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ABSTRACT: Dicesium uranyl tetrachloride (Cs,UO,Cl,) has been
a model compound for experimental and theoretical studies of
electronic structure of U(VI) in the form of UO,*" (uranyl ion) for
decades. We have obtained angle-resolved electronic structure
information for oriented Cs,UO,Cl, crystal, specifically relative
energies of Sf and 6d valence orbitals probed with extraordinary
energy resolution by polarization dependent high energy resolution
X-ray absorption near edge structure (PD-HR-XANES) and
compare these with predictions from quantum chemical Amsterdam
density functional theory (ADF) and ab initio real space multiple-
scattering Green’s function based FEFF codes. The obtained results
have fundamental value but also demonstrate an experimental
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approach, which offers great potential to benchmark and drive improvement in theoretical calculations of electronic structures of

actinide elements.

1. INTRODUCTION

The physics and chemistry of uranium plays a central role in
the safety assessment of a nuclear waste repository and
reduction of the radiotoxicity of spent nuclear fuel, which are
of fundamental importance for safe and sustainable use of
nuclear energy. Detailed knowledge about the U oxidation state
and electronic structure is necessary to predict its reactivity,
which determines U mobilization/immobilization behavior in
the environment, for exam})le, in case of water intrusion in a
deep geological repository.” Furthermore, insight into actinide
(An) electronic structure facilitates understanding and
ultimately fine-tuning N-donor ligand selectivity for An over
their chemically similar lanthanide (Ln) analogs necessary for
separating An from Ln in a key step in the so-called partitioning
and transmutation (P&T) strategy for reduction the radio-
toxicity of spent nuclear fuel.” Despite numerous experimental
and theoretical studies, the electronic structure of U(VI)
(mostly present as the UO,*" uranyl ion) remains subject of
discussion.>”¢

The uranyl moiety is highly symmetric with linear structure
with unusually short, strong covalent bonding to two axial O
atoms. The linear structure leads to the U valence orbitals being
most usefully described in terms of their o, 7, §, or ¢ character
with respect to rotation about the U—O z-axis. Introduction of
four Cl groups along the x and y axes, giving D, symmetry, lifts
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the degeneracy of the 6 symmetry orbitals. The residual doubly
degenerate U orbitals when singly occupied experience strong
spin—orbit coupling and the resultant orbital energy manifold
needs inclusion of this effect to account for the ordering. The
axial nature of the uranyl ion leads to anisotropic character and
a strong polarization dependency of the uranyl X-ray
absorption spectroscopy (XAS) signal.”® In this study, the
aim is to extend the current knowledge about the electronic
structure of UO,Cl,>". The relative energies of the occupied
and unoccupied UO,Cl*” valence molecular orbitals with Sf
and 6d character derived from optical experiments and XAS
have been extensively reviewed and compared to scalar
relativistic zeroth order regular approximation (ZORA) density
functional theory (DFT) calculations employing the BP86
functional.>® We compare the relative energies of the
unoccupied UO,ClL,>” 5f- and 6d-based valence orbitals
calculated with Amsterdam density functional theory (ADF)"
code with those measured from experimental U L;-edge high
energy resolution polarization dependent X-ray absorption near
edge structure (PD-HR-XANES) of a dicesium uranyl
tetrachloride (Cs,UO,Cl,) crystal grown along the b crystallo-
graphic axis (see Figure 1 bottom). Selective transitions to U Sf
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Figure 1. U L;-edge PD-HR-XANES and a conventional PD-XANES
of Cs,UO,Cl, (top) for different angles between the uranyl moiety
UO,*" and the polarization vector of the incident X-ray beam & (top,
inset); the unit cell of Cs,UO,Cl, (bottom).

or 6d valence orbitals (U 2p;/, — 5f/6d) are detected in the
same U L;-edge PD-HR-XANES spectrum with remarkable
energy resolution. The experimental observations combined
with theoretical results allow qualitative evaluation of the level
of mixing of O, Cl, and U valence orbitals. The U L;-edge PD-
HR-XANES spectra are also successfully reproduced by ab
initio real space multiple-scattering Green’s function based
theoretical FEFF9.6 code calculations.'' The relative energy
positions of U 3d;,, — Sf electronic transitions experimentally
probed by U M,-edge PD-HR-XANES are also discussed in
comparison to the ADF results.

2. EXPERIMENTAL DETAILS

2.1. Preparation and Characterization of Dicesium Uranyl
Tetrachloride (Cs,U0,Cl,)."? Cs,UO,Cl, was prepared from
uranylacetate and cesium chloride. For the preparation of
uranylacetate (UO,(CH;CO,),) UO,(NO;), (1 g 2.5 mmol) was
dissolved in water and heated to 100 °C. An excess of ammonium
chloride (3 g) was added to the boiling solution and the pH-value
adjusted with concentrated ammonia. Yellow flakes of ammonium-
diuranate precipated after it was cooled to room temperature. After the
overlaying solution was decanted, the yellow precipitate was washed
with water several times (8—9 mL). The precipitate was then dried at
80—100 °C and the resulting product ground with mortar and pestle.
The resulting yellow powder was calcined under ambient atmosphere
at 350 °C for 12 h to obtain an oxide. The red product was suspended
in water (30 mL), heated to 80 °C and dissolved in 10 mL
concentrated acetic acid. The hot solution was filtered and the filtrate
cooled down to room temperature. After standing overnight, yellow
rod shaped crystals of UO,(CH;COO), 2 H,O were isolated. The
crystals were washed with dilute acetic acid and dried at room
temperature in air. (Yield: 634 mg, 1.6 mmol, 64%). Yellow crystalline
UO,(CH,;C00),-2H,0 (500 mg, 1.2 mmol) was dissolved in 10 mL
of hot dilute HCI and a stochiometric amount of CsCl added. After

175

cooling to room temperature, the pretcipitated product was isolated
and recrystallized from dilute hydrochloric acid solution. The yellow
crystalline Cs,UO,Cl,, with rod crystallites grown along the b
crystallographic axis (see Figure 1) were filtered and dried at room
temperature in air (yield = 212 mg, 0.31 mmol, 25.8%).

Face indices of a selected Cs,UO,Cl, crystal were determined using
single crystal X-ray diffraction (Nonius KappaCCD, graphite
monochromated Mo Ka radiation). The obtained orientation matrix
yields monoclinic lattice parameters a = 11.903 A, b = 7.682 A, ¢ =
5771 A, B = 100.15°, V = 519.44 A3, Observed deviations from the
lattice parameters reported in the Inorganic Crystal Structure Database
(ICSD), entry 39490, a = 12.0058, b =7.6973, ¢ =5.8503, § = 100.0°, V
= 532.34 A space group Clml, might be attributed to absorption
effects caused by the large crystal size. These are of no significance for
the results obtained for actual Cs,UQO,Cl, crystal employed here.

2.2. XAS Experiments. The XAS experiments at the U L;- (17166
eV), and M-edge (3728 eV) of a Cs,UO,C, crystal with approximate
dimensions 0.5 X 0.5 X 5 mm were performed at the ID26 beamline at
the European Synchrotron Radiation Facility (ESRF), Grenoble,
France. The synchrotron radiation was monochromatized by a Si(311)
(U Ly)/si(111) (U M,) double crystal monochromator (DCM).
Rejection of higher harmonics was achieved by two Pd/Cr (U L;)/Si
(U M,) mirrors working under total reflection. The energy calibration
was performed assigning 17998/4966 €V to the first inflection point of
a Zr K-edge (U L,)/Ti K-edge (U M,) XANES spectrum. All reported
experiments were performed at room temperature.

U Lj-edge extended X-ray absorption fine structure (EXAFS)
spectra were measured in fluorescence mode using an avalanche
photodiode (APD).

During the PD-HR-XANES measurements for each excitation
energy the U Lo, (13614 eV)/MSB (3339.8 eV) emission was selected
by a spherically bent Ge(777)/Si(220) analyzer crystal and focused on
an APD (U L;)/single pixel silicon drift detector (SDD) KETEK (U
M,). The sample, crystal, and detector were positioned on a circle
(Rowland geometry) with diameter 1 m equal to the bending radius of
the crystal."® A combined incident convoluted with emitted energy
resolution of 1.8 eV (U L;)/0.8 eV(U M,) was estimated by measuring
the full width at half-maximum of the quasi-elastic peak. During the U
M,-edge experiments a polyethylene balloon filled with He and
equipped with three 10 um thick polyethylene windows was placed
between sample, analyzer crystal, and detector to avoid absorption of
low energy MR fluorescence photons by air.

U L;/M,-edge PD-HR-XANES/U L;-EXAFS measurements were
performed for 25° (EXAFS), 45°, 70°, and 90° (EXAFS) (U L;) and &
=a,+5°(0° <a; <45°), a + 10° a + 20°, a + 30°, and a + 40° (U
M,) orientation of the uranyl moiety UO,*" in the crystal with respect
to the polarization vector ¢ of the primary beam (rotation around the b
crystal axis, which corresponds to the long side of the crystal) (see
Figure 1). For the U M,-measurements the initial angle (a) between &
and UO,* was not precisely determined; therefore a parameter a,
which can have value within the interval 0° < a; < 45° is introduced.
The orientation notations are used in the manuscript. The energy of
the incident beam was scanned from 17151.2/16785 to 17225.2/
17853 eV with 0.1/1 eV step size, 600/100 s per HR-XANES/EXAFS
spectrum, over the U L;-edge and from 3715 to 3750 eV with 0.1 eV
step size, 60 s per HR-XANES over the U M,-edge. At least three
spectra for each angle were collected in order to check the
reproducibility of the spectral features and to improve the counting
statistics. The measured spectra showed no occurrence of radiation
damage.

U L;-edge EXAFS measurement of a powder Cs,UO,Cl, sample is
performed at the INE-Beamline for actinide research at ANKA
synchrotron radiation facility, Karlsruhe, Germany. See the Supporting
Information for experimental details and details on the analyses of all
EXAFS data.

Linear combination least-squares (LCLS) fit analyses of the U L;-
and M -edge PD-HR-XANES spectra of Cs,UO,Cl, were performed
with the WINXAS program (www.winxas.de) using three (U L) or
five (U M,) pseudo-Voigt (PV) [f(x) = aGaussian + (1 —
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a)Lorentzian] and one arctangent functions. The Levenberg—
Marquardt least-squares algorithm is used in the fit.

2.3. Computational Details. 2.3.7. ADF. The calculations
presented in section 3.2 used the Amsterdam Density Functional
program suite,"* ADF2000.2."® An uncontracted triple-{ basis set of
Slater type orbitals was used with two additional polarization functions
for O and Cl (ADF type V). Scalar relativistic corrections were
included via the ZORA method.'® All electrons were included. The
local density parametrization of Vosko, Wilk, and Nusair'” was
employed, with exchange and correlation corrections as advocated by
Becke in 1988,'® and Perdew in 1986,"° respectively. From the
eigenvectors of a ADF calculation, we obtained the radial amplitude of
the orbitals involved in the U L;-edge PD-HR-XANES transitions (see
Supporting Information Figure S1). Notice the very small amplitude of
the 7s orbital in the region where that of 2p;, is large, and also the
extensive cancellation where these functions overlap. As a result the
Rg,)m integral is too small to provide significant intensity in XANES.
The radial extent of the 2p;/, shell is critical in the calculation of the
transition moments so the characteristics of the orbitals obtained using
an ADF calculation that includes the spin—orbit interaction, are
compared with those from a full relativistic Hartree—Fock calculation,
as tabulated by Desclaux. Excellent agreement is obtained for the
average value of various powers of , so the eigenfunctions from the
ADF calculation were used with confidence for the calculation of the
radial integrals.

2.3.2. FEFF9.6. The U L;-edge Cs,UO,Cl, PD-HR-XANES spectra
and the O, Cl, and U density of states were calculated with the
FEFF9.6 ab initio quantum chemical code based on the multiple
scattering theory."" The potentials of free atoms were calculated with a
relativistic Dirac—Fock atom code part of FEFF9.6. The scattering
potentials were calculated self-consistently by overlapping the free
atomic density in the muffin thin approximation within a cluster of 149
atoms (SCF card). The UNFREEZEF card was used to include the U f
states in the SCF calculation providing their accurate energy
position.”® The energy dependent exchange Hedin—Lundquist
potential was used for the fine structure and the atomic background
(EXCHANGE card). The Fermi energy was corrected by 2 eV to
lower energies and the core-hole lifetime broadening was reduced by
2.5 eV leading to a broadening of 5.6 V. The full multiple scattering
XANES spectra were calculated for an atomic cluster of 228 atoms
centered on the absorbing U atom (FMS and XANES cards). Best
agreement between calculation and experiment was found by applying
“COREHOLE RPA” option to screen the 2ps;, core-hole. The
orientation of the vector of polarization of the incident mono-
chromatic radiation (¢) parallel or perpendicular to the UO,*
molecular axis was achieved by using the POLARIZATION card.
The spectra were calculated for dipole or dipole and quadrupole
electronic transitions (MULTIPOLE card). Note that “MULTIPOLE
2” in combination with the POLARIZATION card is only possible by
using the ELLIPTICITY card depicting perpendicular orientation of &
with respect to the incident beam denoting linearly polarized incident
X-ray beam (see Supporting Information).

3. RESULTS AND DISCUSSION

3.1. Experiment. The U L;-edge PD-HR-XANES spectra
of a Cs,UQ,Cl, crystal for 25°, 45°, 70°, and 90° orientation of
the uranyl moiety with respect to the linear polarization vector
¢ of the incident X-ray beam (inset in Figure 1) and
conventionally measured PD-XANES for 25° are shown in
Figure 1. The absorption resonances (A, B, C) of the PD-HR-
XANES spectra are more resolved in energy compared to the
25° conventional PD-XANES as a result of reduced core-hole
lifetime broadening effects.”’ An additional resonance A is
detected and B and C resonances are well-separated in all PD-
HR-XANES. The width narrowing of the U L;-edge spectral
features reduces uncertainties of energy positions, intensities
and areas of the A, B and C features modeled by pseudo-Voigt
(PV) profiles (see Figure 2, Table 1). The observed pre-edge
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Figure 2. U L;-edge PD-HR-XANES spectra and fits of Cs,UO,Cl,;
three PV and an arctangent functions used in the LCLS fit analyses
(see Table 1).

feature A, previously assigned to 2p;,, — 5f quadrupole allowed
electronic transitions for U(VI) materials,* shifts by —1.5 eV +
0.1 eV to lower energy for the 90° compared to the 25°
spectrum. The most pronounced absorption resonance B
(white line, WL) describes dipole allowed 2p;, — 6d
electronic transitions. Previous conventional PD-XAS studies
of a RbUO,(NO;); single crystal reports predominant
transitions to 6dé and 6dz orbitals in this spectral area for
90° and 0° orientation, respectively.”” In Figure 1, the WL
shifts —0.9 + 0.1 eV to lower energies and its integral intensity
increases going from the 25° to the 90° spectrum.

The postedge absorption resonance C gains intensity and
area approaching a 0° angle between linear UO,*" units and &
due to an increasing contribution of photoelectron multiple
scattering along O axial atoms.”®

The U M,-edge PD-HR-XANES spectra measured for angles
a=a;+5°(0°<a; £45°),a+10°% a + 20°, a + 30°, and  +
40° orientation of the uranyl moiety with respect to & of the
incident X-ray beam are shown in Figure 3. The absorption
resonance marked E is not resolved in the conventional U M,-
edge XANES spectrum.***>**

The Mgy-edge 3d;;, — Sf electronic transitions probe
unoccupied orbitals with predominant U Sf character.
Previously performed DFT calculations suggest that the first
intense peak D describes transitions to U S5t6 and Sf¢
orbitals.””** Peaks E and F are shifted by 2.2 + 0.1 and 6 +
0.1 eV to higher energy compared to peak D (see Figure 4 and
Table 2) and probe U 5fz and Sfe orbitals, respectively.>”** It
was estimated from optical spectroscopy data that 55 and Sf¢
should be separated by about 0.3 eV,” whereas about 0.6 eV
energy difference is resolved in our experimental data,
manifested by an asymmetric shape of the D peak in the U
M,-edge PD-HR-XANES a = a; + 5° (0° < a; < 45°)
spectrum (see Supporting Information Figure SS). 5/5,/, and
Sfhy), are nearly degenerate as well as 585/, and Sf¢,/, (see
Table 4 and Figure S). The Sfr orbital should be shifted by
about 2.2 eV from 5f0 and Sf¢p and this agrees with our
experimental observations.”> O K-edge XANES results report
about 2.7 eV energy difference between the U Sfo and Sfn
orbitals,” whereas we find about 3.8 eV (see Figure 4 and
Table 2). The discrepancy of about 1 eV might be attributed to
different screening of the O 1s core-hole in the O K-edge
XANES compared to the U 3d;/, core-hole in the U M,-edge
PD-HR-XANES. The U 5/ and 5f¢ orbitals are nonbonding
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Table 1. Name of Spectrum and Absorption Feature, Height, Position, and Full Width at Half Maximum (FWHM) Parameters
of the PV Functions Used to Model the U L;-edge PD-HR-XANES Spectra and an Arctangent Used to Model the Edge Jump,
the Gauss Part (Gauss Part &) and the Area of the PV Profiles, and the Residual between Experimental Data and Best Fit

spectrum feature height + 0.01 position + 0.1 (eV) fwhm + 0.1 (eV) gauss part o area of PV residual (%)

25° A 0.12 17168.7 4.7 14 0.6 2.6

45° A 0.13 17168.8 4.8 14 0.7 1.7

70° A 0.14 17168.1 4.7 14 0.7 1.8

90° A 0.11 17167.2 4.0 14 0.5 2.1

25° B 141 17175.9 6.3 14 9.5 2.6

45° B 1.41 17175.2 6.6 14 9.9 1.7

70° B 1.65 17174.8 7.0 14 124 1.8

90° B 1.82 17175.0 7.5 14 14.7 2.1

25° C 0.16 17189.4 8.0 14 13 2.6

45° C 0.15 17189.1 8.1 14 13 1.7

70° C 0.11 17188.1 10.2 14 1.2 1.8

90° C 0.08 17187.9 113 14 0.9 2.1

25° arctan 14 17179.8 5.3 18.4 2.6

45° arctan 14 17179.2 5.6 18.1 1.7

70° arctan 14 17179.3 5.0 19.5 1.8

90° arctan 14 17180.1 42 16.8 2.1

“The parameter is fixed during the fit.
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Figure 3. U M4-edge PD-HR-XANES spectra for different angles fg 1 . — —+30°
between the uranyl moiety UO,*" and the polarization vector of the 10 ] best fit
incident X-ray beam e. 5 ]

. . . . 4,5 . O I N 1 N 1 N 1 N 1 v I M 1 v 1
with respect to O with dominating Sf character.”” There is 3723 3726 3729 3732 3735 3738 3741 3744
experimental and theoretical evidence for a relatively larger Sfo 207 x 1407
contribution to the U—O bond than of the 5f7 orbital, mainly 15 best fit
because of hybridization of the former with the 6po orbital.”

Results from Cl K-edge XANES and DFT calculations report

that up to 8% Cl 3p character is mixed with the U 5/5, 5f¢p and
Sz orbitals.®

Polarization dependence is manifested mainly by a decrease
in area of the first intense absorption resonance D in case of &
=a; + 5° (0° < a; < 45°), compared to the a + 40° geometry
(see Figure 3). The energy positions of the D/, D, E, F, and G
features are not observed to be a function of & within the
sensitivity of the measurements. No significant variations of
peak area for resonant features D', E, and F is detected, as a
changes only by 40°. Such variations are demonstrated for 90°
and 0° geometries in quantum chemical calculations of U M-
edge PD-XANES of UO,(NO;),-6H,0.**

3.2. ZORA ADF Calculations. To simulate the U L;-edge
PD-HR-XANES spectra, the relative energies of the various
excited states are required. Figure § illustrates the steps in the
procedure for approximating these by means of a series of DFT
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Figure 4. U M4-edge PD-HR-XANES spectra and fits of Cs,UO,Cl,;
five PV and an arctangent functions used in the LCLS fit analyses (see
Table 2).

calculations. The z-axis corresponds to the 4-fold axis along the
U—O bonds and the four Cl atoms lie on the x and y axes.
Table 3 shows the relabeling of orbitals upon reducing
symmetry from D, to Dy and inclusion of spin—orbit
coupling. The first column shows the virtual self-consistent field
(SCF) orbital energies for the electronic ground state of
UO,Cl,*", relative to that of the highest occupied molecular
orbital (HOMO), obtained using the ZORA that accounts for
scalar relativistic effects (Darwin and mass-velocity corrections)
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Inorganic Chemistry

Table 2. Name of Spectrum and Absorption Feature, Height, Position, and Full Width at Half Maximum (FWHM) Parameters
of the PV Functions Used to Model the U M, Edge PD-HR-XANES Spectra and an Arctangent Used to Model the Edge Jump,
the Gauss Part (Gauss Part &) and the Area of the PV Profiles, and the Residual between Experimental Data and Best Fit

spectrum feature height + 0.01 position + 0.1 (eV) fwhm + 0.1 (eV) gauss part @ area of PV residual (%)
a + 40° D’ 0.42 3724.9 0.6 14 0.27 132
a + 30° D’ 0.46 3724.9 0.5 1¢ 0.25 6.4
a + 20° D’ 0.86 3725.0 0.6 1“ 0.57 5.1
a + 10° D’ 0.68 37249 0.6 1.0 + 0.0 0.45 49
a=a +5° D’ 0.73 3724.9 0.6 1“ 0.45 6.6
a + 40° D 17.77 37264 12 0.93% 23.5 13.2
a + 30° D 16.06 37264 1.3 0.93¢ 224 6.4
a + 20° D 13.98 37264 1.3 0.93% 20.0 S.1
a + 10° D 11.51 37264 1.4 0.93 + 0.01 17.4 4.9
a=a +5° D 11.54 37264 14 0.93% 17.6 6.6
a + 40° E 6.49 3728.6 1.7 0.3 14.8 13.2
a + 30° E 6.63 3728.6 1.5 0.3¢ 13.8 6.4
a + 20° E 6.38 3728.6 1.5 0.3¢ 13.1 S.1
a + 10° E 6.12 3728.5 1.5 0.29 + 0.01 12.9 4.9
a=a +5° E 6.30 3728.5 1.5 0.3¢ 129 6.6
a + 40° F 2.08 37323 1.9 1¢ 42 132
a + 30° F 2.02 37324 2.0 1“ 42 6.4
a + 20° F 2.05 3732.4 2.0 14 4.3 S.1
o+ 10° F 2.03 3732.4 2.0 1.0 + 0.02 42 4.9
a=a +5° F 2.03 3732.4 1.9 14 4.0 6.6
a + 40° G 0.98 3736.3 5.7 0.94 3.8 13.2
a + 30° G 0.81 3736.0 4.2 0.94 3.7 6.4
a + 20° G 0.82 3736.0 4.4 0.947 3.9 S.1
a + 10° G 0.79 3736.0 4.4 0.94 + 0.02 3.8 4.9
a=a +5° G 0.78 3735.8 4.5 0.94 3.8 6.6
a + 40° arctan 0.607 3738.0° 1.47 7.0 132
a + 30° arctan 0.60° 3738.0% 14° 6.8 6.4
a + 20° arctan 0.60” 3738.0¢ 1.4% 6.8 S.1
a + 10° arctan 0.57 + 0.01 3738.03 + 0.01 1.44 + 0.01 7.0 4.9
a=a +5° arctan 0.607 3738.07 1.4% 7.0 6.6
“Parameter is fixed during the fit.
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Figure S. Theoretical SCF valence orbital energies showing the 6d orbitals (red), Sf (blue), and 7s (green) and their occupancy. The columns
represent, from left to right, the ground state of UO,Cl,>~ with scalar relativistic effects, the energy levels of NpO,** from 4, the ground state of
UO,Cl,>” with spin—orbit coupling included, the levels of UO,CL,>*~ with a 2p to Sf excitation, the levels of UO,CL,>~ with a 2p to 6d excitation and
the levels of UO,Cl,'~ with a 2p electron ionized. The orbital labels are correlated in Table 3.
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Table 3. Irreducible Representations for Atomic Orbitals in the D, Dy, and Dy, Double Group”

&y

s Pw Py P- d; dy dyz d
Dy, oy T, o oy gy
Dy, g €y Ay g €g b,
D;,(SO) e el el e egr e ey

8

6lz_p it e it ) fumayy Gy
[ o, T s, bu

blg Ay €y b by, €y

e e ey e e ey el e

8

“NB the degeneracy of the § symmetry orbitals is lifted shifting from linear to four-fold symmetry.

Table 4. Energies and Relative Intensities (F;, = dipole, F, = Quadrupole) of the Transitions to the Various Virtual Spinors®

spinor 565/, Stps s S£65/, S
rel. energy/eV (2p;,)~" (5f/6d)" 0 0.08 0.81 0.92
rel. energy/eV (2p;/,)”" 0 0.22 0.84 0.99
rel. intensity 14.3 14.3 14.3 14.3
Fq (perpendicular, 90°) 2.50 7.50 2.50 7.50
Fq (parallel, 0°) 5.00 0.00 5.00 0.00

Fp (perpendicular, 90°)
Fp (parallel, 0°)

ac«

Sty Sty Sfo 6d,, 6d;s_p  6dmy, 6d,2 6dmy ),
1.77 2.15 4.95 5.21 5.89 5.89 6.22 6.22
1.97 2.31 4.98 4.98 7.03 7.4S 7.64 7.74
14.3 14.3 14.3 576 576 576 576 576
0.50 0.50 0.00
4.00 4.00 3.00

3.00 3.00 1.50 1.00 1.50
0.00 0.00 3.00 4.00 3.00

Perpendicular, 90°” and “parallel, 0°” refer to perpendicular and parallel relation between uranyl cation and &, respectively.

but excludes the spin—orbit interaction. The third column
shows modifications introduced by the spin—orbit interaction
and, in particular, the first order splitting of degenerate states
with angular momentum about the O—U—O axis. These are
quite small and the resulting 5f-electron levels are in satisfactory
agreement with the f—f optical excitation energies observed in
the NpO,Cl,>~ ion* (second column). In addition, a core hole
in an element has a similar effect on its valence levels as
increasing the nuclear charge by one. Hence U with a core hole
would be expected to have valence levels like Np. In the Np(V)
system the spin—orbit splittings are somewhat larger, as one
would expect for a metal with an additional nuclear charge, (cf,,
empirical coupling constants from optical spectra, ie., {y =
1855 em™ and {y, = 2178 cm™'*). The final three columns
give virtual SCF orbital energies for configurations in which
there is a hole in the 2p;/, shell and in which the valence
electron is located in either the Sf,, or the 6d,, orbitals or has
been completely ionized. The main effect of the core hole is to
stabilize the Sf orbitals relative to the 6d; this is clearly visible in
the fully ionized case (right-hand column). This, in turn,
influences the nature of the HOMO, which changes from e;, to
¢, symmetry due to the Sf and 6d content of these ligand-based
spinors. The relative stabilization of the 5f shell is, however, less
pronounced when the excited electron is retained in a 5f orbital
than when it occupies a 6d orbital; evidently the Sf electron
screens the core hole more effectively than the penetrating 6d
orbital, as might be anticipated from the distribution of their
amplitudes in the core region (see Supporting Information
Figure S1). The nonbonding components of these shells
illustrate this effect most clearly, since their orbital composition
is found to be largely independent of the presence or absence of
a core hole. When the excited electron remains bound
(2p; /Z_ISfxyzl and 2p; /2_16dx},1 in Figure S), the relative energies
of the various components within the 5f manifold and within
the 6d manifold are essentially independent of the nature of the
configuration. In contrast, in the fully ionized case (far right
column) there is a striking increase of the tetragonal field
splitting of the 6d,, and 6d,>_. This presumably results from
the 6d,>_,> orbital becoming strongly c-antibonding when its
absolute energy (along with the other metal-based MOs) is
lowered relative to that of the equatorial chloride ligands.
The total SCF energies of the 2p; /Z_ISfml, and 2p; /2_16d,c),1
configurations are found to differ by 4.844 eV, so the virtual
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energies of the latter configuration have been shifted upward to
establish this difference, instead of being represented relative to
the HOMO. The relative energies of various 2p;,,~'Sf excited
states are then taken relative to the energy of 2p3/2715fxyzl,
while those of the various 2p,/, '6d excited states are taken
relative to the energy of 2p; /2_16dxy1. Table 1 summarizes the
energies and relative intensities of the transitions to the various
virtual spinors using this 2p;,, ' (5f/6d)' model and compares
these to the equivalent relative energies for the fully ionized
case (2p;/,”"). The symmetry labels used in Table 1 are not
those of the Dy, double group used in Figure 3, rather they are
intended to indicate the principal orbital parentage, either in
D, or Dy, (Table 3).

3.3. Comparison between ADF and Experimental
Results. The results of simulations using the data in Table 4
and a Lorentzian line width of 3.4 eV for 0° and 90° are shown
in Figure 6. While the general shape of the Lj-edge spectra
appears satisfactory, the dipolar intensity in the calculated
parallel polarization is larger than for the calculated
perpendicular polarization, which contrasts experimental
observation (Figure 1). The dipolar intensity in the parallel
polarization is dominated by transitions to 6dz and 6do
orbitals. Eigenvectors show that covalency is small except for
6dr and 6do; the former interacts strongly with both oxygen
and chlorine s-orbitals and the latter with oxygen orbitals. To
mimic this, the intensity of transitions to these orbitals was
reduced by a factor of 0.7 to account qualitatively for the
attenuation of their metal character introduced by covalency.

The main features of these simulations agree satisfactorily
with the experimental spectra (see Figure 6b and c): higher
intensity and lower relative energy position of the spectrum in
the 90° versus the 0° geometry. In particular, the relative
intensity of the quadrupole allowed transitions to the 5f shell
compared to the dipole allowed transitions to the 6d shell is
well-reproduced.

The 0.5 eV difference between the absorption maxima in the
parallel and perpendicular polarizations using the (2p;,,) " (5f/
6d)' model and including covalence in Figure 6 can be
compared to the experimental difference of 0.9 + 0.1 eV. This
difference reflects the fact that the barycenter of the 6d,, and
6d,>_,* orbitals, to which transitions are forbidden in the parallel
polarization, lies ~0.6 eV below that of the 6dzx and 6do
components. The substantially larger width of the 90° spectrum
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Figure 6. DFT calculated U L;-edge PD-HR-XANES spectra for the
90° and 0° geometry (a). DFT calculated and experimental U Ly-edge
PD-HR-XANES spectra and relative oscillatory strengths for 2p;,, —
Sf (thin bars) and 2p;,, — 6d transitions (thick bars) for the 90° (b)
and 0° geometry (c). The unoccupied orbitals are marked with
different colors: 5{5;,, (black), Sfs/, (cyan), 5£5;/, (magenta), Sf¢h;/,
(blue), Sfr,, (red), Sfr;/, (dark yellow), Sfo (dark cyan), 6d,, (gray),
6d,;_y (green), 6dm,,, (olive), 6d; (purple), 6dm;, (orange). For
clarlty the 2p;/, — S5f intensities are multiplied by 4 therefore they
deviate from the 2.48% 2p;,, — 6d relative intensity reported in Table
4.

is primarily due to the tetragonal field splitting of the 6d,, and
6d,_, orbitals. Indeed, a shoulder can be discerned on the
rising edge of the experimental spectrum at about 17172 eV
(feature B’), consistent with this description. The simulation
does not reproduce well the separation between the barycenters
of the 5f and 6d absorption regions: ~5.2 eV compared to the
experimental separation of 7.0 eV (25°)/7.7 eV (90°) (see
Table 1). In the perpendicular case, the dominant intensity
occurs from transitions to 5f0 and Sf¢, which are nearly
degenerate and ~2.5 eV lower in energy than Sfz. These
transitions are most likely to be detectable on the low energy
side of the intense dipole-allowed transitions to the 6d shell.
Indeed, the pre-edge feature of the 90° spectrum is found at
—1.5 eV + 0.1 eV lower energy position compared to the 25°
spectrum, whereas the peak area remains similar (Figure 2,
Table 1). The limitations of the DFT method are revealed by
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the calculated value for the excitation energy, 17623 eV,
compared to the experimental value, 17 169 eV, a difference of
2.6%.

Calculations with a hole in the 3d shell give a very similar
pattern of energy levels for excitation to 5f, 6d, and ionization
(see Supporting Information Table S1). The assignments of the
U My-edge PD-HR-XANES absorption resonances in section
3.1 are confirmed by ADF (see Table 4 and Supporting
Information Table S1). Peak D in the U M,-edge PD-HR-
XANES spectrum for the @ = a; + 5° (0 < @, < 45°) geometry
(see Supporting Information Figure S5) exhibits asymmetric
shape, evidence for transitions to 5f0 and Sf¢ orbitals with
about 0.6 eV energy separation. The ground state calculation
with and without spin—orbit interaction yields about 0.1 and
0.8 eV energy separation between 5f6 and Sf¢ orbitals,
respectively, essentially unaffected by the presence of 3d;/,
core-hole (see Table 4 and Supporting Information Table S1).
565/, and Sf¢hs), are nearly degenerate, as well as 5{5;/, and
5f¢h;/,. The experimental and theoretical results suggest that
spin—orbit interaction is required to reproduce the exper-
imentally observed energy difference.

The integral intensities of the D, E, and F absorption
resonances averaged over the U M,-edge PD-HR-XANES
spectra have ratio 5:3.5:1, which deviates from the theoretically
predicted 4:2:1. This difference needs to be addressed in future
systematic U M,-edge studies of model powder compounds.
Self-absorption effects might also have an influence on peak
intensities; therefore, for quantitative analyses, their careful
assessment is required. However, in our case at hand such
effects do not significantly contribute to our spectra, as
comparison to spectra of diluted materials with low U
concentration has shown.

In the M,-edge spectra the oscillatory strength of transitions
to 6 and ¢ orbitals change significantly (D), whereas the
transitions to 7 (E) and o (F) orbitals remain very similar
within the probed 40° angular range. As reported in Table 4 the
relative quadrupole intensities (see Figure 6 b and ¢) of
transitions to 7 and o orbitals should increase. This is not
observed in the M,-edge experimental spectra and might be
attributed to too small relative intensity changes for 40° change.
The contribution of transitions to z and ¢ orbitals is clearly
visible in the L;-edge spectra as the barycenter of the pre-edge
peak shifts to higher energies going from the 90° to the 0°
geometry, which confirms that the L; and M,-edge results are
consistent.

3.4. FEFF9.6 Calculations. The U L;-edge PD-HR-XANES
spectra calculated with the FEFF9.6 code are shown in Figure
7. The spectra calculated for the 90° or 0° geometry including
only dipole allowed (2p;;, — 6d) electronic transitions
reproduce the overall shape of the experimental spectra well,
with exception of absorption resonance A (Figure 7a, b).
Feature A gains significant intensity by considering quadrupole
transitions (2p;;, — Sf) in the calculations. By comparing
spectra with the U f- and d-density of states (DOS) in Figure 7
¢, it is apparent that f-DOS has strong intensity in this pre-edge
region, whereas there is no significant d-DOS contribution.
This observation agrees with ADF results and previous
studies.”””> The d-DOS describes the remaining part of the
spectrum well, as expected from dipole selection rules. Note
that no polarization dependency is included in the DOS
calculations. Comparison to the ADF calculation results allow
us to assign feature B’ to electronic 2p;,, — 6d,, transitions
with significant oscillatory strength in the perpendicular

dx.doi.org/10.1021/ic5020016 | Inorg. Chem. 2015, 54, 174—182



Inorganic Chemistry

[a) Bl FEFF92
3 | \ — 90° dipole and quadrupole
/’, \ - - -90° dipole
It \
24 Bfﬁ’ \—_C broadening 4.6 eV
n ~————______broadening 5.6 eV
T 14 —
> e experiment
Q2 F--- 90°
80
ER ) Bf\ FEFF92
g 34 —— 0° dipole and quadrupole
T - - - 0°dipole
£
2 broadening 4.6 eV
14 -
] experiment
25°
0 —m———
17160 17170 17180 17190 17200 17210 17220
Excitation energy (eV)
— FEFF9.2
2 \ ——90° dipole and quadrupole
g ———0° dipole and quadrupole
: ——U d-DOS
o C
5 _ ——U f-DOS
2
2
s Cl p-DOS
z — —
LA B —
15 20 25

5 10
Relative energy (eV)

Figure 7. FEFF9.6 calculated with 4.6 and 5.6 eV broadening and
experimental U L;-edge PD-HR-XANES for the 90° (a) and 0°
geometry (b); FEFF9.6 calculated U L;-edge PD-HR-XANES for the
90° and 0° geometry (broadening 4.6 eV) and U, O, Cl DOS (c).

geometry, manifested by an asymmetric shape of the
experimental 90° WL. These transitions are not observed in
the parallel geometry spectrum shown in Figure Sb, as also
found by ADF (Table 1). Feature C gains intensity in the
parallel case, which implies ¢ is directed along the UO,*
molecule axis. The FEFF9.6 calculations reproduce well the
energy positions of all spectral features and their relative
intensities by adding 5.6 eV broadening into the simulations to
account for both experimental and core—hole lifetime broad-
ening.

4. CONCLUSIONS

Our ADF and FEFF9.6 calculations demonstrate that the pre-
edge observed in the experimental U L;-edge PD-HR-XANES
spectra originates mainly from weak 2p;,, — 5f transitions.
Additionally, no electronic transitions to the 6d,, orbital are
present when ¢ is aligned with the uranyl moiety. This
theoretical result was experimentally confirmed for the first
time and is manifested in the experimental U L;-edge PD-HR-
XANES recorded at a 90° geometry (perpendicular relation
between uranyl cation and &) by an asymmetry (feature B’ in
Figures 6 and 7), larger area and energy shift to lower energies
of the WL; B’ is absent in the 0° PD-HR-XANES.

The low intensity of the broad pre-edge and its overlap with
the intense main 2p;,, — 6d dipole transitions prevent accurate
estimation of mixing of ligand with metal f orbitals from
conventional spectra. The increased energy resolution of HR-
XANES allows a pre-edge from the main absorption transitions
to be distinguished. Comparison of experimental results with
spectra simulated using our ADF calculations with and without
the inclusion of covalence, strongly suggests the existence of
covalent bonding between the U and the ligands with about
30% mixing of 6dz and 6do with O and Cl valence orbitals. The
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spin—orbit interaction, taken into account in both ADF and
FEFF9.6 codes, mainly introduces splitting of 5{5, Sf¢h, and Sfw
states and its inclusion is prerequisite to accurate interpretation
of U My-edge HR-XANES spectra. The comparatively large
broadening in U L; edge HR-XANES prevents detection of
these split f states in the pre-edge region. The FEFF9.6 code is
accurate in performing U L;-edge HR-XANES calculations and
reliably reproduces the edge and the post edge regions. Our
results should encourage its application in future electronic and
geometric structural investigations of actinide materials. On the
basis of the example we have provided here, the combination of
this as a tool and the HR-XANES technique will increase the
degree of accuracy in probing actinide electronic structure in
future studies and thereby stimulate development of theoretical
codes.
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