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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

View Article Online

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 calc