260 to 390 nm)
implies that the observed transitions originate from the lower
part of the 5f'6d' manifold, most probably the °F, state.
Bearing this in mind, a subgroup of all calculated transitions
was used in order to interpret the observed emission spectra.
This subgroup consisted only of transitions originating from
states in the 5f'6d" manifold lying <44 400 cm™ " (=225 nm)
above the ground state (i.e. just above the calculated position
of the 5f* 'S, state) and having an oscillator strength f > 107>,
This reduced the number of considered transitions from
24 627 to 915. The analysis reveals that the effect of the ligand
environment is to significantly broaden all transitions, and so
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the positions quoted here are obtained as the peak value of all
transitions to a given 5f> state combined.

An intense peak is calculated at 251 nm and corresponds to
a transition into the *H, ground-state of the 5f> manifold. Two
strong peaks are calculated at 290 and 292 nm and correspond
to transitions into the *F, and *H; states, respectively. An
intense peak is calculated at 334 nm and is primarily due to a
transition into the °F; state, with a small component
corresponding to a transition into *Hg. Since there are no
other transitions calculated to be in this energy range, we
assign the experimentally observed transition at 365 nm as
being into the F; state. A weaker transition into the 'G, state
is calculated at 428 nm and is assigned to the observed
transition at 421 nm. There is also a very weak contribution to
this peak from a transition into the 'D, state at 453 nm. At
longer wavelengths, transitions become very broad and weak;
the strongest transition is into the *P; state at 554 nm, which
we assign to the observed transition at 518 nm. No significant
peaks are calculated at longer wavelengths.

On the basis of the experimental and computational results
presented herein, we propose that excitation into a band of
charge transfer and 6d orbital character leads to electron
transfer into the f-orbital manifold. Final evidence that the
emission arises from the f-orbitals comes from the observation
that no photoluminescence spectra are obtained when
[ThCl,(DME),]*® is examined.’” The f-orbitals on the closed
shell Th(wv) ion are known to be much higher in energy and
generally not involved in bonding. Notably, the absorption,
excitation and emission spectra for all the chloride complexes
studied are similar, which supports the argument that in fluid
solution at least, the geometry and local symmetry at the U(1v)
ion have a minor effect on the optical properties of the
complex. However, the CASPT2 data indicate that the energies
and the relative ordering of the Russell-Saunders coupled
levels derived from the 5f> configuration show a degree of
sensitivity to site symmetry and crystal field effects as might be
anticipated for this 5f ion. The observation that emission
spectra of U(iv) can be measured in the presence of [UY'0,]**
may be of substantial benefit in environmental applications.
Importantly, the relatively large quantum yield of uranyl(vi)
emission in a frozen glass means that trace quantities can be
detected alongside U(1v); the U(1v) emission can be removed by
applying a time gate and time delay (e.g. 0.05 ps).

Computational study of the bonding in 1.

In order to gain further insight into the electronic structure of
these compounds, especially degree of covalency in the U-Cl
bonds, we turn to density functional theory (DFT), which is
increasingly being utilised in this field.*® Geometry optimisa-
tion of triplet [UCI5(THF)]  at a number of levels of theory
results in a distorted octahedral geometry with C, symmetry. A
comparison between the calculated and experimentally deter-
mined bond lengths and angles are reported in Table S1,
(ESIf). The DFT geometries generally reproduce the solid-state
geometry, with one short U-CI bond and Cl-U-O angle of less
than 90°, but overestimate the U-O bond length. In addition,
comparison of the experimentally determined U-Cl stretch in
the Raman spectrum (305 cm™ ') against BP86 (289.8 cm™ ")
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Fig. 7 (a) DFT spin density and isosurfaces for o-natural bonding orbitals in (b)
U-Clsx and (c) U-Cleq and (d) n-natural bonding orbitals in orbitals in U-Cleq of
the anionic component of 1.

and B3LYP (294.5 cm™ ') (Fig. S14-S16, ESIf) confirms the
suitability of these methods to describe the bonding in 1.

With this in mind, comparison of o- and B-spin NBOs
demonstrates that the two unpaired electrons in the triplet
state reside in orthogonal f-orbitals on U, thus giving rise to a
highly localised distribution of spin density (Fig. 7a). NBO
analysis leads to an electron configuration on U of [cor-
e]7s%%753%16d"**7p%>° and an overall atomic charge on U of
—0.033. Charges on Cl vary slightly between —0.244 and
—0.230, and the overall charge on THF is +0.202. Thus, NBO
analysis indicates significant charge transfer from THF to U,
and much smaller atomic charges than the formal U(1v)
assignment would suggest. One or more natural bonding
orbitals are found between U and each Cl, and within the THF
unit, but no such overlap is located between U and O. A single
NBO is located between U and the axial chloride, weighted
heavily (83%) in favour of Cl and involving both s- and
p-orbitals on Cl interacting with s-, p-, d- and f-orbitals on U
(Table 2 and Fig. 7b). Orbitals with similar make-up are found
between U and all four equatorial chlorides (Fig. 7c), but here a
second set of orbitals with m-symmetry that consist of Cl
p-orbitals donating into U d- and f-orbitals (Fig. 7d) are also
found.

NBO analysis proceeds by first defining a Lewis structure
that best describes the molecule, and then reporting devia-
tions from this in terms of donor-acceptor interactions
between formally occupied and vacant NBOs. This 2nd-order
perturbation theory analysis indicates significant overlap
between U and O, despite the lack of a formal orbital for this
interaction. This consists of donation from a p-type lone pair
on O into a mixture of d- and f-orbitals on U, whose bond

Table 2 NBO analysis of symmetry unique U-Cl bonds (%)

U/Cl Us/p/d/f Cls/p
U-Cl,y 16.9 / 83.1 20/26/41/14 54 / 46
U-Cleg 17.5/ 82.5 15/17/35/32 52 /48
U-Cleq 10.6 / 89.4 0/10/47 /43 1/99
U-Cleg 17.5/ 82.5 16 /17 / 35/ 32 52 /48
U—Cleq 10.8 / 89.2 0/10/47 /43 1/99
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Fig. 8 HOMO and LUMO a-spin orbitals of 1 at the BP86 level.

energy is estimated at 49.6 kcal mol™'. This perturbation
analysis also identifies numerous but weak donor-acceptor
interactions from chloride lone pairs into formally empty d-
and f-orbitals on U. These are present for all five chlorides, but
their sum is noticeably larger for U-Cl,, (55 kecal mol™") than
the four equatorial chlorides (39-43 kcal mol™?).

The HOMO consists of an f-orbital localised on the uranium
centre with an antibonding contribution to the axial chloride,
whilst the LUMO is a different f-orbital with an antibonding
contribution to the equatorial chlorides (Fig. 8). The HOMO-
LUMO gap of the o-spin is calculated to be 3.83 eV
(30 891cm™"); the corresponding gap for the B-spin is 3.41
eV (39 572ecm™ ).

Atoms in molecules description

Atoms in molecules (AIM) analysis concentrates on the
topology of the electron density, and gives complementary
information to that from NBO. It has begun to be utilised for
actinide compounds.®* AIM analysis looks for bond critical
points (BCP) between two atoms, and the chemical bonding
can be characterised by the properties of these BCPs. Table 3
reports properties evaluated at bond critical points for U-X
bonds in a series of compounds, and for comparison ThCl,
and LaCl,. For 1, p and V?p suggest that these bonds are
predominantly ionic. Variations in p within symmetry-unique
U-Cl bonds are small, but more significant changes are
apparent inV?p and ¢ between axial and equatorial bonds. This
reflects the significant n-character of the latter, which reduces
the overall curvature but increases the asymmetry of the
density at the BCP, but by symmetry, cannot directly affect p.
However, energy density and bond order do not show the
expected increase in strength of the equatorial bonds relative
to the axial one, perhaps reflecting the importance of the
greater second-order interactions in the latter. p in the U-O
bond is significantly less than in all U-Cl bonds. Further

Table 3 Bond critical point properties for selected compounds (values in au)

View Article Online

evidence for the relative weakness of this bond comes from the
zero value of H, indicating a balance of kinetic and potential
energies, and the low value of the integrated bond order; this
supports the experimental observation of the lability of the
coordinated THF. AIM also defines atomic charge by numer-
ical integration of the electron density within each atomic
basin: values calculated in this way are significantly different
to those from NBO and suggest much greater ionicity. U is
found to have an overall charge of +2.26, and chlorides vary
—0.66 to —0.67. THF is very close to neutral (overall charge of
+0.04).

Conclusions

In conclusion, we have shown that simple U(1v) coordination
compounds are emissive at room temperature and these
transitions can be assigned on the basis of experimental and
computational assignments of the absorption spectrum.
Notably for the first time the f-f transitions in the electronic
absorption and emission spectra can be unambiguously
assigned via a CASSCF study. The emission spectra can be
explained by excitation into a band of charge transfer and
d-orbital character followed by rather inefficient electron
transfer to the 5f-orbitals. The lifetimes for these compounds
are all in the range of 2-10 ns and multiexponential, hinting at
deactivation  and/or  quenching  processes.
Interestingly the emission for U(v) can be observed in the
presence of U(vi), which may be of significant interest in
environmental applications. Finally a comprehensive compu-
tational investigation of the bonding in [Li(THF),][UCls(THF)]
(1) has shown that although mainly ionic, there is a
contribution to the U-Cl bond from the 5f and 6d orbitals of
up to 17%. A m-interaction of mainly U 5f and 6d character and
Cl p orbital has been observed. An AIM analysis of the bonding
confirms the presence of this interaction.

complex

Experimental details

General methods

Caution! Natural uranium was used during the course of these
experiments. As well as the radiological hazards, uranium is a
toxic metal and care should be taken with all manipulations.

Compound p V’p € H Bond Order Ref.
1 U-Clay 0.072 +0.165 0.004 —0.019 0.78 this work
U—Cleq 0.070 +0.142 0.090 —0.017 0.75
U—Cleq 0.071 +0.143 0.096 —0.018 0.76
U-0 0.046 +0.132 0.132 0.000 0.31
CpsU U-C 0.034 +0.089 2.11 —0.001 n.r. 39a
Cp;U U-C 0.040 +0.115 1.31 —0.003 n.r. 392
ThCl, Th-Cl 0.081 +0.157 0.011 —0.024 n.r. 39a
LaCl, La-Cl 0.066 +0.159 0.009 —0.011 n.r. 39a
[(Tren)U-RuCp(CO),] U-Ru 0.0425 +0.0605 n.r. —0.008 n.r. 30d

This journal is © The Royal Society of Chemistry 2013
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Experiments using uranium materials were carried out using pre-
set radiological safety precautions in accordance with the local
rules of The University of Manchester or Trinity College Dublin.

All manipulations were carried out using standard Schlenk
and glove box techniques under an atmosphere of high purity
argon. "H and “Li NMR spectra were recorded on a Bruker
AV400 spectrometer operating at 400.23 MHz and 155.54 MHz,
respectively, and were referenced to the residual 'H reso-
nances of the solvent used or external LiCl. IR spectra were
recorded on a Perkin Elmer Spectrum One spectrometer with
attenuated total reflectance (ATR) accessory. Raman spectra
were obtained using 785 nm excitation on a Renishaw 1000
micro-Raman system in sealed capillaries. Thermal scans of
magnetization in a 100 mT field from 4-300 K were carried out
using a 5T Quantum Design MPMS XL SQUID magnetometer.
Powdered samples were mounted in gel caps, which have a
temperature-independent diamagnetic susceptibility, in a
glove box and the gel caps were placed in sample straws for
the measurement. Diamagnetic corrections were made using
Pascal’s constants.’® Multiple measurements were taken to
ensure reproducibility. Electrochemical measurements were
undertaken with an AUTOLAB PGSTAT12 potentiostat/galva-
nostat using a platinum disc electrode with a reaction surface
of 1 mm?® as working electrode. A platinum rod electrode
(together with internal referencing versus [Cp,Fe]”") was used
as a reference electrode and a platinum knob electrode as
auxiliary electrode. All measurements took place in a glove box
under an atmosphere of high purity nitrogen, ["Bu,N]|[BPh,]
(0.1 M) was used as electrolyte. X-ray crystallography was
measured on a Rikagu Saturn diffractometer. The structures
were solved by direct methods and refined on F> by full matrix
least squares (SHELX97)"" using all unique data. Crystal data,
details of data collections and refinement are given in Table
S2, ESIf. UV-vis/NIR measurements were made on either a
Perkin Elmer Lambda 1050 spectrometer or a double-beam
Cary Varian 500 scan UV-vis-NIR spectrophotometer over the
range 300-1300 nm using fused silica cells with a path length
of 1 cm. Steady-state emission spectra were recorded in
Young’s tap appended quartz cuvettes on an Edinburgh
Instrument FP920 Phosphorescence Lifetime Spectrometer
equipped with a 5 watt microsecond pulsed xenon flashlamp
(with single 300 mm focal length excitation and emission
monochromators in Czerny Turner configuration) and a red
sensitive photomultiplier in peltier (air cooled) housing
(Hamamatsu R928P) or on a Horiba-Jobin-Yvon Fluorolog-3
spectrometer. Lifetime data were recorded following 375 nm
and 405 nm excitation with an EPL 375 and EPL 405
picosecond pulsed diode laser (Edinburgh Instruments), using
time correlated single photon counting (PCS900 plug-in PC
card for fast photon counting). Lifetimes were obtained by tail
fit on the data obtained or by a reconvolution fit using a
solution of Ludox® in water as the scatterer, and quality of fit
judged by minimization of reduced chi-squared and residuals
squared.

Uranium stocks were obtained from the Centre for
Radiochemistry Research (CRR) isotopes store at The
University of Manchester or TCD’s stocks. THF was distilled
over potassium whilst ds-pyridine was dried over Na, distilled
and degassed immediately prior to use. Spectroscopic mea-
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surements used spectroscopic grade solvents which were
purchased from commercial sources and dried over potassium
or potassium/benzophenone, molecular sieves and thoroughly
degassed before use. [UCI,(THF);]*> and [EtyN],[UCIlg]** were
made via the literature procedures whilst all other reagents
were obtained from commercial sources. LiCl was dried by
refluxing in freshly distilled SOCI, overnight, washing with
copious CH,Cl, and finally drying under vacuum. Me;SiX (X =
Br, I) was dried over 4 A molecular sieves and freeze-pump-
thaw degassed immediately prior to use. Attempts at obtaining
elemental analysis were consistently low in C, H and O, due to
the lability of the solvated THF.

Preparation of [Li(THF),][UCI5(THF)], 1. To a suspension of
LiCl (11 mg, 0.26 mmol) in THF (10 cm?®) was added a solution
of UCl, (100 mg, 0.26 mmol) in THF (10 cm®) and this was
stirred for 24 h. The resulting green solution was filtered and
the solvent reduced in volume. Placement at —30 °C overnight
yielded pale green crystals suitable for X-ray diffraction (150
mg, 0.19 mmol, 74%). MPt: 145-148 °C; Raman (cm ™ '): 1185,
1138, 1027, 997, o(THF) 305, v(U-Cl); UV-vis-NIR (& (mol dm >
ecm™'): (THF, ~0.36 mmol) 277 (832), 303 (1384), 331 (258),
(THF, ~3.6 mmol) 404 (0.76), 428 (1.11), 452 (2.39), 484 (0.87),
599 (3.72), 627 (2.25), 655 (1.21), 667 (2.14), 778 (1.59), 909
(0.59), 1098 (7.81), 1227 (0.62), 1356 (1.60), 1571 (4.80), 1843
(15.83), 1970 (7.14) nm. dy; (THF, 298 K): —2.64 ppm.

Preparation of [Li(THF),][UBr5(THF)], 2. To a solution of 1
(50 mg, 0.064 mmol) in THF (5 cm®) was added Me;SiBr in
excess. The solution was stirred for 24 h and the solvent
removed in vacuo. Dissolution in THF and placement at —30
°C overnight yielded dark green powder (42 mg, 0.042 mmol,
66%) UV-vis-NIR (¢ (mol dm > em™"): (THF, ~0.36 mmol): 277
(889), 325 (617), 350 (170), 433 (0.22), 464 (1.05), 483 (0.37), 554
(0.11), 614 (0.98), 632 (1.05), 664 (0.31), 670 (0.56), 795 (0.36)
nm; oy; (THF, 298 K): —0.97 ppm.

Preparation of [Li(THF),][UIs(THF)], 3. To a solution of 1 (50
mg, 0.064 mmol) in THF (5 cm®) was added Me;Sil in excess.
The solution was stirred for 24 h to give a pale yellow solution.
The solvent was removed in vacuo and dissolution in THF
followed by placement at —30 °C overnight yielded a yellow
powder that contained 3 and [Li(solv)],[UO,1,] which could not
be separated. Spectroscopic data were obtained on this
mixture. UV-vis: 252, 295, 365, 597, 626, 653, 669, 776 nm;
Emission spectrum (THF, 298 K): 354, 412, 508, nm.

Computational details

DFT geometry optimisation was performed on a single molecule
of [UCI5(THF)], extracted from the crystal structure, at the
unrestricted BP86/def2-TZVP**** level using Turbomole*®
within C, symmetry. Scalar relativistic effects in uranium were
included through use of effective core potentials, as defined for
this basis set. Spin contamination was not significant, with
values of S within 1% of the anticipated value of 2.00. Further
single-point DFT calculations were performed in Gaussian09*’
using the BP86 and B3LYP*® functionals. The (27 s 24p 18d 14f 6
(2)/[8s 7p 5d 3f 1g] all-electron ANO-RCC basis sets of DZP
quality were used for uranium,*® with 6-31+G(d,p) on C, O, H
and CL>° Scalar relativistic effects were included via the second-
order Douglas-Kroll-Hess Hamiltonian.>! Natural bond orbital
(NBO) analysis®® was performed using Gaussian09; Atoms-in-
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Molecules (AIM) analysis used AIMAIL>® Topological analysis of
the electronic density (p) is based upon those points where the
gradient of the density, Vp, vanishes.>* In this work we consider
points where one curvature (in the inter-nuclear direction) is
positive and two (perpendicular to the bond direction) are
negative, termed (3, —1) or bond critical points. Properties
evaluated at such points characterise the bonding interactions
present. The second derivative of p or Laplacian, V?p, and the
bond ellipticity, the ratio of the two negative curvatures, are
reported, as is the local energy density, H, defined as the sum of
the kinetic and potential energy densities. An electron density
(p) of 0.2 a.u. or greater typically signifies a covalent bond and
less than 0.1 a.u. indicates closed shell (ionic, Van der Waals
etc.). The Laplacian of this function (V?p) is typically signifi-
cantly negative for covalent bonding and positive for closed
shell interactions. The ellipticity, ¢, measures the shape of the
electron density distribution in a plane through the BCP and
thus determines the degree of cylindrical symmetry in a bond. H
is the total energy density (kinetic + potential energy) and is
typically negative for covalent bonds. This reveals whether
accumulation of electronic density is stabilising (E < 0) or
destabilising (E > 0). Integrated properties of atoms were
checked for numerical accuracy via the basin integral of the
Laplacian, which should vanish for properly defined atomic
basins (all values 10~ * or less), and also by comparison of the
sum of all atomic integrals with directly calculated molecular
values. Integration of the overlap matrix over atomic basins can
be used to derive covalent bond order, as set out by Angyan
et al® State averaged CASSCF (complete-active-space self-
consistent-field)*® calculations were performed using version
7.6 of the MOLCAS code.”” Calculations were performed using
the all-electron ANO-RCC basis set,”® of polarised triple-zeta
quality, and scalar relativistic effects were included via the
Douglas-Kroll-Hess Hamiltonian.’® In these calculations, the
two open shell uranium electrons were explicitly correlated in
an active space of thirteen orbitals, comprising the 5f, 6d and 7s
uranium orbitals. Dynamic correlation was included via multi-
configurational 2nd order perturbation theory (CASPT2).** A
Polarisable Continuum Model was utilised for U(tv).
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