View Online

PAPER

Theoretical chemical contribution to the simulation of the Lj;; X-ray
absorption edges of uranyl, neptunyl and osmyl hydrates and
hydroxides

2(u/B10" 2SI MMM
DIN

Christophe Den Auwer,** Dominique Guillaumont,” Philippe Guilbaud,” Steven D. Conradson,”

John J. Rehr,¢ Alexi Ankudinov® and Eric Simoni?

“ DEN/DRCP/SCPS, CEA Marcoule, 30207, Bagnols sur Céze cedex, France

b MST Division, Los Alamos National Laboratry, MS G755, PO Box 1663, Los Alamos,
NM 87545, USA

¢ Department of Physics, University of Washington, Seattle, WA 98195, USA

4 Institut de Physique Nucléaire d’Orsay, Bat 100, 91405, Orsay cedex, France

Received (in Montpellier, France) 2nd February 2004, Accepted 22nd April 2004
First published as an Advance Article on the web 21st July 2004

XANES spectroscopy has long been used as a structural and electronic probe of a selected element.
Phenomenological application of this technique to actinide cations has proved fruitful to characterize the
actinide environment in both solid state and solution compounds. Although powerful XANES simulation codes
have been developed, the use of such simulations in order to describe the valence orbitals of the actinide cation
is still scarce. The very short life time of the core hole at the Ly edge as well as the low symmetry and large size
of the coordination polyhedron are difficulties to be overcome in the analysis of the edge spectra. In this work,
three simple molecules have been selected for their similar geometry that is typical of the trans dioxo actinyl
compounds: [UO,(H,0)s]**, [NpO,(H,0)s]*+, [NpO»(OH)4]*~. Additional comparison with a transition metal,
the osmyl cation [OsO»(OH)4*~, is also made. The cation Ly;; edges have been recorded and compared to edge
calculations using FEFF8.2 code. This article is structured in two parts. In the first one, elaboration and
optimization of a valid structural model cluster is carried out using molecular dynamics calculations. The
influence of the water solvent molecules as well as the hydrogen atoms of the cations’ first coordination sphere
are discussed. In the second part, Amsterdam quantum chemical calculations have been carried out on the four
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clusters and molecular energy levels are qualitatively compared to the data obtained from calculated XANES

spectra.

Introduction

The actinide elements, like their lanthanide homologues,
possess a partially filled f valence shell. This electronic config-
uration gives them some specific properties with regards to the
d block elements.! Among the actinide family, the actinyl
cations possess specific chemical properties among which is
the very short dioxo bond. Unlike the dioxo species of the
transition metal series, the bond is invariably linear from
uranium to americium. Theoretical, structural and spectro-
scopic investigations of actinyl adducts have been widely
reported in the literature.”>”’ In particular, since many years,
the optical properties of the uranyl cation, in relation with
its speciation in solution, have been extensively studied.®'?
Moreover, the uranyl electronic structure in condensed matter
was extensively discussed using UV-Vis energy excitation or
two-photon absorption,'® on the basis of the absorption and
emission spectra of hexavalent uranium. Nevertheless, a defini-
tive interpretation according to these spectroscopic data has
never been proposed. Up to now, the overall appearance of
uranyl optical spectra has been interpreted considering the
minor effect of the equatorial ligands compared to the two
axial oxygen atoms. Indeed, these spectroscopic properties
depend mainly on both the linear trans dioxo structure and
the anomalously short U-O bond. Consequently, in a first
approximation, although the actinide ions usually present a
weak electron-phonon coupling, the fine structure of the low
energy absorption spectrum is interpreted in terms of coupling
of the O-U-O electronic transitions with the O-U-O
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symmetric stretching mode.'* In the case of the actinyl species,
this strong coupling is probably evidence of a charge transfer
mechanism. The contribution of electron-electron repulsion,
spin-orbit coupling and the crystal field (usually Ds;, symmetry
for aquo ion) are usually taken into account in the analysis and
determination of the ordering of energy levels.”'>?° The main
absorption and emission bands of the uranyl spectra are attrib-
uted to the transitions between the o,-HOMO and the 5f and
6d empty molecular orbitals accompanied by numerous vibro-
nic side bands. Some of these features have been successfully
fitted using the configurational coordinate diagram together
with the time-dependent theory of electronic spectroscopy.?!
The presence of the ligands (equatorial or other) is taken into
account through the crystal field and the electron-phonon cou-
pling. Moreover the iono-covalency of the bonding and the
charge transfer between uranium and axial oxygen atoms
depend on the type of ligands (donor atom, for example)
and on the structure of the actinyl complex. Recently, a mixed
density functional theory and X-ray spectroscopic study of
uranyl ion has been reported. It supports the valence orbital
ordering obtained from optical spectroscopy using polarized
oxygen K edge X-ray measurements.

The use of X-ray absorption spectroscopy in the hard X-ray
regime to investigate actinyl molecular adducts has been of
increasing interest in the past decade. This is particularly true
for species in solutions, when complementary speciation
techniques such as optical and vibrational spectroscopies or
quantum chemical calculations can be employed.?>*> The
energy position of the actinide Lj; edges within the hard
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X-ray regime of the synchrotron spectrum, between 17 000 and
19000 eV, is particularly convenient from the experimental
point of view and allows measurement across multiple barrier
confinement of the sample.?*>” Accordingly, numerous studies
that are based on Ly edge measurements discuss the formal
oxidation state determination, coordination sphere geometry
or valence orbital properties. It has been, for instance, well-
reported that trans dioxo actinyl species are characterized by
a well-defined multiple scattering contribution at about 15 eV
above the edge maximum.?®>° This contribution comes from
the linear trans dioxo unit of the actinyl bipyramidal (tetra,
penta or hexa) structure. The position and width of this
shoulder depend on the difference between the equatorial bond
length and the axial ones according to the AER® product
(where AE is the difference between the resonance energy of
the contributors at distance R and, say, the white line
maximum). An octahedral symmetry leads to a significantly
different edge shape with a low energy contribution that has
been interpreted in the molecular orbital picture as coming
from the low-lying t,, orbital of the 6d’s and in the multiple
scattering picture as a triple scattering path within the octa-
hedron.?! On the contrary, actinide and lanthanide hydrates
(based, for instance, on a tricapped trigonal prism for La’?)
in aqueous solution and at the formal oxidation state 11 exhibit
an intense, featureless white line.**** These examples show the
sensitivity of the Ly edge to the polyhedron structure, despite
the large broadening due to the short lifetime of the core hole
states. Note also that a few studies at the L; edge have also
been reported.?

The X-ray absorption spectrum of a given element is
commonly divided in two different regions, the pre-edge and
edge region and the post-edge region, called EXAFS, which
corresponds 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
simple one-electron molecular orbital (MO) picture, the
authorized LUMO or partially vacant valence orbitals are
probed by the photoelectron according to the dipolar transi-
tion rule. Quadrupolar transitions or phonon coupling can
also contribute to the edge as observed for several transition
metals. Within the one-electron multiple scattering picture,
both the absorption coefficient x4 and the angular momentum
(D-projected density of states (DOS) p have smooth atomic
backgrounds modulated by the oscillating function y.?® Transi-
tions 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 constructive or destructive inter-
ferences contained in y. According to the dipole approxima-
tion of the Fermi Golden rule, the transitions of interest in
this paper are the following at the Ly edge: 2p®5f°%6d° —
2p°5£%d" for U(vi); 2p®5fl6d® — 2p°5f'6d! for Np(vi) and
2p%4£145d° — 2p%4f145d" for Os(vi).

In this paper, we discuss the calculated and experimental
X-ray absorption edge spectra of structurally related small
actinyl molecules in aqueous solution. Edge calculations are
based on the FEFF8.2 code using a self-consistent real-space
Green’s function formalism.?” A tentative interpretation of
the edge using the electronic properties of the metal cation
valence MO and Amsterdam density functional (ADF) calcu-
lations is proposed. The paper is thus formally formatted into
two parts: a first one devoted to the elaboration of a valid
structural model for each cluster in aqueous solution using
molecular dynamics (MD) calculations, a second one discuss-
ing the comparison between the calculated spectrum and
ab initio quantum chemistry calculations. Four molecular species
have been selected: uranyl(vi) and neptunyl(vi) cations in per-
chloric solution, forming the pentagonal bipyramid hydrates
[UO,(H,0)s]** and [NpO»(H,0)s]**; neptunyl(vi) cation in
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strong basic solution forming the tetragonal bipyramid hydro-
xide [NpO,(OH),J*>~ and osmyl(vi) cation forming an insoluble
hydroxide [0sO,(OH)4]*~ compound in aqueous solution with
a tetragonal bipyramid structure.

In order to focus the discussion towards the sensitivity of the
edge spectrum to fine structural and electronic changes within
the four species, all the cations are present at the same formal
oxidation state vi. The osmyl trans dioxo cation brings up
an interesting comparison between the 5f and 5d blocks and
the role of the corresponding valence orbitals. The four
molecular species can be divided in two types of bipyramidal
molecular skeletons [referred to in the following as (MO;)Os
for the hydrates and (MO,)O, for the hydroxides], as shown
in Chart 1.

Experimental
Sample preparation

[UO,(H,0)s]*" was prepared according to the literature®® in
perchloric solution (0.01 M). [NpO,(H,0)s]>* was prepared
in perchloric solution (1 M).*® [NpO(OH),J*~ was prepared
in aqueous solution of trimethyl ammonium hydroxide (TMA-
OH; 2.5 M).* K,[0sO5(OH),] was prepared from OsO, (0.16
M, Acros Inc.) dissolved in potassium hydroxide aqueous solu-
tion (1.6 M). Reduction and precipitation was obtained upon
dropwise addition of EtOH. The deep red precipitate of
K,[0sO,(OH),] was washed with water and ethanol.*®

Data acquisition and data treatment

All XANES data have been recorded at the Stanford Synchro-
tron Radiation Laboratory (SSRL) on the 11-2 beam line.
SPEAR synchrotron ring runs at 3.0 GeV with an optimal
current of 100 mA. A nitrogen-cooled double-crystal Si220
monochromator with no focusing device was used, giving an
experimental resolution of AE = 5 eV at 17000 eV. The mono-
chromator was energy calibrated with a Y foil (17052.0 ¢V)
for uranium, a Zr foil (18014.0 eV) for neptunium and a W
foil (10206.8 eV) for osmyl. Measurements were carried out
in fluorescence mode with a Ge 30 element detector and an
10 ionization chamber.

The presented data have all been energy shifted towards the
second derivative zero value (inflexion point). XANES spectra
have been treated with ARTEMIS code using the AUTOBK
normalization procedure.>” Absorption and dead time correc-
tions have been made by calibrating the contribution of the
EXAFS first neighbor intensity to 2 (2 axial oxygen atoms).
The structures of the 4 molecular skeletons (i.e., the metallic
cation and the axial and equatorial oxygen atoms) have been
idealized with a perfect bipyramidal geometry. All the dis-
tances used for the calculations have been taken from EXAFS
measurements: [UOZ(HZO)5]2+: 20@1.75A and 50 @ 2.42
A8 [NpO,(H,0)s*™: 2 0 @ 1.75 A and 5 O @ 2.42 A
[NpO,(OH), P : 2 O @ 1.82 A and 4 O @ 221 A"
[0sO,(OH)4*:20 @ 1.75 A and 4 O @ 2.03 A (EXAFS best
fit parameters obtained with FEFFS.2 phases and amplitudes).

[MO;(H;0)s]** (M=UNp)  [MO2(OH)s** (M=Np,0s)

Chart 1
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Molecular dynamics calculations

Molecular dynamics simulations have been performed with the
AMBER 6.0 package,**** using the following representation

of the potential energy:
Z Ky (9 - ‘)eq)z

E = Z Kr(r— req)z—i—

bonds angles
N-1 N
A By  qig
S IRAEEC YRS woul - AR
dihedrals i=1 j>i ij ij y

Due to the difficulties related to the representation of actinide
cations with an empirical force field, very few molecular
dynamics simulations have been performed for these cations
in solution. Some aqueous MD simulations using this energy
representation have already been performed in order to repro-
duce complexation AAG differences for UO,>" and its com-
plexes with crown ether, calixarene, CMPO or R;P=0
ligands in water solutions.***® More recent studies related
the development of a more sophisticated force field including
both polarization and charge transfer to model uranyl-
cation-water clusters.” Nevertheless, there is to date no pub-
lished MD simulations concerning other actinide cations.
Empirical parameters for both Np and Os cations are unavail-
able. Because the aim of this study is the structural determina-
tion of both the hydrogen atoms of the first coordination
sphere and the surrounding water molecules, each of the 4 stu-
died systems have been considered as rigid idealized bipyramid
skeletons obtained by EXAFS measurements. U, Np and Os
dioxo cations have all been modelled using charges and para-
meters from previous adjustments done for aqueous phase
simulations on UO,>".*4¢ The net charge difference between
U, Np and Os in their “yl” form being quite small, there
should be no significant effect from electrostatic interactions
with water molecules in the cation second coordination sphere.
Hydrogen atoms bonded to oxygen of the metal first coordina-
tion sphere (water or hydroxide hydrogen atoms) were added
and allowed to move during the calculations. Charges on the
hydroxides have been derived from electrostatic potential cal-
culation using Gaussian98* and the RESP*® method. Each of
the 4 previously defined molecular skeletons was then
immersed at the center of a cubic (37 A) box containing
around 1800 explicit TIP3P water molecules, with periodic
boundary conditions. After a 1000 step geometry optimization,
systems were equilibrated for 20 ps and a 700 ps molecular
dynamics simulation at 300 K was achieved for data acquisi-
tion. These simulations have been performed using a 0.001
ps time step, with a 15 A cut-off and applying the Particle
Mesh Ewald algorithm.>' In the case of UO,** (for which
parameters are available), molecular dynamics simulations
have also been performed without any constraints on the mole-
cular skeleton for comparison with the results obtained with
the frozen systems.

Quantum chemistry calculations

Quantum chemistry calculations have been performed on
[UO,(H,0)sF", [NpO2(H;0)s]*", [NpO>(OH),]*~ and [OsO»-
(OH)4]*~ clusters. The electronic and geometrical structures
of the complexes have been calculated using density functional
theory (DFT) with the Amsterdam density functional (ADF)
program package.’>>* Relativistic effects have been considered
by the zeroth-order regular approximation (ZORA)>>~7 Spin-
orbit effects have not been taken into account. Uncontracted
triple-{ Slater type valence orbitals with one set of polarization
functions were used for all atoms. The frozen-core approxima-
tion was used where the core density was obtained from four-
component Dirac—Slater calculations on all the atoms and kept
frozen during molecular calculations. 1s* core electrons were
frozen on oxygen. The valence space of the heavy elements
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includes Ss, 5p, 5d, 4f, 6s shells of osmium and 6s, 6p, 6d,
5f, 7s shells of actinides (uranium, neptunium). The density
functional consists of a local density part using the parameter-
ization of Vosko, Wilk, and Nusair and exchange-correlation
gradient corrected parts of Perdew.®

A comparison of calculated and experimental geometrical
bond distances is given in Table 1. Calculated bond distances
are slightly larger than experimental values, from 0.02 to
0.04 A for actinyl and osmyl distances, and from 0.04 to
0.07 A for metal oxygen (equatorial) distances. Uranyl and
neptunyl complexes have been the subject of several quantum
chemistry studies and previous calculations at the DFT level
with relativistic effective core potentials give 1.75 A for uranyl
distance in [UO,(H, 0)5]2+59 and 1.83 A for the neptunyl dis-
tance in [NpO,(OH),]*~.%° The agreement of the present calcu-
lation with experlmental as well as with previous theoretical
studies is correct.

The calculations give different conformations between
[NpO>(OH)4J*~ and [0sO,(OH),J*~ clusters. In the neptunyl
complexes, the most stable conformation corresponds to OH™
groups bent out of the equatorial plane whereas in the most
stable conformation of osmyl complexes, OH™ groups lie in
the equatorial plane.

XANES calculations

The FEFF8.2 code® has been used for all the XANES simula-
tions with similar calculation parameters: self consistency and
full multiple scattering sphere up to the first water solvent
molecule (between 4.1 and 4.3 A depending on the cluster),
no additional broadening from the imaginary part of the self
energy. In order to take into account the global charge of
the complex, partial ionization of each atom of the first coor-
dination sphere (given here as fraction of electron counts) has
been applied with values derived from the quantum chemical
charge calculations (Mulliken analysis). [UO,(H,0)s]** and
[NpO,(H,0)s*": U, Np = —0.48, O = —0.10, H = +0.07;
[NpO5(OH)4J*": Np = —0.42, O = —0.16, H = +0.04; [0sO»-
(OH)4J*": Os = —0.40, O = —0.16, H = +0.04. These values
have been arbitrarily set to a fixed fraction of the
calculated charge in order to best match the experimental
spectra. Note that: (i) the same fraction has been used for all
the calculations, (ii) a small variation (£20%) of these values
does not affect the spectrum shape but shifts the edge value
to low energy, in agreement with a decrease of the cation
charge.

Ground state density of states (DOS) calculations and
population analysis have been carried out with the same code
parameters (NOHOLE card).

Results and discussion
Optimization of the molecular structural model

The information included in the XANES spectrum has long
been used as a structural probe around the central actinide
cation.?®*3%0 Benfatto er al. have also discussed the relation

Table 1 Metal-oxygen bond distances (A) in [MO,(H,0)s]*" and
[MO5(OH)4J*~ complexes

Mfoaxo Mfoequatorial

Caled Exptal Caled Exptal Ref.

[UOyH,0)s>" 177 175 249 242 38
[NpO-(H,O)sP+ 176 1.74 247 242 27
[NpO(OH),]>~ 186  1.82 229 225 41
[0sO,(OH), >~ 178 175 209  2.03 This work

New. J. Chem., 2004, 28, 929-939

931



http://dx.doi.org/10.1039/B401607F

Downloaded on 22 December 2010
Published on http://pubs.rsc.org | doi:10.1039/B401607F

between local structure and XANES.®' Conversely, the
ab initio calculation of XANES spectra must be based on a
model cluster that defines the best structural model of the
compound under investigation. The optimization of this model
is at the starting point of obtaining reliable calculated spectra.
Two components can be schematically considered in the defi-
nition of a model cluster. The first one, according to the multi-
ple scattering approach, defines the adequate position of the
scattering atoms in space and the inclusion of enough atoms
in the calculation. The second component deals with the poten-
tial calculation of each scattering atom and the difficulty of
dealing with a finite cluster size. The first component is in most
cases easily optimized starting with an X-ray or neutron
diffraction structure in the solid state, although light scattering
atoms such as hydrogen are usually difficult to localize by
X-ray diffraction. However, inclusion of hydrogen atoms as
significant contributors has been discussed by Merkling et al.
and references therein® and has generally been found to be
negligible. In the case of species in solution, the model cluster
should represent, at best, an average of all the possible confor-
mations. It can be based on assumptions derived from solid
state structures or from molecular structures obtained by
either theoretical chemistry®>*' or other spectroscopic techni-
ques. Inclusion of dynamical effects in the solution or solvent
effects derived from computer simulations have been reported
mainly for transition metals®*** but the use of such a proce-
dure for actinide cations is rarer. The second component often
depends on the structural approximations (inclusion of hydro-
gen atoms, cluster size and border effects, global charge borne
by the molecule if needed) as well as the model of the potential
used in the calculation.®?

As mentioned in the Introduction, the Ly edges of uranyl,
neptunyl and plutonyl adducts has been relatively well
described in the literature, often based on a series of model
solid state compounds.*®** However very few of these studies
are devoted to molecules in solution. Three of the four molecu-
lar structures considered in this article are solvent adducts:
[UOy(H,0)s]**, [NpOy(H,0)s** and [NpO»(OH),*". In
order to account for the solvent part beyond the first coordina-
tion sphere, an approach using MD calculations has been per-
formed for these systems in aqueous solution, leading to a
sampling for both the first sphere hydrogen atoms and the sur-
rounding water molecules around the actinyl molecular skele-
ton [the term ‘“molecular skeleton” (MO,)Os or (MO,)Oy4
(M = U, Np, Os) referring to the first coordination sphere
structure excluding the hydrogen atoms]. Note that in the rest
of the text the so-called first coordination sphere includes the
two axial oxygen atoms and the four or five equatorial mole-
cules (H,O, OH") that are directly linked to the metallic
cation. The so-called second coordination sphere includes the
water molecules directly hydrogen bonded to the first coordi-
nation sphere. The fourth adduct, [Ost(OH)4]2’, is insoluble
in aqueous solutions. At this point of the study, only the local
order around the osmium atom has been determined by
EXAFS measurements. Consequently, only the first coordina-
tion sphere has been taken into account in the model cluster
with the positions of the hydrogen atoms derived from the
quantum chemical calculations (see below). One of the major
difficulties lies in obtaining suitable parameters for U and Np
cations. In fact, except for UO,>", there are, to our knowledge,
no parameters to account for these cations in solution using an
empirical force field and an explicit representation of the
solvent. Since the aim of this study is the evaluation of first
sphere hydrogen atoms and solvent structure effects for the
three cations, simulations have been performed with skeletons
allowing both first sphere (water or hydroxide) hydrogen
atoms and all water molecules to move during the simulation.
For these studied systems six molecular structures have been
taken as instantaneous snapshots at regular time intervals dur-
ing the MD simulations. These structures include the cation,
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its first coordination sphere, and all the water molecules having
at least one atom included within 6 A around the cation. Table
1 compares the structural data obtained from EXAFS with
ADF calculations. Agreement on the distances is satisfactory
although the average discrepancy for the equatorial ones
(0.07 A) is larger than for the axial ones (0.03 A). Indeed,
a better agreement is expected for the description of more
covalent bonds, such as the axial ones, with respect to the
more electrostatic bonding mode of the equatorial ligands.

Fig. 1 shows the molecular cluster resulting from one snap-
shot after 75 ps for [UO(H,0)s]*". Fig. 2 compares the experi-
mental Ly edge of [UOz(H20)5]2Jr with 6 XANES calculations
based on clusters obtained from the 6 snapshots (with frozen
skeletons). Qualitatively, all the calculations reproduce the
XANES features: the strong white line A, shoulder B attribu-
ted to the multiple scattering contribution of the trans dioxo
unit and shoulder C (even if it is less intense in the simulation
than in the experimental spectrum). Although some differences
appear between each calculation corresponding to each snap-
shot, the broad character of the edge spectrum precludes the
selection of one preferred conformation over another one by
comparison with the experiment. The spectrum obtained when
averaging the 6 calculations (which should represent the aver-
aged conformation of the molecule in water) is indeed in very
good agreement with the experiment. Before discussing the
influence of the molecular conformation on the calculated
edge, the scattering contributions from the successive coordi-
nation spheres around the uranium cation have been tested.

In Fig. 3 different patterns for the calculation of the edge of
[UO5(H,0)s]** are compared. All the patterns are based on
one molecular dynamics snapshot after 100 ps. Patterns 1
and 2 correspond to the inclusion of all the molecules up to
6 A for the calculation of the atomic potentials. The scattering
contributions from the solvent molecules (beyond the first
coordination sphere) have been accounted for in pattern 1,
whereas they have been omitted in pattern 2 (the calculation
of the potentials being identical). No visible differences appear
on the edge spectrum. In pattern 3, the scattering contribution
from the hydrogen atoms of the first coordination sphere was
also removed. Again, no clear differences can be observed. This
result is in agreement with the conclusions of Merkling et al.
on the edge spectra of Cr’* and Rh**,%? suggesting that the
scattering contributions are negligible for atoms beyond the
first coordination sphere. It also agrees with some of the pre-
sent authors’ previous calculations on neptunyl cations.®’
However, as represented in pattern 4, exclusion of the hydro-
gen atoms in the atomic potential calculation of the molecular
skeleton leads to a significant modification of the spectrum.
Similarly, removal of all the water molecules beyond the first
coordination sphere for both the scattering and the potential
calculations (pattern 5) affects dramatically the calculated
spectrum. To summarize, scattering contributions beyond the
first coordination sphere as well as scattering contributions
from the hydrogen atoms of the first coordination sphere are
negligible. However, inclusion of at least two coordination
spheres seems necessary to obtain a set of reliable atomic
potentials for the molecular skeleton. This suggests, as shown
in Fig. 2, that the modifications of features A and B from one
snapshot to the next one are related to the modification of the
skeleton atomic potentials. This modification is not caused by
the skeleton itself (frozen option) but by the fluctuations of the
hydrogen atoms as well as the water molecules.

In order to discuss this point, Fig. 4 presents the radial dis-
tribution functions (RDF) centered on uranium of both oxy-
gen and hydrogen atoms of the first coordination spheres (up
to 5 A from U) for each snapshot. In the “frozen skeleton™
mode, 2 oxygen atoms are represented at the lowest distance
at 1.7 A (“yl” oxygen atoms) and 5 are represented at 2.4
A. The first distribution set of hydrogen peaks, between 3
and 3.5 A, corresponds to the first coordination sphere atoms,

This journal is © The Royal Society of Chemistry and the
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Fig. 1 Representation of the model cluster of [UO»(H,0)s]*" in water resulting from one molecular dynamics snapshot (75 ps).

that is to the water molecules directly bonded to the uranium
cation. The following hydrogen and oxygen sets, beyond 3.7 A,
correspond to the second sphere and further water molecules
(23 to 27 water molecules between 4 and 6 A). A qualitative
comparison between the edge spectra and the radial distribu-
tion function shows that the closer the oxygen atom from at
least one solvent molecule to the cation, the less intense is
the calculated edge white line. The two limits are the 75 ps
snapshot [most intense white line and d(Ufog;;lg) =4.07 A]
and the 100 ps snapshot [less intense white line and d(U-
oMty = 3.76 A]. This suggests that the higher the density of

wat

water molecules close to the first coordination sphere, the less
intense is the white line. There is, at this point of the study, no
experimental evidence to corroborate the calculated result.
One possible explanation is the following: the higher the aniso-
tropic water distribution close to the uranyl cation, the higher
the polarization of the first coordination sphere and the lower
the symmetry around the cation, resulting in a decrease of the
white line intensity. This effect is, however, small in magnitude.
ADF calculations have been performed on the two limit snap-
shots (75 and 100 ps) and no significant difference has been
observed in the electronic structure (composition and relative
energy position of the molecular orbitals).

. exp.
* pattern 1
I --=--pattern 2
. - pattern 3
16 [ —a---pattern 4 B
' --x--pattern 5

3 T T T T T
A
g
sl Y 1
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6 snapshots_ _. .
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Fig. 2 Experimental and calculated L edge spectra of [UO,-
(H,0)s]*". The 6 calculated edge spectra are based on MD calculations
(frozen skeleton) according to 6 snapshots (—---— 50 ps; ———75
ps; ------ 100 ps; - - - -125ps; 150 ps; —-—-— 175 ps).
The average of the 6 spectra is also presented. For clarity, the experi-
mental and calculated spectra have been shifted on the ordinate.
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Fig. 3 Experimental and calculated Ly edge spectra of [UO,-
(HZO)S]“. The 5 calculations correspond to one cluster (based on
one MD snapshot after 100 ps) calculated with different potential
and scattering patterns as described in the text. For clarity, the experi-
mental and calculated spectra have been shifted on the ordinate.
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Fig. 4 Radial distribution functions of both hydrogen and oxygen atoms around the uranium cation in [UO(H,0)s]**. Each radial distribution
function corresponds to one molecular dynamics snapshot (frozen skeleton) at the indicated time.

Fig. 5 also shows the relative importance of the first coordi-
nation sphere with regards to the second and third ones on the
edge spectrum of [UO,(H,0)s]*". It compares two sets of cal-
culations based on the frozen and optimized skeleton options:
with the optimized skeleton, the variations of the white line
intensity and position are, as expected, far larger. This corro-
borates the previous assessments about the importance of the
first coordination sphere in the build-up of the edge spectrum.
The optimized skeleton option creates a series of snapshots

24
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Fig. 5 Comparison between the edge calculations based on MD

with frozen skeleton (—---— 50 ps; ——— 75 ps; ------ 100
ps;- - - -125ps; 150 ps; —-—-— 175 ps) and optimized
skeleton (—---— 50 ps; ——— 75 ps; ------ 100 ps; 150
ps; —-—-— 175 ps). For both cases, the averages (dashes with

squares = frozen; solid line = optimized) are also compared. For
clarity, each set has been shifted on the ordinate.

New. J. Chem., 2004, 28, 929-939

with significant distortion of the first coordination spheres
between each snapshot. The net result is a small dumping of
the average white line intensity with respect to the frozen ske-
leton option. This difference should become negligible as a lar-
ger number of snapshots are taken into account in the
calculation of the average. Nevertheless, their similarity shows
that the overall influence of the method used for the computer
simulations (frozen skeleton) is negligible when enough
conformations (here 6 snapshots) are taken into account.

Fig. 6 shows the Ly edges of neptunyl in both acidic
([NpOz(H20)5]2+) and basic ([NpOz(OH)4]27) aqueous solu-
tions. The structural distortion of the molecular skeleton from
acidic to basic media corresponds to an elongation of 0.07 A of

Normalized absorbance (a.u.)

0 1 1 1 1 1 1
-20 0 20 40 60 80 100 120

Relative energy (eV)

Fig. 6 Experimental (points) and calculated (solid line) Ly edge
spectra of [NpO,(H,0)s*" (shifted on the ordinate) and [NpO,-
(OH)4]2’. Both calculations are based on one MD snapshot (100 ps).
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the axial distances and a contraction of 0.21 A of the equator-
ial distances.?” *! Comparison of the corresponding experi-
mental Ly; edges shows that this deformation leads to
dramatic changes in the edge spectrum:*® strong differences
in the intensity of A, shifts of B and C in the spectrum of
[NpO>(H,0)s]*" compared to [NpO»(OH)4J>~. These differ-
ences are well-reproduced with both calculations using a
cluster obtained from one MD snapshot (after 100 ps). Note
that the same FEFF8.2 parameters have been used here as
for the calculation of the spectrum of [UO,(H,0)s]**. A com-
parison with Fig. 2 shows that the spectra of [UO,(H,0)s]**
and [NpO,(H,0)s]*" are very comparable due to the similarity
of both skeletons. The strong differences observed in the edge
spectrum of [NpO,(OH)4J*~ confirm that the geometry of the
first coordination sphere plays a major role in the shape of
the edge. As described for the uranium edge, the position of
feature B with respect to A is indicative of the axial Np-O dis-
tance. In [NpO(OH)4J*~, B is shifted to lower energies com-
pared to [NpO,(H,O)s]*", in agreement with a larger axial
distance for the hydroxide with respect to the hydrate. The
identity of the product AER® is indeed verified within the
measurement error: AER*> = 12.5 (eV) x 1.75 QAZ) = 38 for
[NpO»(H,0)s*"; AER®>=10.0 (eV)x1.82 (A% =33 for
[NpO,(OH)4J>~. Conversely, a careful analysis of the edge
shape and feature positions may lead to reliable structural
information about the near structure around the actinide
cation.

Finally, Fig. 7 presents both experimental and calculated
Ly edge spectra of osmyl hydroxide, [0sO,(OH)4]*~. The geo-
metry of the molecular skeleton exhibits a strong distortion
compared to the ones of [l}IpOz(OH)4]27 and [NpO,(H,0)s]* "
: an axial distance of 1.75 A and very short equatorial distances
of 2.03 A. Due to the lack of structural information about the
bulk in this material, the isolated molecule in vacuum has been
considered and the quantum chemistry calculation of the struc-
ture is in a fairly good agreement with the EXAFS results (see
Table 1). The most stable conformation corresponds to a
structure with 4 OH™ groups in the equatorial plane. Compar-
ison with the experimental spectra of Fig. 7 shows a strong
increase of white line A compared to the actinyl case. This
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Fig. 7 Experimental and calculated (shifted on the ordinate) Ly
edge spectra of [0sO,(OH)4*~. Two types of calculations are pre-
sented: one in the single scattering approach (dotted line), the other
one in the full multiple scattering formalism (solid line). The calcula-
tion is based on the optimization of the osmium first coordination
sphere by quantum chemistry calculations.
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point is discussed in the next section. Feature B is attributed
to the multiple scattering contribution of the two axial oxygen
atoms, as suggested by the calculation carried out in the single
scattering mode. Feature C has not been fully attributed and it
is poorly reproduced by the simulation. This discrepancy is
attributed to the limited size of the model cluster (limited to
the first coordination sphere) and probable border effects in
the calculation of the atomic potentials with FEFF8.2. Feature
D is attributed to the equatorial atoms. Qualitatively, it is
shifted to higher energy (49 eV with respect to A) compared
to the spectrum of neptunyl hydroxide (38 eV with respect to
A), as expected for a contracted equatorial plane.

Quantum chemical interpretation of the XANES spectra

Several interpretations of the edge spectrum have been pro-
posed using various methods such as multiple scattering, band
structure calculations, molecular orbital or multiplet calcula-
tions, depending on the system of interest. It is well beyond
the scope of this article to review the tremendous amount of
work reported in this field. In the case of actinide elements,
the large number of electrons involved in the system as well
as the partially delocalized character of the 5f states (compared
to the 4f ones) complicates the interpretation. At the Ly edge,
very short core hole lifetimes (7.5 eV for U®) preclude the
observation of transitions to discrete low lying bound states.
On the contrary, excited states in the continuum are intense
and broad. Whether the edge or part of the edge should be
treated as transitions to discrete bound states depends on the
localization of the vacuum level, lying a few electron volts
above the HOMO orbital. The interpretation of the white line
is often discussed in terms of constructive scattering processes
although the atomic contribution is also non-negligible.?- 3!+ 33
In this framework, the MO picture and the multiple scattering
description are complementary to describe excited states invol-
ving bound and mixed bound-continuum states. In this section
we propose to relate the edge interpretation to a molecular
orbital picture obtained with ADF calculations. On the one
hand, the FEFFS8.2 code provides information concerning
the electronic structure through the calculation of the angular
momentum projected local density of states and its relation
with the absorption coefficient. On the other hand, from the
quantum chemistry code ADF, we have a detailed description
of the electronic ground states in term of molecular orbitals.
Although the nature of the actinyl bond has been largely
described in the literature® " *® and often related to optical
data when available, little has been done to relate these calcu-
lations to the X-ray absorption spectrum.®

The valence molecular orbitals of [UO(H,0)s*",
[NpO2(H,0)s]*" [NpO(OH),J~ and [OsOx(OH),*~ have
been calculated at the DFT level with ADF. The energy and
nature of the filled molecular orbitals (MO) having significant
participation on the metal (>10%) are reported on Fig. 8. The
MOs are labelled according to the symmetry group corre-
sponding to the calculated structures. The bonding between
oxygen and U or Np is due to the donation from the oxygen
p orbitals into the empty 6d and 5f orbitals U or Np. For
instance, the bonding in neptunyl is very similar to that of ura-
nyl® and the extra 5f electron in neptunyl has no overlap with
the oxygen orbital. The osmyl bond is mainly characterized by
a mixing between Os(5d) and O(2p) orbitals. The participation
of the 5d orbitals in the oxo bond is larger than the participa-
tion of U and Np 6d’s since the Os(5d) contribution reaches
nearly 50% in the MO denoted as b, in Fig. 8. Therefore,
the axial distance is shorter for Os (1.75 A) than for Np
(1.82 A) as shown in Table 1. On the other hand, the Np(6d)
contribution to the bonding MOs does not exceed ~20%. As
a result of the large Os(5d)/O(2p) mixing, the 5d orbitals
spread throughout a large energy range whereas the splitting
of the 6d manifold is less important. In all the complexes,
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Fig. 8 ADF molecular orbital energies and nature of selected occupied valence orbitals. Only the orbitals having a least 10% contribution on the
metal are reported. O refers to the oxo oxygens and the percentage given corresponds to the metal contribution. The MOs are labelled by their

symmetries in the symmetry groups of the optimized geometries of the complexes: Ds;, for [MOz(HZO)S]H, D, for [NpOz(OH)4]2’

[050,(OH),J>

the equatorial oxygen atoms of the ligands (H,O or OH™) par-
ticipate also in the bonding. In particular, the OH™ groups
make a significant contribution to the bonding and donate
electrons into the 5f and 6d orbitals of Np (2a, 3b, and 3bs
MOs) and into the 5d orbitals of Os (la,, 2a,and 4a, MOs),
as shown on Fig. 8. On the contrary, the water molecules are
not as good electron donors as OH™ and no significant mixing
between the oxygen atoms of the water and the 5f or 6d
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orbitals of Np or U is found (the Np or U contribution is less
than 10% and is not reported on Fig. 8).

The shape and energy position of the local density of states
(f DOS and d DOS of the metal cation) calculated with
FEFF8.2 are shown in Fig. 9. They are compared with the
MOs calculated with ADF. We should first note that
[MO,(OH),J>~ complexes are doubly charged and that orbital
levels are not rigorously treated at the DFT level for negatively
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Fig. 9 Calculated I-projected DOS and Ly edges of [UOQ(H7O)g]2+ [Npoz(HZO)S]2+ [NpO,(OH)4J*~ and [0sO,(OH)4*". The atomic part of

the absorption coefficient s, is also presented for [NpO,(OH)4J*~
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charged species; thus, only a qualitative interpretation should
be given to the energy values mentioned here. Given the rela-
tion between p and p in the one-electron multiple scattering
formalism and the connection between the Green’s function
formalism and the wave function calculation,®® an interpreta-
tion of the low lying localized states contained in the edge spec-
trum (although their absolute position in energy is unknown)
in terms of MO levels can be attempted. Note that the edge cal-
culations are based on the final state rule and effects of the core
hole lifetime are taken into account by broadening of the edge
transition. The first peak, labelled o, of the 6d DOS of
[MOz(H20)5]2+ (M = U, Np) is associated with the e;”’ and
a;” MOs and corresponds to M(6d)-Ox.(2p) bonding orbitals
whereas the second and largest peak B corresponds to the 6d
vacant orbitals with density in the equatorial plane. The weak
intensity of o is associated with the small contribution of the
6d to the bonding orbitals (less than 20%). The calculated split-
ting with ADF between the o and B peaks is roughly 9 eV for
uranyl and 10 eV for neptunyl while it is 12 eV for both
actinyls with FEFF. Concerning the 5f DOS, v is associated
to the to the e;” and a,” MOs [M(5)-Oxo(2p) bonding orbi-
tals] with the shoulder corresponding to the lowest energy e;’
MO. Peak 3 is associated to the 5f orbital that remains loca-
lized on U or Np. The y — § splitting is evaluated at 3 eV with
ADF and at 4 eV with FEFF. From [NpO,(H,0)s*" to
[NpO>(OH)4*~, the peaks at low energy of both 6d and 5f
DOS (o, v) become slightly broadened and less intense. This
is associated to the increased contribution of the 6d and 5f
orbitals to the Np-Ooy bonding orbitals in comparison with
Np-On,o bonds, resulting in an increase of the splitting of
the 6d and 5f orbitals. The vacant 6d orbitals in
[NpO,(OH),J*~ have strong positive values in the DFT calcu-
lation and are not meaningful in terms of localized bond states.
However, we can assume that the splitting of the p peak into
B1 and P2 results from the participation of 6d orbital in the
M-Opy bonds.

The structures in the 5d DOS of [0sO,(OH),4J*~ completely
differ from those obtained in the 6d DOS of [NpO,(OH)4*".
The major difference between the electronic structures of the
two complexes is the larger participation of the 5d orbitals in
the bonding in comparison with the 6d ones. This is shown
by the population analysis given in Table 2 where ADF and
FEFF calculations give both 5 more electrons in the d shell
of Os than of Np. At low energy, peak al is attributed to
the la, and 2a, MOs (essentially Os—-Ooy bonding MOs)
and peak o2 to 3a,, 1b, and 4a, MOs (Os-Ogy, and Os-
Oopn bonding MOs). The high intensity of peak Bl is asso-
ciated with the 5d orbitals having no significant overlap with
oxygen orbitals (5a, and low energy vacant 5d orbitals)
whereas peak B2 is attributed to the remaining vacant 5d orbi-
tal. The calculated value for the ol — a2 splitting is 3 eV with
ADF and FEFF whereas the o2 — 1 splitting is 5 eV with
ADF and 6 eV with FEFF. Overall, the shape and the relative
positions of the local density of states calculated with FEFF8.2
are consistent with the MO picture. The population analysis of
each shell calculated with ADF and FEFF8.2 give also a com-
parable description of the electronic structure (see Table 2). In
particular, ADF and FEFFS.2 give similar evolutions of the

View Online

population of each electronic shell when going from U to
Np and from Np to Os. Although the absolute values for the
overall electronic occupation of the metal center are signifi-
cantly higher with FEFFS8.2 than with ADF, these discrepan-
cies are meaningless since charges in ADF and FEFFS8.2 are
computed according to very different schemes.*” >* Finally, a
larger splitting of the 6d orbitals induced by the OH™ equator-
ial ligands in comparison with H,O is observed from
[NpO>(H,0)s*" to [NpO»(OH),J*~. It also corresponds to
an elongation of the oxo ligands and therefore a low energy
shift of the corresponding multiple scattering feature. The
net result is a broadening of the white line for [NpO,(OH)4* .

The white lines corresponding to [UO,(H,O)s** and
[NpO>(H,0)s]*" are comparable, in agreement with the close
similarity of the corresponding electronic structures.

One of the striking differences between Os and U, Np is the
more intense white line corresponding to the dipolar transition
to the 5d orbitals. Everything else being equal, the atomic
interpretation of the width of the white line is known to be
related to the core hole lifetime plus the exchange interaction
(negligible here at the Ly edge) plus the localization of the
vacant or semi-vacant 6d (U, Np) or 5d (Os) orbitals.®> 7
The core hole lifetime is shorter for uranium than for osmium
[[(U) = 7.4 eV, I'(Os) = 5.2 eV*] and therefore a wider white
line is expected for uranium or neptunium. In Fig. 9, the
smooth atomic part p,, of the absorption coefficient calculated
by FEFFS.2 is also presented. It shows that the atomic origin
of the white line is larger for Np than for Os and suggests that
significant constructive scattering resonances contribute to the
formation of the intense white line. This is in agreement with
the more delocalized character of the 5d orbitals versus 6d ones
as well as the larger occupancy of the 5d compared to the 6d
(see Table 2). One assumption is that the (0OsO,)O,4 skeleton
can be considered as a distorted octahedron (with two dis-
tances: 1.75 and 2.03 A) and triple multiple scattering contri-
butions involving the triangular Os-O,,—O.q paths may
contribute to the build-up of the white line. Further multiple
scattering calculations should be able to valid this assumption.

Conclusion

Although the Ly X-ray absorption edges of actinyl com-
pounds have been intensively investigated, the comprehensive
understanding of the underlying electronic phenomena is still
partial. In this paper, three actinyl compounds and one equiva-
lent in the d block family have been taken as examples:
[UO>(H,0)s]*", [NpO2(H;0)s*" [NpO>(OH)4J*~ and [OsO,-
(OH),*~. Edge calculations using the multiple scattering
formalism of FEFF8.2 have been performed based on clusters
obtained by molecular dynamics calculations. Such
calculations show that the role of the solvent (here water) is
important in order to better describe the atomic potentials of
the cation first coordination sphere. On the other hand, the
influence on the edge shape of the atoms beyond the oxygen
atoms of the first coordination sphere is negligible. Compari-
son between [NpO,(H,0)s]*" and [NpO(OH),J*~ shows the
sensitivity of the position and intensity of the edge features

Table 2 Mulliken population analysis of the metal centers with ADF and FEFFS8.2

ADF FEFF8.2

s p d f s p d f
[UO,(H,0)s** 0.00 5.65 1.36 2.61 0.31 6.05 2.00 3.53
[NpO,(H,0)s]*" 0.00 5.61 1.31 3.79 0.31 6.05 1.95 4.71
[NpO,(OH),J*~ 0.04 5.76 1.45 3.70 0.37 6.07 1.94 4.76
[0sO»(OH),J*~ 0.23 0.16 5.35 0.01 0.64 0.86 6.46 0.00

This journal is © The Royal Society of Chemistry and the
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to slight distortions of the molecular skeleton. Above the edge
maximum, an interpretation in terms of multiple scattering
contributions originating from the axial trans dioxo bond is
given. In a second step, a tentative interpretation of the edge
in terms of the /-projected density of states as well as molecular
orbital levels from ADF calculations is presented. Clearly, the
attribution of the edge feature or part of the edge to bound or
quasi-bond final states versus continuum states is difficult. The
interpretation given here shows that a relatively satisfactory
agreement is found between the MO levels and the DOS calcu-
lations related to the low lying states of the edge spectrum. It
also qualitatively corroborates the quantum chemical analysis
of the cation—oxygen bonds within the molecular skeleton.
Finally, a comparison between the edges of [NpO,(OH)4*~
and [0sO,(OH),]*~ shows a strong discrepancy in the white
line intensity. Although the broadening of the core hole life-
time is larger for Np than for Os it is assumed, by comparison
of the atomic absorption coefficients, that additional multiple
scattering resonances contribute to the osmium white line
intensity.
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