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Abstract

Both structural and electronic properties of the actinide cations are of fundamental interest in order to describe the intramolec-
ular interactions. The 5f and 6d orbitals are the first partially or totally vacant states of these elements and their properties reflect the
nature of the actinide—ligand bond. Because of its chemical and orbital selectivities, XANES spectroscopy is useful to probe the
actinides’ frontier orbitals and then understand the cation reactivity toward chelating ligands. The actinide L; edge contains struc-
tural information on the coordination polyhedron because of important scattering features. But very little electronic information can
be extracted, due to the short core-hole lifetime, broadening the edge signal. On the other hand, the actinide M, 5 edges provide
a better resolution and allow one to achieve electronic and structural information. Furthermore, coupling simulations of the exper-
imental spectra and quantum chemical calculations lead to quantitative information such as the determination of the actinide
coordination sphere and its effective charge. To cite this article: C. Fillaux et al., C. R. Chimie 10 (2007).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Dans le but de décrire les interactions intramoléculaires, I’étude des propriétés structurales et électroniques des cations actinides
est fondamentale. Dans le cas de ces éléments, les orbitales 5f et 6d sont lest premiers états partiellement ou totalement vacants et
leurs propriétés refletent la nature de la liaison actinide—ligand. En raison de sa sélectivité chimique et orbitalaire, la spectroscopie
XANES est un outil adéquat pour sonder les orbitales frontieres des actinides et donc comprendre la réactivité du cation envers les
ligands. Le seuil L3 de 1’actinide contient des informations structurales sur le polyhédre de coordination, mais trés peu d’informa-
tion €lectroniques, car la faible durée de vie du trou profond entralne un élargissement du signal. Au contraire, les seuils My s de
I’actinide possedent une meilleure résolution et fournissent des informations électroniques et structurales. De plus, le couplage des
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simulations de spectres XANES avec les calculs de chimie quantique permet d’obtenir des informations quantitatives, telles
que la caractérisation de la sphere de coordination de 1’actinide et sa charge effective. Pour citer cet article : C. Fillaux et al.,

C. R. Chimie 10 (2007).

© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

For industrial, environmental and public health pur-
poses, the actinide chemistry has been the subject of
considerable efforts since the 1950s. Aqueous redox
chemistry, ion selective recognition, uptake by specific
biomolecules or compartments of the geosphere and
transport are some of the major fields of investigation.
Additional difficulty comes from the fact that funda-
mental understanding of actinide physical chemistry is
still at the early stages of knowledge compared to
d-transition metals. In this family of elements, the 5f
and 6d frontier orbitals are at stake in the formation
of the chemical bond between the actinide cation and
its ligand. The *“5f” orbital extension is rather large
compared to the “4f” extension and consequently, their
“5f valence electrons are relatively available. This
partially explains why actinide molecular chemistry is
surprisingly rich compared to lanthanide chemistry.
Therefore, actinides’ oxidation states span from (III)
to (VII), depending on the chemical conditions, com-
pared to mainly (III) for the lanthanide elements. One
of the most striking properties of the actinides is the
propensity of some of them (U, Np, Pu, Am) to form
AnO,"" (n=1, 2) transdioxo cations, so-called actin-
yls, with two strong An—O covalent bonds, at oxidation
states (V) and (VI).

Thorium bears the formal configuration 5f° at oxida-
tion state (IV) which is therefore the only stable form in
atmospheric conditions. It does not occur as an oxo cat-
ion in these conditions. Protactinium, as the first acti-
nide with 5f-electrons involved in bonding (ground
state electronic configuration 5f*6d'7s?), occupies
a key position in the actinide series. At formal oxidation
state (V) (its most stable oxidation state in solution as
well as in the solid state) Pa(V) corresponds also to
the formal 5f° electronic configuration and has been re-
ported to occur as a mono 0xo Pa(V)O3+ cation [1]. The
existence of the PaO3 form in solution and in solid state
has never been reported. U(VI) also corresponds to the
formal oxidation state 5f° and is most often encountered
as the stable dioxo cationic form U(VI)O3". Np(V)O3

is the stable form of neptunium at formal oxidation state
(V) under atmospheric conditions, with formal 512 elec-
tronic configuration. U(V) is highly unstable under
atmospheric conditions and Pu(V)O3 dismutates into
Pu(IV) and Pu(VI) in the same conditions.

At other oxidation states than (V) and (VI), the acti-
nide cation polyhedron is characterized by large, flexible
coordination spheres with various stable and metastable
metal oxidation states ranking from (III) to (VII). Coor-
dination numbers for coordination states (V) and (VI)
range from 4 + 2 to 6 + 2 in a bipyramidal type of poly-
hedra, and from 8 to 12 for oxidation states (III) and (IV)
in prism, caped prism or dodecahedron polyhedra.

Several spectroscopic tools have been technically
well adapted to actinide chemistry, as Infra-Red Spec-
troscopy and Spectrophotometry. X-ray Absorption
Spectroscopy (XAS) is also an ideal structural and elec-
tronic probe of the cation coordination sphere merely
independent of the physical state of the sample under
study. In this field, the actinide L3 edge (corresponding
to the dipolar 2p—6d transition) has been most fre-
quently used because the energy range involved (from
16 to 19 keV) is consistent with the presence of radio-
logical barriers around the sample. Although significant
structural information on the coordination polyhedron
can be obtained from these electronic transitions
because of the importance of shape resonances [2,3],
the very short core-hole lifetime broadens the edge sig-
nal (about 7 eV for U) resulting in very little extractable
electronic information. In most studies, a systematic
investigation of the relative L3 edge position and width
results in a qualitative comparison of the metal environ-
ment and its influence on the cation effective charge as
well as the influence of the ligands. At the other end of
the spectral range, N3 (dipolar 4p—6d transition) and
N, 5 (dipolar 4d—5f transition) as well as My s (dipolar
3d—5f transition) edges are relatively insensitive to res-
onances, but they provide a much better resolution and
a direct electronic probe of both 5f and 6d orbitals.
Overall, from soft X-rays (1043 eV for uranium N3
edge) to hard X-rays (17166 eV for uranium L3 edge),
the tunability of the photon probe allows to selectively
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investigate both structural and electronic properties of
the actinide coordination sphere, taking advantage of
the large number of electronic levels in these elements.
Understanding and interpreting the edge features of ac-
tinides is still a methodological challenge. Within the
absorber potential barrier, the electron is trapped above
the energy threshold and both multiple scattering or
molecular orbital pictures can be used, as they should
reflect the same underlying phenomena when electronic
correlations are negligible. It is well known for instance
that pre-edge features of the transition metal K edges
can be treated as transitions to bound states made of
the hybridized unoccupied or partially occupied d and
p states [4,5]. In the case of the L3 edges of the actinide
elements, it has been suggested that the multiple scatter-
ing picture is more suitable to explain the edge features
[6] as mixed bound-continuum states are believed to
dominate the white line shape and intensity. In contrast,
the L; edges of the lanthanide ions exhibit a very sharp,
intense and often featureless white line that may reflect
the transition to the narrow 5d states of lanthanides
compared to the more diffused 6d’s of the actinides.
In order to extract quantitative features from edge
data, such as electronic localization, numerical simula-
tion is a non-routine, inescapable task. Input of elec-
tronic structures from quantum chemical calculations
in the simulation codes may lead to a better description
of the initial state. However, one of the main bottlenecks
is still the accurate description of the final states and
molecular potentials. In many cases, only relative data
are expected while absolute values are still difficult to
obtain. In addition, the structural environment around
actinide ions in solution is often not well known and
defined. As a prerequisite, refinement of the structure
needs the use of techniques independent of spectro-
scopic probes, among them quantum and statistical me-
chanics have been proven quite useful [3,7]. Such
quantitative approaches in the hard X-ray region have
long been applied to spin state or local symmetry stud-
ies of transition or lanthanide metal series. On the other
hand, a very limited number of studies have been de-
voted to actinide elements, most of which dealing
with oxide, halide or intermetallic solid-state materials.
At the molecular level, only few papers have been
addressing the simulation of actinide XANES spectra.
In this paper, we review the interpretation and simu-
lation of XANES spectra of various uranium com-
pounds from L to M edges. We will see that the
multi-edge approach provides a useful probe of both
electronic and geometric structures in actinide com-
pounds. Moreover, coupling XANES study with theo-
retical chemistry allows: (i) a better interpretation of

experimental data, and (i) to validate and improve the
calculation models.

2. Methodological aspects

X-ray absorption spectra of a given element are com-
monly divided into two different regions, the pre-edge
and edge regions called XANES and the post-edge re-
gion, called EXAFS, which correspond to significantly
different processes. In the edge region, low energy
excited states are considered and transitions to bound
states or quasi-bound states are often observed. In a sim-
ple one-electron molecular orbital (MO) picture, the au-
thorized LUMO or partially vacant valence orbitals are
probed by the photoelectron according to the dipolar
transition rule. Quadrupolar transition or phonon cou-
pling can also contribute to the edge as observed for
several transition metals. Within the one-electron pic-
ture, both absorption coefficient u and l-projected den-
sity of states (DOS) p have smooth atomic backgrounds
modulated by the oscillating function x [8]. Transitions
to bound or quasi-bound states resulting from mixing
with continuum states occur below or around the
vacuum level. Above the continuum threshold, in the
EXAFS regime, the final one-electron state belongs to
the continuum and the spectrum is dominated by con-
structive or destructive interferences contained in Y.
XANES has long been used in a phenomenological
approach as a fingerprint of the absorbing atom coordi-
nation geometry and electronic state. Because at low ki-
netic energy the photoelectron mean free path increases
dramatically, the shape components of XANES, occur-
ring mostly in L and M edges for actinides (K edges are
located too high in energy to be measurable), can be
viewed as an extension of the EXAFS energy region,
given that high-order multiple scattering paths are dom-
inant. Many codes have aimed at simulating and better
understanding the information included in the edge fea-
tures. Depending on the relative proportion of delocal-
ization in the valence states or electronic correlation
within the final state, so-called multiple scattering or
multiplet approaches have been developed [9]. In all
cases, calculations need a starting model for the struc-
ture and the electronic configuration of the compound
studied. In our approach, we combine theoretical chem-
istry with XANES simulations in order to better repro-
duce and interpret experimental data.

For that purpose, we focus, in this paper, on a series
of four U(VI) systems with different coordination poly-
hedra and electronic states. The four systems are sche-
matically presented in Fig. 1. Two compounds of this
series contain the linear transdioxo unit (UO%*): uranyl
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Fig. 1. Schematic representations of the following uranium(VI) systems: UO,(NO3),-6H,0 (top left), UO,L(py)s (top right), Ba,ZnUOg (bottom
left) and [((ArO)stacn)UY’(NSi(CHs)3)] (bottom right). Uranium atoms are in black and oxygen atoms in red.

nitrate UO,(NO3),-6H,0O and uranyl diiodide complex
UO,I1(py)s. The two other compounds do not contain
the transdioxo unit: perovskite Ba,ZnUOg and an
organometallic compound [((ArO);tacn)U(NSi(CHs)3)]
((ArO);tacn = 1,4,7-tris(3,5-di-tert-butyl-2-hydroxyben-
zyl)-1,4,7-triazacyclononane) that is assumed to be iso-
structural with the U(V) equivalent.

2.1. Experimental details

Experimental details are fully described in the corre-
sponding references and only guidelines are given in
this section.

The uranium molecules discussed in the text are the
following: (/) UO,(NO3), - 6H,O: in this molecular com-
pound, the uranyl group (UO3") is surrounded in the
equatorial plane by a near-planar oxygen hexagon of
four oxygen atoms from two non-equivalent bidentate ni-
trate groups and two equivalent water oxygens [10]. (i)
UO,Lx(py); has been synthesized and characterized by
X-ray diffraction by Berthet et al. [11]. The uranium
atom is found in the classical pentagonal bipyramidal
configuration with the linear UO, fragment perpendicu-
lar to the equatorial plan defined by the three nitrogen
atoms of the pyridine ligands and two non-adjacent io-
dide groups. (iii) Ba,ZnUOg is the only solid-state com-
pound of this work. The uranium atom sits in the centre of
an oxygen octahedron, the space group being Fm3m [12].

For the preparation of the perovskite see also Ref. [13].
(iv) The organometallic compound studied in this work,
[((ArO)stacn)UYP(NSi(CH;)3)] T, has been synthesized
by Castro-Rodriguez et al. [14]. Its crystal structure is
still unknown, however, this molecule is the product of
-oxidation of [((ArO)stacn)UY(NSi(CHs)3)]. It is rea-
sonable to assume that the uranium centre is only oxi-
dized by one electron and that U(VI) should be
isostructural to U(V). Then, the structure of the U(V)
compound will be used for theoretical calculations.
Uranium L; and M; edges data were acquired at the
D44 experimental station of DCI ring of the Laboratoire
pour I’Utilisation du Rayonnement Electromagnétique
(LURE, Orsay, France) for UO,(NOj3),-6H,O and
Ba,ZnUOg [13]; at BM20 of the European Synchrotron
Radiation Facility (ESRF, Grenoble, France) for
UO,lx(py)s; at BL11-2 at Stanford Synchrotron
Radiation Laboratory (SSRL, Stanford, USA) for
[((ArO)stacn)UYP(NSi(CH3)3)]™ [3]. XANES spectra
of oxygen K edge were recorded at the 11.0.2 beamline
of the Advanced Light Source (ALS, Lawrence Berkeley
National Laboratory, U.S.A), particularly relevant for
radioactive materials and soft X-ray experiments [15].

2.2. XANES simulations

XANES calculations presented in this paper are
based on the FEFF8.2 code using a self-consistent
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real-space Green’s function formalism and FDMNES
code using a full potential description of the cluster.
Both codes are well described in the literature and the
reader may report to corresponding articles [8,16]. For
FDMNES code, some of the absorption spectra were
simulated using the multiple scattering theory or the
finite-difference method and relativistic calculations
as noted in the text [16]. The two programs allow to cal-
culate the signal for different polarizations, as well as
the density of state (DOS) for each atom. After a first
calculation, the spectra are convoluted with a Lorentzian
in order to take into account the core-hole lifetime.
However, some results are presented before convolution
for a better understanding. In order to reproduce and
interpret experimental data, important input parameters
for XANES codes are the atomic positions and the elec-
tronic configuration of the system. They may be pro-
vided by other experimental techniques, such as X-ray
or neutron diffraction, or theoretical chemistry such as
molecular dynamics or quantum chemical calculations.

2.3. Molecular dynamics calculations

Molecular dynamics simulations have been per-
formed with the AMBER 6.0 package [17,18], using
the following representation of the potential energy:

E= Z K, (r — req)z-i- Z Ky (9 - Heq)z

bonds angles

+ Z Vn[l + COS(”¢ - ¢0)]

dihedrals

-4 By qig;
+an RIZ_R_:'G/'JFRU

i=1 j>i ij

UO3" parameters have been previously adjusted to
reproduce its hydration coordination sphere and AAG
differences relative to spherical 42 cations [19—23].
For the molecular dynamics simulations used in this
study, the uranyl cation was immersed at the centre of
a cubic (37 A%) box containing around 1800 explicit
TIP3P water molecules, with periodic boundary condi-
tions. After a 1000-step geometry optimization, systems
were equilibrated for 20 ps (picoseconds) and a 700 ps
molecular dynamics simulation at 300 K was achieved
for data acquisition. These simulations have been per-
formed using a 0.001 ps time step, with a 15 A cut-off
and applying the Particle Mesh Ewald algorithm [24].
Two different structures have been used for the repre-
sentation of UO3" in aqueous solution. The first set
of simulations describes UO3 ™ parameters without con-
strain, allowing all atoms to move. The second set uses
the same parameters, with a frozen [UO,0Os] cluster

maintaining the cation and the five oxygen atoms of
its first hydration sphere in the geometry determined
in previous EXAFS study [3].

2.4. Electronic structure calculations

Electronic population calculations using quantum
chemistry were performed on the molecular compounds
in their ground state in order to (i) get a detailed
electronic structure of the compounds and to help the
interpretation of the XANES spectra; (if) improve the
XANES simulation with FDMNES code using calcu-
lated electronic population as an input in the simulation.
As a first approximation, calculations were performed
for the molecules in their electronic ground state, no
core hole was taken into account. The perovskite system
is periodic and cannot be handled with the same calcu-
lation methods as the ones which have been used for the
molecular compounds and its electronic structure has
not been determined through quantum chemistry calcu-
lations in the present study.

Electronic populations were obtained from a
Mulliken population analysis derived from Density
Functional Theory (DFT) calculations. DFT calcula-
tions were performed using the Amsterdam Density
Functional (ADF) program package [25]. Relativistic
effects were considered through the zeroth-order regu-
lar approximation (ZORA) [26]. Spin—orbit effects
were not taken into account. Uncontracted triple-¢ Slater
type orbitals valence orbitals with one set of polarization
functions were used for all atoms. The frozen-core
approximation was used where the core density was
obtained from four-component Dirac—Slater calcula-
tions on all the atoms and kept frozen during molecular
calculations. The density functional consists of a local
density part using the parametrization of Vosko, Wilk,
and Nusair and exchange-correlation gradient corrected
parts of Becke (BP86). Additional DFT calculations
were done using the Gaussian 03 [27] program package
in order to perform a Natural Population Analysis (NPA)
to compare with Mulliken Charges. Stuttgart relativistic
effective core potentials were used to describe uranium
and a 6-314-G* basis set was used for other atoms. The
B3LYP functional was employed.

3. Understanding and simulating actinide XANES
in molecular species

3.1. Lz edges

As mentioned in Section 1 of this article, L3
edges, formally assigned to the electronic transition
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Fig. 2. (a) U L; edge normalized XANES spectra obtained from a series of U(VI) compounds. Experimental spectra: full line; calculated
(FDMNES): dotted line. (b) U, Np and Pu L; edge XANES in a relative energy scale of isostructural actinide(VI) perovskite compounds.

2p°> — 6d"" in the dipolar transition, are mostly sensi-
tive to shape resonances and therefore to the geometry
of the coordination polyhedron. In the following of
this paragraph we discuss some examples of the struc-
tural sensitivity of the actinide L3 XANES spectra.

In order to discuss the influence of the uranium poly-
hedron on L; edge XANES features a detailed compar-
ison of the edge shape of the four structurally distinct
U(VI) systems mentioned in Section 2.1 is presented.
The four experimental spectra are shown in Fig. 2a
and reflect considerable variations in width, relative am-
plitude and energy position of the white line peaks.
XANES calculations have been performed with
FDMNES code, using the multiple scattering theory.
Cluster structures were provided by X-ray or neutron
diffraction (see Table 1) and atoms of the cluster were
not charged. The calculation only poorly reproduces
the edge energy position. Therefore, the later have
been ignored and all calculated spectra have been
shifted in energy with respect to the absorption inflex-
ion point of the experimental ones. Shapes of the four
spectra are well reproduced by XANES simulations:
intensities and positions of the features are quite satis-
factory (Fig. 2a).

For the simulation of UO,l,(py);, the uranium L3
edge XANES spectrum is obtained with the structural

Table 1

parameters given by X-ray diffraction and is shown in
Table 1 exhibits a white line with two multiple scatter-
ing features too close to each other. Analyzing the
EXAFS signal allows one to extract the following aver-
age distances: 1.80 A for U=0, 2.40 A for U-N A and
3.10 A for U—I. XANES calculations performed with
these corrected distances give a good simulation of
the experimental spectrum (Fig. 2a). At this point of
our study, we do not explain this discrepancy between
X-ray diffraction and EXAFS distances. A slight mod-
ification of the structure upon X-ray-diffraction and
EXAFS data collection might be possible, due to the
high sensitivity of UO,I,(py); to the air.
UO,(NO3),-6H,0 and UO,I,(py)s XANES spectra
exhibit similar features: one intense white line (A/D),
one feature (B/E) known to be due to resonant scattering
along the linear transdioxo unit and another feature at
higher energy (C/F). For uranyl nitrate, the theoretical
spectrum polarized along O=U=0 (Fig. 3) exhibits
one peak at the energy of the white line and a feature
at higher energy corresponding to shoulder (B),
whereas the calculated spectrum polarized in the equa-
torial plan shows a contribution to the white line and to
shoulder (C). Therefore, calculation of the polarized
XANES signal demonstrates that feature (B) is assigned
to the presence of the ‘yl’ oxygens whereas feature (C)

Selected bond distances in A, obtained by X-ray or neutron diffraction, for uranium compounds under investigation in this paper

UO,(NO3),-6H,0 UOL(py)s Ba,ZnUOg ((ArO);tacn)UY(NSi(CH3)5)
neutron diff. [13] X-ray diff. [11] neutron diff. [12] X-ray diff. [14]
2 U=O0 at 1.75 2 U=0 at 1.75 6 U—0 at 2.01 1 U—N at 1.99
2 U—O at 2.40 3 U-N at 2.54 3 U—0 at 2.20
4 U—0 at 2.52 2 U—I at 3.10 3 U—N at 2.72
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Fig. 3. Experimental and calculated (FDMNES) U L; edge XANES
spectra of UO»(NO3),-6H,0 (top). Calculations in polarized mode,
before convolution by the core hole (bottom).

originates from atoms in the equatorial plan. The same
type of polarized calculations have been performed for
UO,Lx(py)s and lead to the same conclusion. For this
system, the XANES feature labelled (E) originates
from the occurrence of the ‘yl’ oxygens and (F) is
mainly due to the nitrogen atoms of the pyridine ring,
located in the equatorial plan. Despite these similarities,
some differences arise from the comparison between L;
edge XANES spectra of the two uranyl compounds. In
the spectrum of UO,(NOj3),-6H,0, the second peak (B)
and third peak (C) are found =15eV and =32eV
above the white line, respectively. Instead, scattering
peaks (E) and (F) are separated by =9 eV and =35eV
from the white line in UO,I,(py)s. To a first approxima-
tion, the energy difference between the threshold and
a scattering resonance is proportional to the inverse of
the interatomic distance. Therefore, a larger U=0 dis-
tance is expected in UO,L,(py); than in uranyl nitrate.
This is confirmed by the EXAFS data analysis but con-
tradicts the X-ray diffraction data. Further measure-
ments on this compound are going to be performed.
The absence of any feature similar to (B/E) in both
experimental spectra of Ba,ZnUQg and [((ArO)stacn)
UYD(NSI(CH;)5)] " is consistent with the absence of
any uranyl unit in these compounds. The XANES spec-
trum of Ba,ZnUQg exhibits a broad white line (H) and
a shoulder (G) at lower energy. The experimental
XANES spectra of isostructural Ba,ZnNpOg and
Ba,ZnPuOg all exhibit the same features (Fig. 2b). In
a simple molecular orbital picture, the occurrence of
(G) in the U L3 edge spectrum of Ba,ZnUQg can be
explained by the atomic orbital diagram of uranium
6d orbitals in the O, symmetry. The perovskite having

— experiment
-+ simulation

Absorption (a.u.)

---DOS U 6d,,, 6d,, 6d,,
— DOS U 6dy.y, 6d,2

-20 0 20 40 60 80 100 120
E-E, (eV)

Fig. 4. Experimental and calculated U L; edge XANES spectra of
Ba,ZnUQ¢ (top). Density of states for the uranium 6d orbitals
(bottom).

octahedral UOg units, the shoulder and the white line
can be attributed to the electron transitions from 2ps,,
states to split 6d states, i.e., ty, (d, dy. and d,.) and
eg(dyo_y and d.). This is confirmed by plotting the
DOS of the 6d orbitals obtained with FDMNES code
and is shown in Fig. 4.

For the above simulations, all XANES calculations
have been performed using the default electronic con-
figuration with neutral atoms, although we can safely
assume that the atoms are partially charged, in all of
the four compounds. Nonetheless, the theoretical
XANES spectra obtained with neutral atoms reproduce
quite well the experimental ones (Fig. 2a). XANES cal-
culations with atomic charges obtained by quantum
chemistry (Tables 2 and 3) have been performed but
did not show significant changes on the edge shape or
multiple scattering resonance energy. We can therefore
conclude that in the case of actinide elements, the L;
edge shape, provides a useful fingerprint of the cation

Table 2

Mulliken populations for UO,(NO;),-6H,O valence s, p, d, f shells
Atom Charge S p d f
U +2.1 0.1 5.7 1.5 2.7
Oy —0.6 2.0 4.6 0.0

Oun —0.6 1.9 4.6 0.1

On —-0.4 1.9 44 0.1

N +1.0 1.0 2.7 0.3

Ou,0 —0.5 1.8 4.6 0.1

H +0.3 0.6 0.1

On,0: water oxygens; Oyn: oxygen atoms from nitrate groups bound
to uranium; Oy: oxygen atoms from nitrate groups unbound to
uranium.
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Table 3

Mulliken populations for UO,I,(py)s valence s, p, d, f shells

Atom Charge S p d f
U +1.8 0.2 5.8 1.6 2.7
(¢} -0.7 2.0 4.6 0.1

N -0.5 1.6 3.8 0.1

1 —-0.4 1.9 54 0.0

On,0: water oxygens; Oyn: oxygen atoms from nitrate groups bound
to uranium; Oy: oxygen atoms from nitrate groups unbound to
uranium.

polyhedron but is very little sensitive to the electronic
structure.

Despite the lack of sensitivity of the edge shape
toward the electronic properties of the actinide central
atom, the position in energy of the actinide L3 edges
is sensitive to the formal oxidation state of the absorb-
ing atom, more precisely its effective charge. Indeed,
it is known that the edge energy position should in-
crease with increasing absorber charge. This effect
has been observed in some of the actinides, for example,
in uranium, neptunium and plutonium. At the same
time, it may also be shifted by structural effects. In
this work, [((ArO)stacn)UYP(NSi(CH3);)] spectrum
does not show well-defined feature except for the white
line (I). However, one can note a pronounced shift in the
threshold position (inflection point energy) by =4 eV
to lower energy as compared to the uranyl nitrate.
For UO,(NO3),-6H,0, UO,L,(py); and [((ArO)stacn)-
UYP(NSi(CH3)3)]" DFT calculations have been per-
formed in order to determine the effective charge of
uranium. Mulliken analysis as well as Natural Popula-
tion Analysis (NPA) has been performed and both
approaches indicate a similar charge evolution for
Uranium in the three compounds; Mulliken Charges
are, respectively, +2.1, +1.8 and +2.0 whereas NPA
charges are +2.8, +2.7 and +2.8. Obviously, the thresh-
old energy does not increase with the uranium effective
charge of the three molecular compounds. Despite the
quite similar uranium charges in [((ArO)stacn)UYD
(NSi(CH3)3)]", UO,(NO3),-6H,0 and UO,1,(py)s, the
edge energy of [((ArO)3tacn)U(VI)(NSi(CH3)3)]+ is
shifted by = —4 eV. In this case, the threshold energy
shift may be due to structural effects or hybridization
with the ligands orbitals.

Among the effects that modify the edge shape and
position, structural effects are far from being minor.
In the last decade, XANES has increasingly been cou-
pled with molecular dynamics calculations [28] in order
to extract valuable structural information, most often in
aqueous solutions.

Figure 5 shows the XANES spectrum of uranyl(VI)
cation in aqueous solution. Although both XANES and
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Fig. 5. Calculated and experimental L; edge XANES spectra of
aqueous uranyl (0.05 M in perchloric acid). Two sets of calculations
with frozen and unfrozen dioxo units have been performed based on
6 snapshots each, obtained from molecular dynamics calculations.
The average of each set of calculation is compared to the experimen-
tal spectrum.

EXAFS spectra of aqueous uranyl have been reported
for a long time [29—31], it can interestingly exemplify
the combination of molecular dynamics with XANES
(or EXAFS) to systems in solution. This methodology
presents several advantages: (7) first it allows to account
for solvent effects in the calculation of the atomic
potentials and avoids an arbitrary truncation of the cluster
when it is based on solid-state X-ray diffraction pattern.
The solvent is treated explicitly up to a sphere radius of
ca. 6—10 A, depending on the size of the coordination
polyhedron; (ii) it accounts for structural stereochemi-
cal relaxation, dielectric effects and solvent effects
that can dramatically influence the cation coordination
sphere in solution in comparison with solid-state struc-
tures; (iii) although XANES is barely not affected by
statistical disorder (because it occurs at low values of
wave vector k) it allows to partially account for disorder
effects, such as residence time of the ligands in the cat-
ion first coordination sphere or dynamic fluctuations of
the geometry of the cation coordination sphere. In the
EXAFS part, these effects can mostly be accounted
for by statistical and structural disorder through the
Debye—Waller factor.

U(VI)in UO3 ™ exhibits a bipyramidal-type coordina-
tion sphere with two oxygen atoms at 1.76(1) A and 5
oxygen atoms from water molecules at 2.42(2) A [31].
Recently, we have refined the EXAFS spectrum of this
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species with implicit input of Debye—Waller factor
through snapshots of molecular dynamics [32]. Fig. 5
compares the experimental L; edge of [UOZ(H20)5]2Jr
with XANES calculations, performed with Feff§82 code
in self-consistent field mode, based on clusters obtained
from 6 snapshots of molecular dynamics with, respec-
tively, frozen [UO,Os] unit and unfrozen unit, as fully
described in Ref. [3]. Qualitatively, all the calculations
in the two series (frozen and unfrozen) reproduce the
XANES features, i.e., the strong white line (A), shoulder
(B) attributed to the multiple scattering contribution of
the transdioxo unit and shoulder (C) (even if it is less in-
tense in the simulation than in the experimental spec-
trum). Although some differences appear between
each calculation corresponding to each snapshot, the
broad character of the edge spectrum precludes the se-
lection of one preferred conformation over another one
by simple comparison with the experiment. The white
line relative position and intensity is more sensitive to
the snapshots in the unfrozen set of calculations than
in the frozen one, in agreement with the strong influence
of the first neighbors on the calculated potentials. Fur-
ther comparison between different sets of calculations
including the second water coordination shell or with
and without the hydrogen atoms of the water molecules
indicates that the relative shape of the calculated
XANES is mainly driven by the potential calculation
and little affected by either light scatters (hydrogen
atoms) or second shell ligands. The two spectra obtained
when averaging in each set the 6 calculations (which
should represent the averaged conformation of the mol-
ecule in water) are indeed in very good agreement with
the experiment.

3.2. Uranium Ms edges

Mj; edges correspond to the first transition probing
the 5f states in the dipolar approximation. More pre-
cisely, it corresponds to the formal 3d2, — 5f"43 tran-
sition. Therefore, M5 edges are expected to be more
sensitive to the cation electronic state than L; edges
are. In order to characterize the effect of the uranyl
group (UO3™) on the Ms XANES spectra, two of the
four U(VI) systems presented in Section 2.1 have
been selected. One belonging to the uranyl(VI) series:
UO,(NO3),-6H,0 and the perovskite Ba,ZnUQg that
does not exhibit any ‘ylI’ oxygens. Moreover, electronic
configurations are expected to be quite different for
these two compounds since U=O0 is supposed to be
highly covalent while the perovskite is an ionic system.

Normalized Ms edge spectra of the two selected
U(VI) compounds are presented in Fig. 6, shifted in

UO,(NO3),.6H,0

Absorption (a.u.)

Ba,ZnUOq

3540 3560 3580 3600 3620 3640
Energy (eV)

Fig. 6. Experimental U M5 edge XANES spectra of UO,(NO3),-
6H,0 and Ba,ZnUOg.

ordinate. Both absorption spectra exhibit an intense
white line (J), due to the 3d — 5f transition, and weak
scattering features (K) and (L) at higher energy. The
main difference between the two spectra is the absence
of feature (K) in the spectrum of Ba,ZnUQg4. We tenta-
tively assigned this feature to the ‘yl” oxygens present in
the uranyl nitrate and not in the perovskite. In order to
confirm this assumption and compare the electronic
properties of the two compounds, the spectra have
been simulated with FDMNES code. At the same
time, DFT calculations have been performed for the
uranyl nitrate (Table 2). A Mulliken population analysis
provides an effective charge of +2 for the uranium atom
which is far from the formal charge +6 and is in agree-
ment with the occurrence of a high covalency in the
uranyl rod [10].

For the uranyl compound two XANES simulations,
with two different electronic configurations, have
been performed: one with neutral atoms (“U%’) and
one with the electronic configuration obtained by DFT
calculations (“U?"”). Unlike uranium L; simulation,
the calculation using the default electronic configura-
tion “U®” is not able to reproduce the experimental
spectrum. As we can see in Fig. 7, charges of each
atom of the cluster have a strong impact on the uranium
M; edge XANES spectrum of UO,(NO;),-6H,0. For
the simulation with “U%"", shoulder (K) appears and
peak (L) is at the correct energy, compared to the calcu-
lation with “U°" electronic structure. This result dem-
onstrates that the features of the U M5 edge XANES
spectrum are sensitive to the effective charge of the cen-
tral atom, which itself reflects the electronic structure
of the compound. Furthermore, polarized calculations
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Fig. 7. Experimental and calculated U M5 edge XANES spectra of
UO,(NO3;),-6H,0 with different electronic configurations. Simula-
tions are shown before convolution.

along the dioxo unit allow to assign feature (K) to the
presence of the ‘yl’ oxygens, as for shoulder (B) at
the uranium L5 edge. Fig. 8 shows the attribution of fea-
ture (K) to the ‘yl’ oxygen rod. In order to complement
this analysis, the 5f density of state in the system’s
ground state has been provided by quantum chemistry
and is plotted in Fig. 9, allowing to attribute XANES
features to ¢* or m* orbitals. The peaks in the 5f
DOS curves, which have been widened by a Lorentzian
curve, correspond to the energies of molecular orbitals
with significant 5f participation. The corresponding
percentage contributions of U 5f and O 2p atomic
orbitals to the molecular orbitals are given in Fig. 9.
Contributions of other atomic orbitals are less than
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" o e simulation ¢ LO=U=0
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Fig. 8. Experimental and calculated U M5 edge XANES spectra of
UO,(NO;),-6H,0, along different polarization directions. Simula-
tions are shown before convolution.
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Fig. 9. Experimental U M5 edge XANES spectrum of UO,(NO3),-
6H,0 and DFT calculation of the density of state for uranium 5f
atomic orbitals with orbital contributions (%) to the corresponding
valence molecular orbitals.

1% and can be neglected. The higher-intensity peak
of 5f DOS corresponds to nearly pure 5f molecular
orbitals incorporating small contributions from nitrate
and water oxygen 2p orbitals. The two higher-energy
features correspond to 7t* and ¢* anti-bonding molec-
ular orbitals formed between uranium 5f and “yl” oxy-
gen 2p orbitals with no participation of oxygen atoms
from nitrate or water molecules. A direct comparison
between this 5f DOS and the experimental absorption
spectrum is only qualitative and should be taken with
care especially at high energy since the calculated
DOS correspond to the uranium compound in its elec-
tronic ground state. However, peaks in DOS are consis-
tent with the experimental feature intensities: a higher
contribution of the uranium 5f orbital gives a more
intense feature. Feature (K) and (L) can be attributed
to transition toward w* and ¢* anti-bonding molecular
orbitals localized on the uranyl.

As mentioned in the computational details section,
the electronic structure of the crystalline perovskite
has not been calculated yet. However, the uranium cat-
ion in Ba,;ZnUOQg is supposed to be more ionic than in
UO,(NO3),-6H,0, because of its octahedral oxygen
environment. Consequently, the effective charge of ura-
nium in the perovskite is assumed to be higher than 42
and we set it arbitrarily to +3. In Fig. 10, FDMNES
XANES simulations are presented for the neutral elec-
tronic configuration and for the following one: U** O~
Ba™ Zn". As for the uranyl case, all the features are
poorly reproduced when the calculation is performed
with “U°’. In particular, there is no shoulder above
the white line. On the other hand, the calculation with
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Fig. 10. Experimental and calculated U M5 edge XANES spectra of
Ba,ZnUOQg¢ with different electronic configurations. Simulations are
shown before convolution.

“U*” exhibits two main peaks, the more intense cor-
responding to the white line (J). Although the second
peak is at lower energy than peak (L) in the experimen-
tal spectrum, the calculation qualitatively reproduces
the experimental data. A better agreement is expected
when charges from quantum chemical calculations are
available. In order to complement our understanding
of the actinide—ligand bond, XANES measurements
have been performed at the ligand K edge and are dis-
cussed in Section 3.3.

These examples illustrate the good sensitivity of the
uranium M5 edge, the electronic structure of the atoms
as well as the fact that weak multiple scattering features
located at higher energy than the white line are a finger-
print of the actinide polyhedron.

3.3. Ligand K edge

Oxygen K edge is an excellent probe of the cova-
lency of the actinide—oxygen bond, since the actinide
5f/6d and O 2p orbitals form an anti-bonding orbital
[2]. Furthermore, those edges are very sensitive to the
oxygen 2p states because of the very small core-hole
width of oxygen (0.2 eV). However, an additional diffi-
culty comes from the multiplicity of the type of oxygen
atoms in many compounds (and in particular in
UO,(NO3),-6H,0). The resulting XANES spectrum
is therefore an average of the various oxygen compo-
nents and its interpretation becomes intricate. To over-
come this difficulty, a molecular compound with only
one type of oxygen atom has been selected: UO,L(py)s.
The oxygen K edge XANES spectrum cannot be ade-
quately modelled through the full multiple scattering

— experiment

— simulation LO=U=0
“~..____ - simulation // O=U=0

Absorption (a.u.)

L —U6dDOS
oy S e U 5fDOS

_______

E-E, (V)

Fig. 11. Experimental and calculated O K edge XANES spectra of
UO,I,(py); (top). Polarized calculations before convolution (middle)
and uranium 6d and 5f densities of states (bottom).

(FMS) approach, but the finite-difference method
(FDM) combined with quantum chemical population
analysis gives satisfactory results, as shown in Fig. 11.

The spectrum exhibits a pre-peak (M) then a shoulder
(N) and the white line (O) at higher energy. The exper-
imental spectrum has been well reproduced using the
electronic configuration obtained by the quantum
chemical calculations reported in Table 3. The polar-
ized simulations provide the XANES signal along two
directions: one parallel to the O=U=0 rod and the
other one perpendicular to it. In Fig. 11, one can see
that the shoulder (N) is polarized parallel to the
O=U=0 axis (i.e., z axis) so it can be attributed to
transition toward an orbital involving the 2p, oxygen
orbitals, i.e., a o* molecular orbital. On the other
hand, the first pre-peak (M) and the white line (O) are
polarized perpendicular to O=U=0 and arise from
transition toward 7t* orbitals. Consequently, the differ-
ent XANES features have been attributed to transitions
toward * or ¢* orbital, by polarizing the theoretical
spectrum. On the basis of these polarized calculations,
it is not possible to go further in the interpretation, as
we cannot distinguish whether peaks arise from an O
2p—U 6d or an O 2p—U 5f hybridization. In order to
identify the origin of these features the projected
density of states for the uranium atom have also been
calculated with FDMNES (Fig. 11). The participations
of uranium 5f orbital to the molecular orbitals occur at
the energies of peaks (M) and (N) and the participations
of uranium 6d orbital corresponds to the features (N)
and (O). These results are consistent with the schematic
molecular orbital diagram of UO3" obtained by DFT
calculation and plotted in Fig. 11. In this diagram,
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only the transitions to levels corresponding to uranium
7s, 6d and 5f orbitals hybridized with oxygen 2p orbital
are authorized in oxygen K edge absorption. The order
of the empty anti-bonding valence orbitals is estab-
lished as m,* (5f;) < 0,%(6ds) < 0,*(5f5) < T*(6d)
and is the same as the one found by Denning et al. [2]
with the presence of a 1s core hole (Fig. 12). Transition
to 5f; and 6d, is expected to be polarized parallel to
O=U=0 and that to 5f; and 6d, perpendicular to
this direction. To interpret the oxygen K edge XANES
spectra, it is assumed that the intensities depend on
the square of the oxygen 2p contribution of the molec-
ular orbital to which transitions take place. By compar-
ing the intensities of oxygen K edge XANES features
for different uranium compounds one can compare the
contribution of oxygen 2p orbital to the molecular
orbitals of these compounds.

— oyt 7S, - 6d, - 2P,

7*6d, - 2p,

o, 5f, - 2p,

o, 7s, - 6d,- 2p,

8,60,
>
oy
(]
C
w — Tt 51 - 2P,
— O, 5
_ 5,51,
empty
occupied
— G, 0f, - 2D,
— G, 60 - 2D,
= %5 -2p
7,60, - 2p,

Fig. 12. Schematic representation of the order of the valence molec-
ular orbitals for the uranyl ion.

These results show the relevance of ligand K edge
study as a complementary tool because of its sensitivity
to the symmetry of the ligand environment as well as
electronic structure of the system.

4. Conclusion

The present work shows that multiple edge approach
for XANES spectroscopy is very promising for elec-
tronic and structure studies of uranium and transura-
nium actinide compounds. The uranium XANES
analyses lead to characterize the absorbing atom coordi-
nation sphere and its effective charge, by coupling the
simulation of the experimental spectroscopic data
with theoretical chemistry. The shape of the threshold
in L3 edge spectra is essentially due to local structure
effects. In case of compounds with not well-defined
structure, coupling L; edge XANES spectroscopy
with molecular dynamics calculations is a relevant
method to determine structural parameters or imple-
ment them. However, the L; edge shape is not well
enough resolved to extract electronic information. On
the other hand, the M5 edge provides a better resolution
(~4 eV for uranium M5 core hole) and then is much
more sensitive to the electronic structure. The work pre-
sented in this paper has proven that M5 edge XANES
simulation combined with electronic structure calcula-
tion by quantum chemistry leads to extract quantitative
information such as the evolution of the effective charge
of the absorber in a series of compounds. Furthermore,
theoretical analysis of low energy ligand K edge
XANES spectroscopy is feasible and gives complemen-
tary information on the actinide—ligand bond. Overall,
to compare experimental and theoretical data, it is
essential to validate and improve the models used for
the different calculations. In the future, analyses on
uranium N5 XANES spectra will be performed.
They are featureless but present some differences in
branching ratio, reflecting various tuning of the spin—
orbit coupling.
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