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ABSTRACT: We report here the first detailed experimental and theoretical investigation of hexavalent uranium in various
local configurations with high-energy-resolution fluorescence-detected X-ray absorption near-edge structure at the M4 edge.
We demonstrate the pronounced sensitivity of the technique to the arrangement of atoms around the absorber and provide
a detailed theoretical interpretation revealing the nature of spectral features. We show that for all local configuration ana-
lyzed, the main peak corresponds to non-bonding 5f orbitals, and the highest energy peak corresponds to anti-bonding 5f
orbitals. Our findings are in agreement with the accepted interpretation of uranyl spectral features and embed the latter in
the broader field of view where the spectra of a larger variety of U¢*-containing samples are interpreted on the same theoret-

ical ground.

Introduction

In the investigation of actinide-based compounds, the appli-
cation of M4s edges X-ray Absorption Near-Edge Structure
(XANES) in the High-Energy-Resolution Fluorescence-De-
tected (HERFD) mode is acquiring increasing popularity -
12, By probing the 5f electronic structure directly, this tech-
nique is very appealing to investigate fundamental proper-
ties of actinides, whose knowledge lags behind that of more
stable elements. The progressive filling of the 5f electronic
shell along the actinide series is at the base of the fascinat-
ing variety of actinide chemistry. Different from the 4f shell,
which due to the screening of outer-lying occupied shells is
almost core-like and weakly influenced by the atomic sur-
rounding, the 5f shell extends out from the atomic core in
the valence region. It is consequently more prone to partic-
ipate to bonds.!3 As a result, the first half of the actinide se-
ries exhibits many stable oxidation states and a great vari-
ety of local coordination geometries compared to lantha-
nides.!* Determining the 5f shell occupancy and the degree
of its involvement in bonds is fundamental to understand
and control actinides chemistry.

In this respect, a central role is played by Ma,s edges HERFD
XANES, a powerful tool to interrogate actinide 5f electronic
structure directly. Their sensitivity to the oxidation state is
well established and strongly founded on the comparison
with references of well-known valence and calculations tak-
ing into account electron-electron correlations.»>16 Con-
versely, extracting information on the local environment
and the covalency of bonds is less obvious. Performing the-
oretical calculations that reproduce the observed experi-
mental data is often necessary to have an insight into these
properties. Calculating the M4s HERFD XANES of actinides
is particularly challenging, since electrostatic interactions,

spin-orbit coupling, and interaction with ligands are all rel-
evant for the 5f states. As the former are the strongest inter-
actions, the appropriate theoretical approaches are the
atomic multiplet theory or more sophisticated methods that
can treat multi-electronic effects.15-18 At the same time, ac-
tinides chemistry comprises cases of great relevance where
the 5f shell is empty or singly occupied, the most prominent
example being U¢*. These simpler cases can elucidate the
sensitivity of M4s spectral shape to local environment and
bond covalency by Density Functional Theory (DFT) based
methods, which naturally account for the local environment
and calculate the electron density involved in bonds.

In this work, we report an in-depth study of M4 edge HERFD
XANES spectra of four U¢* compounds where U local coordi-
nation varies from almost perfect octahedral (On), i.e., ura-
nate, to compressed octahedral (D) and distorted hexago-
nal bipyramid (D34) presenting shorter U — O bonds similar
to the trans-dioxo uranyl ion. Experimental HERFD XANES
exhibit marked differences that can be well reproduced
with DFT-based XANES calculations. Inspection of the un-
derlying U f-density of states (DOS) guides the assignment
of spectral features to specific f-orbitals and provides in-
sight into the bonding with neighbouring ligands.!* We have
compared the DFT results with crystal field multiplet theory
calculations using various point group symmetries and the
interpretation of spectral features is confirmed.

Altogether, the present work is a comprehensive study on
the dependence of U¢* M4+ HERFD XANES spectra on local co-
ordination in a variety of local symmetries. A unified picture
emerges on the high sensitivity of this technique in probing
the splitting of 5f orbitals induced by the specific arrange-
ment of ligands. The possibility to accurately reproduce



with DFT calculations the trends correlated to local coordi-
nation offers a powerful tool for U Mss HERFD XANES anal-
ysis, which can be extended to actinides with empty and sin-
gly occupied 5f-shell.

Experimental and Computational details

Details on sample preparation and characterization can be
found in ref. 20 for CaUQ4, Sr3UOs and SrUO4 and ref. 21 for
Cs2U02Cls. XRD showed that each compound was single
phase and well crystallized.

For X-ray measurements, few mg of sample powder were
mixed with boron nitride and pressed as a pellet. M4 edge
HERFD XANES spectra were collected at the beamline ID26
of the European Synchrotron Radiation Facility (ESRF).22
The incident beam energy was selected by a Si(111) double
crystal monochromator. Rejection of higher harmonics was
achieved by three Si mirrors at an angle of 3.5 mrad relative
to the incident beam. XANES spectra were measured in
HERFD mode by recording the intensity at the maximum of
the U Mp emission line (3336.0 eV) as a function of the inci-
dent energy. The emission energy was selected by an X-ray
emission spectrometer equipped with five spherically bent
Si(222) crystal analysers. All spectra were acquired at the
same time except Cs2U02Cls, measured in a different exper-
imental session. The latter was aligned to the other samples
based on references common to both experiments.

FDMNES calculations?324 of the U M4 edge XANES were per-
formed with the Finite Difference Method (FDM), consider-
ing a cluster of 6.0 A around the absorber. Within this clus-
ter, the atomic potential was calculated self-consistently.
Atomic coordinates were taken from structural data depos-
ited in the International Crystal Structure Database
(ICDS).25 Scalar relativistic and spin-orbit effects were in-
cluded and the impact of the core-hole on the spectral shape
evaluated with the help of the screening parameter. Pro-
jected DOS were calculated together with XANES spectra.
When required, the atomic coordinates of the clusters
around the absorber were rotated to have the U - O short
bonds along the z-axis and the basis-set correctly oriented
with respect to the local symmetry. The convolution param-
eters were set to reproduce the sharpening obtained with
HERFD mode (Gamma_hole = 0.2 eV, Gamma_max = 0.5 eV).
An example of FDMNES input file is provided in the Supple-
mentary Information (SI).

Crystal field multiplet (CFM) calculations for U¢* in On and
Dan symmetry were performed with the code Quanty,?¢ us-
ing the input file generated with Crispy interface.2’” The
crystal field strength was tuned by setting directly the ener-
gies of the 5f orbitals belonging to the different irreducible
representation. The CF parameters and the Slater-Condon
integrals for the initial and final states were kept the same.
The strength of the integrals was set to 0.4 after testing val-
ues between 0.8 and zero. The inclusion of hybridization
was tested and strong correlation between CF and hybridi-
zation parameters was found. Since a unique set of parame-

ters for CF and hybridization could not be determined, re-
sults including only CF are presented. CFM calculations
were convoluted with a Lorentzian and a Gaussian function,
with a FWHM of 0.5 eV. An example of input file is provided
as SI.

Results and Discussion

Hexavalent uranium (U®*) plays a crucial role in actinide
chemistry. The hexavalent is the most frequent state of ura-
nium in solution and the solid-state as it is the most stable
oxidation state adopted by uranium. Its speciation and
chemistry are fundamental for uranium-based nuclear
fuels, safe nuclear waste disposal, and radionuclides diffu-
sion in the environment. In solution, U¢* is found in the
trans-dioxo uranyl moiety, forming ultra-shortlinear bonds
with two oxygen atoms. When incorporated in the solid-
state, it exhibits a great flexibility of bonding, giving rise to
an extremely rich structural topology that has been thor-
oughly investigated in the works by Burns and collabora-
tors.1428 When bound to 7 or 8 ligands, U¢* is always found
as uranyl. However, the arrangement of the rest of the lig-
ands, the length of bonds, and the linearity of the uranyl unit
can vary significantly. When surrounded by 6 anions, U+
can assume an almost regular octahedral configuration, re-
ferred to as uranate, or a compressed octahedral symmetry
with two shorter and 4 longer bonds. More rarely, it can also
be found in a sort of anti-uranyl configuration, with 4
shorter and 2 longer bonds.??

The four compounds investigated in this work are Sr3UQOs,
CaUQy4, B-SrU04, and Cs2U02Cls and are representative of the
diversity of local coordination assumed by hexavalent ura-
nium. The unit cells, the local coordination of U¢* and the
nearest neighbour distances are shown in Figure 1. From
left to right, the structures are ordered according to the de-
crease of the shortest U - O bonds. In SrsUO¢ uranate, U¢* is
in almost perfect octahedral symmetry, with only 0.034 A
maximum difference between U - O bonds. In CaUO4, U®* is
surrounded by 2 O atoms, forming short and linear U - O
bonds (1.961 A) and 6 O atoms at longer distance (2.295 A)
uniformly distributed around the equatorial plane. More
precisely, they are alternatively scattered off the equatorial
plane by +13°, giving a D34 local symmetry. The difference
between longest - shortest U - O bonds is 0.33 A, ten times
larger than in uranate. In B-SrUO4, U is at the centre of a
compressed square bipyramids with 2 shorter apical (1.877
&) and 4 longer equatorial (2.186 - 2.205 A) bonds in Dan
local symmetry. The maximum difference in bond length is
0.33 A. U6* in Cs2U02Cla is also in Dan local symmetry, with
two shorter U - 0 bonds (1.78 A) and 4 longer U - Cl bonds
(2.665 - 2.687 &) on the equatorial plane. The difference be-
tween long and short bonds is 0.9 A. Following the classifi-
cation of Burns et al.,' reporting 1.816 A as the average ura-
nyl bond length in U%* compounds with 6 ligands, Cs2U02Cl4
contains uranyl, B-SrUO4 is intermediate between uranyl
and uranate and SrsUQe is holosymmetric. CaUO4, similarly
to B-SrU04, represents an intermediate case.
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Figure 1: Unit cell (top) and local coordination of U and bond distances (bottom) for the set of compounds under study.

The topology of U polyhedra in the set of compounds is also
different. B-SrUO4 and CaUO4 exhibit layers of polyhedra in-
tercalated by alkaline ions. Sr3UOs and Cs2U02Cls are among
the rare compounds where polyhedra are isolated.*

U M+ HERFD XANES spectra of the four compounds are
shown in Figure 2 (thick lines). Calculated XANES (thin
lines) and f-DOS (dotted lines) obtained by FDMNES are
also shown and will be discussed in the following. A first ex-
amination of the spectra indicates that significant differ-
ences modulate a somewhat similar spectral shape. All
spectra present a sharp rise of the absorption at the same
energy, followed by a steep decrease of intensity interca-
lated by spectral features and terminating with a low-inten-
sity peak. The energy separation between the first and the
last peak and the number of features in between are system-
dependent. In SrsUO¢ and Cs2U02Cls, three peaks are well
distinguished and labelled A, B and C. In B-SrU0O4 and CaUOQ4,
only A and C can be identified, with B-SrUOs presenting two
shoulders in between while no additional feature is distin-
guished for CaUOa.

The most striking difference is the increased energy of
peaks C, which shifts of 3.6 eV going from Sr3UOs to
Cs2U02Cls. Spectra are ordered from top to bottom accord-
ing to decreasing length of the shortest U - O bond, suggest-
ing that the energy of peak C might correlate with it. This
correlation is indeed well-established in the case of uranyl
compounds, represented here by Cs2U02Cls. In an early pub-
lication showing conventional U Ms XANES of uranyl, peaks
B and C were assigned to the fr* and fo* anti-bonding mo-
lecular orbitals of the U-Oy moiety.* This assignment was
then confirmed and put on solid ground by polarization de-
pendent HERFD XANES at U M4 edge supported by molecu-
lar orbital calculations on Cs2U02Cls.2! Many subsequent
works using U M4+ HERFD XANES and EXAFS data confirmed
the correlation between the length of the uranyl bond and
the position of peak C.?3031 A shift of C to lower energy was
observed upon dehydration of studtite and associated to the
elongation of the U-Oy bonds and DFT-based calculations
supported the results.3! Uranyl compounds have been fre-
quently studied with M4s HERFD XANES and uranyl spectral
shape, characterized by three well-separated peaks, is well-
known and exploited to detect its presence. On the contrary,

Mass HERFD XANES investigations on hexavalent uranium in
other local configurations are rare3? and this is the first
work reporting a direct comparison of U+ in different local
configurations. A important remark is that the three peaks
are also characteristic of uranate and that more than three
structures may be observed in systems with very short U-O
bonds similar to uranyl.

To prove the sensitivity of M4s HERFD XANES to the local
coordination environment, we performed FDMNES calcula-
tions starting from the crystal structures of the four com-
pounds. The results are reported in Figure 2, where calcu-
lated spectra have been aligned experimental data. The
agreement is remarkably good, and all major features are
reproduced by the calculations. In particular, the shift of the
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Figure 2: Experimental (thick line) and simulated (thin line) U
M4+ HERFD XANES for all samples. The corresponding U f-DOS
are reported below each simulation (dotted line). The shifts of
peak C along the set are reported highlighted by a vertical line.



peaks C and the different number of structures observed in
between. The relative position of A and C is rather well re-
produced for all compounds. Three peaks at the correct en-
ergy are simulated for SrsUO¢ and Cs2U02Cls. A single struc-
ture is observed in the simulation of CaUO4 between peak A
and C, while multiple shoulders are predicted for 3-SrU0O4 in
good agreement with experimental data. The fact that the
main trends observed experimentally, i.e.,, number, position,
and relative intensities of features, are reproduced by cal-
culations confirms that the different local environment are
responsible for the variations observed. Inspection of each
simulated compound reveals however minor discrepancies,
mostly related to the intensity of peaks. The intensity of
peak A in Sr3UO¢ uranate is underestimated. In the experi-
mental data of CaUO4, the spectrum is steeply decreasing af-
ter peak A, while a structure can be distinguished in the sim-
ulation. The position of the shoulders in 3-SrU0O4 is not per-
fectly matching experimental data and, finally, the asym-
metry of peak A in Cs2U02Cls, which has a shoulder on the
high-energy side, is not well reproduced. These differences
may be ascribed to two main causes. The discrepancies
mentioned for CaUO4 and Cs2U02Cls are compatible with an
incorrect selection of the f-DOS participating to the XANES,
as suggested by the presence of peaks in the f-DOS of
Cs2U02Cls in correspondence of the missing shoulder (Fig-
ure 2 and Figure S1). We recall that due to selection rules,
the M4 edge probes only partially the f-DOS, i.e.,, the 5fs,2
contribution. A similar discrepancy between FDMNES cal-
culations and data has been observed by the authors at the
M4 edge of ThO2.33 The second source of discrepancies can
be the real local structure of U compared to the average
structure represented by the crystal structure. Indeed,
EXAFS showed that the first U-0 distance is slightly shorter
compared to the value from PXRD results (2.04 A instead of
2.07 A)20 and the intensity of the first peak in the XANES
simulation increases if the local structure is modified ac-
cording to EXAFS results. The improved spectrum is shown
in Figure S2.

The f-DOS allows ascribing spectral features to specific f-or-
bitals and compares FDMNES results with the splitting ex-
pected from the local symmetry. Figure 3 reports the split-
ting of f-orbitals under On and Dsn symmetry. In On sym-
metry, the f-orbitals split in three irreducible representa-
tions. The tiu group is the highest in energy and comprises
three orbitals fi3, fy3 and f:3 directed towards the ligands,
placed at the centre of the face of a cube surrounding U. The
azuirreducible representation comprises only the fxy, orbital
whose lobes points to the corner of the cube.3* In Dsy sym-
metry, f-orbitals split in 5 groups. The energy of the f;3 or-
bital, now azy, is raised due to the shortening of bonds along
the z-axis and becomes the highest in energy. The fyy. or-
bital, now b1y, remains the orbital with the weakest super-
position with ligands and is still expected to be the lowest
in energy. Figure 3 shows the f-DOS calculated for Sr3UOs
uranate (On) and Cs2U02Cl4 uranyl (D4n) for the final calcu-
lations, using a fully screened and a partially screened
(Screening = 0.6) core-hole (CH), respectively. To assign the
spectral features to pure f-orbitals and highlight the effect
of the CH, the U f-DOS is calculated in the absence of spin-
orbit coupling and CH potential. Inclusion of the CH in-
creases the relative separation of peaks and modulates their
intensities. We notice that the f-DOS
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Figure 3: Top: Scheme of the splitting of f-orbitals under O (cu-
bic set) and Da4n (general set) symmetry. Bottom: experimental
data (top - black line) of Sr3U0Os and Cs2U02Cls4 are compared
with XANES calculations obtained in the presence of a screened
core-hole (blue thick line) and the corresponding U f-DOS (blue
thin line). To assign feature to symmetry split orbitals and high-
light the effect of the CH, the U f-DOS in the absence of spin-
orbit and CH is shown on the bottom (thin black line). The ver-
tical dotted line marks the shift of the higher energy peak.

has three groups of very sharp peaks that can be assigned
to the splitting of the f-orbitals in On and Dsn symmetries, as
indicated by labels in Fig. 3. The order in energy agrees with
geometrical considerations. Peaks A, B, and C of Sr3UQs ura-
nate are assigned to azu, tzu and tiu orbitals. Peak A reflects
therefore a single f-orbital, fxy;, while two groups of three
orbitals are beneath features B and C. Interestingly, below
peak C, the three orbitals are slightly split, reflecting the dif-
ferent distances of O atoms (0.034 A) from the central U. In-
deed, this splitting causes the asymmetry of peak C ob-
served in experimental data. In contrast, a more symmetric
peak C is expected for a regular UOs octahedron. The asym-
metry is well reproduced by utilizing U-O distances from
EXAFS (Figure S2). In Cs2U02Cl4 several f-orbitals are found
below peak A, i.e., b1y, b2u and one eu. In the final simulation
they split in two groups, in agreement with the observed
asymmetry of peak A. However, the XANES calculation un-
derestimate the intensity of the second group and the shoul-
der observed experimentally is not well reproduced. Peak B
corresponds to the second ey orbital group (fxz2 and fyz2), and
peak C to azu (fz3). These f-orbitals are the same as the fr*
and fo* anti-bonding molecular orbitals of the uranyl
ion.#3135 Qur results further confirms previous assign-
ments. Interestingly, the CH effect is fundamental to obtain
good agreement in the relative energy position of peaks.
Previous calculations based on molecular orbitals or DFT



indeed underestimated the separation between A and C,
probably because of the absence of the CH effect.2131

XANES calculations and corresponding f-DOS for the full set
of compounds are reported in Figure S1. It is interesting to
notice that CaUOs and B-SrUO4 are better reproduce when
the CH effect is neglected, and calculations reported in Fig-
ure 2 correspond to the case where the CH is not included
(middle curves Fig. S1). Indeed, the CH has a remarkable ef-
fect on peak intensities and results in poor agreement with
the experimental data. This fact suggests that the CH is bet-
ter screened in these systems compared to SrsUOs uranate
and Csz2U02Cls uranyl, a difference that may correlate with
the topology of the samples, since the effect of the CH is
more (less) pronounced for samples where U polyhedra are
isolated (connected in corner-sharing sheets). This may in-
dicate that after the creation of the CH, the U polyhedra
neighbouring the absorber may furnish additional charge
for screening. Figure S1 also reports the f-orbital contribu-
tions. The scheme with the f-orbital splitting in the D34 sym-
metry is reported in Figure S3. Overall the calculations re-
veal that peak C always corresponds to the f;3 orbital, which
points towards the ligands. Peak A corresponds to the orbit-
als less involved in bonding, purely non-bonding for the ex-
treme cases of Sr3UOs and Cs2U0:Cls. For features in be-
tween A and C, consideration of the specific local environ-
ment is necessary. Comparison of 3-SrU04 and Cs2U02Cls in-
dicate that the highest energy shoulder of the former corre-
sponds to peak B of the latter, while other shoulders of -
SrUOs are due to orbitals that are all gathered beneath peak
Ain Cs2U02Cls. The spectral shape and the f-orbital distribu-
tion of CaUO4 differ substantially from the other systems
presented, reflecting the different arrangement of ligands
around the uranyl unit. Overall, the analysis of the spectra
using the f-DOS allows precise assignment of spectral fea-
tures and discloses similarities and differences stemming
from the different local configurations. Most importantly,
the capability to reproduce with calculations the spectral
shape of such a variety of systems opens the door to the use
of M4 edge HERFD for more precise structural evaluation of
Ué* bearing systems.

The numerous investigations on uranyl systems with Mas
HERFD XANES reveal a tight correlation between the sepa-
ration of peak A and C, the length and covalency of the U-Oy
bond.®3% Our results demonstrate that two peaks originate
from the same 5f orbitals and have similar bonding charac-
teristics, i.e. anti-bonding for C and non-bonding for A. To
verify a possible correlation over a larger class of cases, we
report in Figure 4 the energy separation of two peaks as a
function of the U-0 bond length from several published data
on uranyl compounds and the four systems investigated in
this work. The dotted line is the linear fit of only uranyl sam-
ples, i.e., with bond length below 1.8 A. We notice that the
linear correlation intercepts only the uranyl compounds,
while the rest of compounds deviate significantly from the
fit. We notice that a more substantial effect of the core-hole
potential for CaUO4+ and B-SrUOs would increase the A-C
distance and push the corresponding points up and far
away from the fit. The A-C peaks separation is therefore not
a universal parameter correlated to U-O bond distance but
may still furnish quantitative information on uranyl

7 v
AY .
v Hunault UBO [30] & dist. peak A-C
A, - .
? Hunault BUL10 [9) - - - lin. fit
6l \\' Cs,UQ,Cly
*
torbernite [2] “ Hunault LUBO [30]
= saca—" boltwoodite [36]
2 * % Hunault NUBO [30]
Q ‘\ Hunault BUL30 [9]
<C \
vl AY
5] \
g
hY
Sat . S0,
2 \
T \
AY
Ay
N Calo,
3F N .
v Sr,U0,
AY L ]
“
\
] | ] 1 | ] 1

170 175 180 185 180 195 200 205 210
U - O, bond length (A)

Figure 4: Distance between peak A and C of U M4 edge
HERFD versus U - Oy bond length from [2,9,30,36] and the pre-
sent data. The dashed line is the linear fit obtained considering
uranyl samples, i.e., with U - Oy bond length < 1.8 A.

systems. The possibility to theoretically simulate the full
spectrum remains the best tool to investigate the character
of the bonds through a detailed analysis of the underlying f-
DOS.

Similar agreement between DFT-based calculations and Mags
HERFD XANES is expected for actinides with empty or singly-
occupied 5f shell were effects of electron correlations are ex-
pected to be minor. However, the increasing strength of multi-
electronic interactions with the filling of the 5f shell demands
alternative theoretical approaches. To our knowledge, works
using sophisticated ab initio methods beyond DFT to simulate
Mas edges are still rare!7.1837 and do not always brings satisfac-
tory agreement with data. Semi-empirical multiplet theory is
extensively used to account for multi-electronic interactions in
X-ray spectroscopies.238 Qur samples require a few parameters
to be simulated within the multiplet theory: the Slater-Condon
(SC) integrals for the interaction between the 3d core-hole and
the 5f photoexcited electron and the CF parameters. The
strength of the CF parameters used in these cases can provide
the starting point for systems with more 5f-electrons. We sim-
ulated the M4+ HERFD of Ué* for On and D4h symmetries with the
code Quanty and calculations giving the best agreement are re-
ported in Figure 5 for Sr3UOs (On), StUO4 (D4n), and Cs2U02Cls
(Dan). The energies of the 5f-orbitals and the associated
Wybourne CF parameters are reported in Table S1 and S2. In
terms of the peaks positions the agreement with the experi-
ment is reasonably good. The relative intensities are also in
good agreement, with the exception of Sr3UOs where the inten-
sity of the first peak is significantly lower in calculations. This
may reflect the deviation from the perfect On symmetry of the
system, in line with the improvements in FDMNES calculations
when EXAFS distances are considered. Interestingly, to obtain
the correct relative intensity of spectral features, the Slater-
Condon integrals were reduced to 40% of their atomic value.
For the case of U where the f-shell is empty, only the integrals
between the 3d core-hole and the 5f photo-excited electron are
non-zero. The need for such rather large reduction of the SC in-
tegrals can be explained by the strong involvement of U¢+ 5f or-

bitals in covalent chemical bonds, in analogy with recent publi-

cations.3%4°



—O— exp. data

—— CF simul.
3d-5fint. =04

Intensity (arb. units)

|
3724 3728 3732 3736
Energy (eV)
Figure 5: Comparison of experimental data (black open circles)
and CFM calculations (red line) obtained with Slater-Condon
integrals reduced at 40% of their atomic value.

Explicit treatment of covalency may lead to a more reason-
able reduction factor, as show by Agrestini et al.3°

To identify the origin of the spectral features in the calcula-
tions we have independently varied the energy of the 5f-or-
bitals corresponding to each irreducible representation. We
shifted each group of orbitals by +0.4 eV in steps of 0.2 eV.
The results of this in silico exercise are shown in Figure 6,
where smaller convolution parameters were adopted to
better appreciate the shift of spectral features. The results
nicely illustrate that for the present systems the XANES
peaks can be associated to specific f-orbitals, allowing a di-
rect assignment of spectral features in agreement with the
assignment made previously using f-DOS. In On symmetry,
peak A is mainly affected by the position of azy while the po-
sition of peak C is almost entirely determined the energy of
the tiu group of orbitals. Shifting tzu affects mostly peak B
and causes a slight shift of peak A. In Dsn symmetry, b1u and
bzu are very close and determine the intensity of peak A, euwz
corresponds to the high-energy shoulder of peak A while eu:
and azu correspond to peak B and C, respectively.

Comparison of CF parameters of 5f orbital splitting with
other studies is made difficult by the paucity of works on
similar systems. The only previously reported multiplet cal-
culations on the Ms HERFD XANES on Pb3UOs uranate ac-
counted explicitly for hybridization and found significantly
different CF parameters.32 In our work, the effects of hybrid-
ization are not explicitly treated making a direct compari-
son difficult. The splitting of 5f orbitals from multiplet cal-
culations can be compared with the FDMNES 5f-DOSs (Ta-
ble S1). The largest discrepancy is found for the azu (fiyz) or-
bital of Cs2U02Cls predicted at 1.6 eV higher energy by CF
calculations. Values for Cs2UO:Cls can also be compared
with energies reported by Vitova et al,?! which are very
close to the those obtained by FDMNES calculations, and in
good agreement with multiplet calculations. A greater mis-
match for the azu (fiyz) orbital is found also in this case. The
discrepancy can be ascribed to hybridization effects, which
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Figure 6: CF XANES calculations obtained by shifting the energy
of each group of crystal field-split f-orbitals. Each group of sim-
ulation is labelled by the symmetry of the shifted orbitals. Ex-
perimental data are shown on top (open circles). The Slater-
Condon integrals are reduced to 40% of the atomic value.

are accounted for in DFT and molecular orbital calculations
while are not included in our multiplet calculations, where
the splitting is entirely induced by the CF. Attempts to in-
clude hybridization in our multiplet calculations revealed a
strong correlation between CF and hybridization parame-
ters, with the consequent impossibility to determine a
unique set of parameters.

Overall, the multiplet calculations allows us to easily iden-
tify the nature of the spectral features for the current sys-
tems. Despite the CF parameters used in these calculations
differ somewhat from the results obtained using FDMNES
due to hybridization, we expect that the values reported
here would be a good starting point for calculations of U5+
and U#* systems where the U local geometry is similar to the
samples investigated here.

Conclusions

The present work demonstrates the high sensitivity of M4
edge HERFD XANES to the U¢* local environment. For the
first time, a set of M4 edge HERFD XANES data representa-
tive of the variety of U¢* local environment, spanning from
uranyl to uranate, is shown and analyzed with theoretical
calculations. The good agreement of DFT-based XANES cal-
culations with experimental data proves that the spectral
differences mainly reflect the differentlocal structure of U+,
with the core-hole effect playing a key role in obtaining the
correct energy position and relative intensity of the spectral
features. Inspection of the underlying 5f DOS reveals that



the spectral features correspond to specific groups of 5f or-
bitals. In particular, the main peak at the absorption edge
(A) corresponds to non-bonding 5f orbitals while the high-
est energy peak (C) corresponds to the anti-bonding 5f or-
bital pointing towards the ligands. This interpretation of
spectral features, already accepted for uranyl, is now ex-
panded to a larger class of U local geometries. CFM calcula-
tions also show good agreement with experiment and con-
firms the assignment of peaks to specific 5f orbitals. The
splitting of 5f-orbitals determined in the present work may
provide a reasonable starting point to investigate U+ and
U# systems with comparable local geometries.
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