Volume 13
Number 37

7 October 2022
Pages 10973-11270

Chemical
Science

rsc.li/chemical-science

ISSN 2041-6539

ROYAL SOCIETY EDGE ARTICLE
OF CHEMISTRY Tonya Vitova, Laurent Maron, Marinella Mazzanti et al.

The mechanism of Fe induced bond stability of uranyl(v)

(3



#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

The mechanism of Fe induced bond stability of
uranyl(v)f

i ") Check for updates ‘

Cite this: Chem. Sci., 2022, 13, 11038

Tonya Vitova, & *2 Radmila Faizova,® Jorge I. Amaro-Estrada,® Laurent Maron,**
Tim Pruessmann, 2 Thomas Neill,® Aaron Beck,? Bianca Schacherl, @2
Farzaneh Fadaei Tirani @ and Marinella Mazzanti & *®

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

The stabilization of uranyl(v) (UO,'") by Fel) in natural systems remains an open question in uranium
chemistry. Stabilization of UYo,M by Feln) against disproportionation was also demonstrated in
molecular complexes. However, the relation between the Fe(i) induced stability and the change of the
bonding properties have not been elucidated up to date. We demonstrate that U(v) — oaxial bond
covalency decreases upon binding to Fe(i) inducing redirection of electron density from the U(v) — oaxial
bond towards the U(v) — equatorial bonds thereby increasing bond covalency. Our results indicate that

such increased covalent interaction of U(v) with the equatorial ligands resulting from iron binding lead to
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absorption near edge structure (HR-XANES) and valence band resonant inelastic X-ray scattering (VB-

DOI: 10.1039/d2sc03416f RIXS) and ab initio multireference CASSCF and DFT based computations were applied to establish the
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Introduction

A deep understanding of the stability and mobilization behavior
of uranium (U) in the environment is of high importance for the
implementation of remediation strategies at contaminated sites
resulting from uranium mining and for developing safety cases
for the geological disposal of nuclear waste.’* Understanding
bonding interactions for uranium and more generally for acti-
nides is also of upmost relevance for applications in medicine
and in nuclear energy production.*® The early actinide (An)
elements (thorium (Th) - plutonium (Pu)) have complex and
fascinating chemical properties that are still not well under-
stood and a forefront research topic in actinide science. Due to
the heavy nuclei, relativistic effects significantly influence the
electronic structure of the Ans and result in an increased radial
extension of the 5f valence orbitals compared to 4f orbitals
allowing the 5f electrons to actively participate in chemical
bonding of Ans up to plutonium (Pu).*** Uranium (U) is the
actinide element with the largest economic and environmental
importance. Uranium is most stable and abundant in nature in
the oxidation states +IV and +VI and uranium redox chemistry is
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electronic structure of iron-bound uranyl(v).

of the upmost interest due to the relatively high environmental
solubility and mobility of U(vi) compared to U(v). The U(v) and
U(vi) oxidation states tend to form short covalent axial trans
dioxo bonds often referred to as uranyl (UO,"" = U(v)yl and
UO,*" = U(vi)-yl). The electronic structure of the U(vi)-yl moiety
has been the subject of intensive study,"*™” but less reports are
available on U(v)-yl**' because uranyl(v) species are much less
stable in aerobic aqueous conditions than uranyl(vi) species and
their synthetic preparation is not trivial.>>* Only one natural
uranium mineral, wyartite (CaU(v)(UO,),(CO3)O,4(OH)-7H,0)
was so far reported to contain U(v).**** However, uranyl(V)
species have been identified during the U(vi) reduction by Fe(u)-
bearing minerals such as mica®” or magnetite
([Fe**(Fe*"),0,])**** or in the bacteria-mediated reduction.®
The Vitova group revealed that U(v), when incorporated in
magnetite and bound by Fe in the second coordination sphere,
is stable also under oxic conditions.** However, these systems
are highly disordered and often transient making detailed
structural studies challenging. Only three examples of synthetic
heteropolymetallic molecular complexes presenting a UO," -
Fe** interaction have been reported so far.***¢ Such well-
characterised, crystalline compounds are very valuable for
investigating how Fe influences the electronic and geometric
structure of U(v)-yl and the covalency as well as stability of the
U-O axial and U-O/U-N equatorial bonds. Recent studies from
the Mazzanti group showed that the presence of Fe>* bound to
the uranyl(v) oxo group leads to increased stability of a UO,"
Schiff base complex with respect to proton induced dispropor-
tionation. In addition, previously reported®* cyclic voltammetry

© 2022 The Author(s). Published by the Royal Society of Chemistry
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studies showed an increased stability of the +V oxidation state
compared to +VI and +IV oxidation state for the Fe-U(v)-yl
compared to the K-U(v)-yl. Both reduction and oxidation of the
uranyl(v) cation are more difficult in the presence of Fe(u). This
gives a quantitative measure of the intrinsic stabilization of the
U(v)-yl oxidation state by Fe(u) independently of the role of the
capping ion in the formation of polynuclear disproportionation
intermediates or in proton induced disproportionation.’” The
stabilizing effects of Fe*>" binding on U(v)-yl oxo bonding were
previously investigated in synthetic studies,**** but the origins
of such effects were not elucidated and the electronic structure
of these complexes was never computed or spectroscopically
characterized. These studies are crucial to gain insight on the
role that iron binding plays in stabilizing pentavalent uranyl
species in the environmental Fe*'-mediated reduction of ura-
nium(vi). Another important factor in the prevalence of ura-
nyl(v) species in the environmental migration of uranium is
coordinating ligands which can stabilize U(v). It has been
known for more than 40 years that uranyl(v) can be stabilized in
water by high carbonate concentrations yielding the uranyl(v)
carbonate complex [UO,(CO3);]* . However, in spite of the fact
that several uranyl(v) compounds stable in organic solvents
have been isolated,”***~*® the first example of a well-defined
and crystallographically characterized complex of uranyl(v)
which is stable in anaerobic water was prepared as recently as
2018, using the pentadentate aminephenolate ligand dpaea
(Hydpaea = bis(pyridyl-6-methyl-2-carboxylate)-ethylamine).>*
In order to elucidate the parameters leading to the stabilization
of uranyl(v) in water by the dpaea ligand, it is important to
analyse the electronic effects of supporting ligands on the U(v)-
yl oxo bonding.

Here, we present a spectroscopic and computational study of
the impact of the supporting ligand and of Fe** on the bonding
properties of the U(v)-yl moiety and of the U(v) - equatorial
ligand bonds. Moreover, we correlate changes in bonding to the
U(v) stability. For the first time we characterize the bond cova-
lency in uranyl(v) and uranyl(vi) molecular compounds using
a combination of U M, ; edge High energy Resolution X-ray
Absorption Near Edge Structure (HR-XANES) and U Valence
Band - Resonant Inelastic X-ray Scattering (VB-RIXS) experi-
mental techniques, which probe the U unoccupied and occu-
pied 5f and 6p/7p valence states with high energy resolution and
are sensitive to changes of the oxidation states and covalency of
the U axial and equatorial chemical bonds.***->*

Results and discussion

Our systematic approach includes the variation of the U
oxidation state — U(vi), U(v), U(wv) - taking care of minimizing the
modification of the coordination sphere. This series is explored
for two pentadentate ligands, i.e. Mesaldien®~ (H,Mesaldien =
N,N'-(2-aminomethyl)diethylenebis (salicyl-imine)) and dpaea®~
(Hydpaea = Dbis(pyridyl-6-methyl-2-carboxylate)-ethylamine)
which lead to uranyl(v) complexes stable in organic solvents
(Mesaldien®") or in water (dpaea®"). Moreover, complexes with
one or two Fe atoms bound to the axial O atoms of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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[UYO,(Mesaldien)]” are investigated allowing to detect elec-
tronic and geometric changes induced by Fe on the U(v)-yl bond.

Molecular structures

The complexes [UV'0,(Mesaldien)] (1), {{UYO,(Mesaldien)]K},
(2),% [{Fe(TPA)CI{UO,(Mesaldien){Fe(TPA)CI}L, (4),% [U"™(Me-
saldien)1,](5),* [UY'O,(dpaea)](6), [K(2.2.2.cryptand)][UYO,(-
dpaea)] (7), [U"(dpaea),] (8)** were prepared in microcrystalline
form as previously described. We also prepared and crystallo-
graphically characterized the Fe(u)-U(v) complex [Fe(TPA)(Py)
UY0,(Mesaldien)]I (3) which was not previously reported. The
complex 3 allows to study the effect of Fe binding to the U-O(yl)
group on the stability of the uranyl(v) complex. Complex 3 was
prepared by reacting complex 2 with 1 equiv. of [Fe(TPA)l,] in
pyridine. The schematic structure of complexes 1-8 is given in
Fig. 1 and the X-ray determined solid-state molecular structures
are shown in Fig. S3.t

DFT and CASSCF computations

To gain insights on the bonding and on the electronic structure
of the complexes 1, 2, 3, 6 and 7, a computational analysis was
carried out at the DFT level (B3PW91) but also at the CASSCF
level. The optimized geometries are in good agreement with the
experimental ones. Focusing on the U(vi) complexes (1 and 6,
singlet spin state), the U-O(yl) bonds are correctly reproduced
computationally with a maximum deviation of 0.01 A. In
complex 1, the equatorial bonds (U-O and U-N(imine) are also
correctly reproduced with a maximum deviation of 0.05 A. For
complex 6, the U-O bonds are correctly reproduced with
a deviation of 0.05 A. For both complexes, the donor-acceptor
interaction with amine or pyridine is slightly less accurate
deviation close to 0.08 A) but remains acceptable. The nature of
the U-O(yl) bonds was therefore analyzed using Natural
Bonding Orbital Analysis (NBO). In complex 1, NBO indicates
the presence of two triple bonds U-O, in line with a classical
uranyl complex. These bonds are found to be strongly polarized
toward O (79, 79, 78%). The bonding implies that the overlap
between a 6d/5f orbital (roughly 50-50) with either pure 2p (-
type orbital) or hybrid sp (o orbital). A similar situation is found
for complex 6, with the presence of two strongly polarized
toward O (79, 79, 79%) triple bonds. The covalency in these
bonds was thus analyzed using the Wiberg Bond Indexes that
relate to the overlap population.

The U-O(yl) WBI in complexes 1 and 6 are again quite similar
2.17 and 2.18, respectively, indicating the presence of covalent
interactions. The calculations show no evidence of any
substantial difference in the covalency of the U-O(yl) bonds in
these two complexes. However, in complex 1, the NBO indicates
the presence of polarized bonds between U (10%) and the two
oxygen and three nitrogen (90%) atoms whereas no bonds could
be identified by NBO in complex 6. The stronger interactions
found in the equatorial plane for complex 1 may explain why
experimental data, discussed below, point to a more covalent U-
O(yl) interaction in 6 than in 1.

Like their U(vi) analog, the optimized geometries of
complexes 2 and 7 (doublet spin state) compared well to the
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Fig. 1 Schematic structures of complexes 1-8.

experimental ones. The U-O(yl) bond in complex 2 is repro-
duced within 0.04 A whereas for complex 7, the accuracy is up to
0.02 A. The increase of the U-O(yl) and equatorial bond lengths
by up to 0.1 A is reproduced. At the NBO level, the U-O(yl) bonds
in complex 2 are described as singly polarized ¢ bonds (80%
contribution from O) in line with a reduced covalency with
respect to complex 1. The latter is highlighted by the WBI which
drops down to 1.70. This value indicates some energy-driven
interactions between O (2p) and U (6d/5f) since the overlap is
decreasing according to the NBO (single bond found). The
description of the U-O(yl) bond is very different in complex 7.
Indeed, NBO shows the presence of two triple U-O bonds (two
bonds found at the second order to describe the axial U-O
bonds). These bonds are strongly polarized toward O (78, 82,
82% for the triple bond and 82, 82% for the double). This is in
line with a less covalent complex than complex 6 but also with
a stronger covalent interaction in complex 7 than in complex 2.
That is related to the difference of covalency in the parent
complexes 1 and 6 found by the experiments. The 2.0 value of
the WBI U-O(yl) bonds is also in line with this statement.
Indeed, the CASSCEF calculations show four different states close
in energy for the ground state of complex 6, a triplet at 0 eV and
three singlets lying at 0.04, 0.05 and 0.06 eV. The previously
reported solution "H NMR data for complex 6 show a classical
diamagnetic spectrum in agreement with the presence of a U(vi)
complex.” However, the CASSCF calculations suggest that
reduction of the U(vi) complex 6 to its U(v) analogue is easily
accessible. This is a striking difference with complex 1. The
CASSCEF results found for complex 7 indicate that the ground
state is a doublet with another doublet excited state (multi-
reference) lying 0.09 eV higher in energy. Therefore, the ground
state has a U(v) character and the first excited state brings some
U(wv) character. Thus, complexes 2 and 7 might have very
different behavior in solution and/or reactivity due to these very
different electronic configurations. Notably, reduction of U(vi)
to U(v) and U(v) to U() is favored by the electron configuration
of the dpaea complexes compared to the Mesaldien complexes.

The optimized geometry of 3 is again in good agreement with
the experimental one. The U-O(yl) bonds are correctly

1040 | Chem. Sci, 2022, 13, 1038-11047
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reproduced (1.91 vs. 1.93 A and 1.82 vs. 1.84 A) as well as the O-
Fe (0.04 A) and all the bonds in the equatorial plane (0.03 A). At
the NBO level the U-O(Fe) bond has no overlap contribution
(and is therefore mainly an electrostatic interaction) whereas
the U-O(yl) trans is a triple bond strongly polarized toward O
(80, 80, 75%), similar to the one found in complex 1. The U-
O(Fe) WBI is 1.50 whereas the U-O(yl) one is 2.10. The former is
even lower than in complex 2 (1.70), in line with a decrease in
covalency, whereas the latter is similar to that found in 1 (2.17)
and therefore higher than in 2. However, the decrease of cova-
lency in the U-O(Fe) bond is due to the formation of a covalent
Fe-O bond (WBI of 0.5). The decrease in the overlap contribu-
tion of uranium in the U-O(Fe) bonds also allows stronger
interaction with the ligand in the equatorial plane (U-O WBI of
0.68 in 3 vs. 0.54 in 2). The coordination of iron is thus stabi-
lizing the U(v) complex by slightly decreasing the covalency in
the U-O(Fe) in order to form a Fe-O bond and allowing better
interaction with the equatorial ligand. The NBO analysis indi-
cates U(v) complex and a low spin Fe(u). The latter is further
corroborated by the CASSCF calculations where the ground
state is a doublet (monoreference). The first excited state, of
a U(vi)-Fe(m) character, is 1.3 eV higher in energy. This is
different from what is found for complex 2 where the first
excited state was more than 4.0 eV higher in energy.

Uranium M, and M; edge HR-XANES

The U M, 5 edge High Energy Resolution X-ray Absorption Near
Edge Structure (HR-XANES) probes predominantly the unoc-
cupied 5f valence orbitals of U and provides detailed insights
into the U bonding properties. The characterisation capabilities
of the spectroscopic technique are summarized in Fig. 2a. It is
a tool for evaluating the electron density on U and the covalency
of the U(v)-Oyl chemical bonds. This spectroscopic technique
has been applied previously to study binding differences
between uranyl(v) and uranyl(vi) molecular compounds.*®

The basic principle of the U M, 5 edge HR-XANES technique
includes excitation of U 3djz, (M, edge) or 3ds, (Ms edge)
electrons to unoccupied orbitals with predominant 5f character

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Key characterization capabilities of the An — ligand bond properties of the An M4 5 HR-XANES and VB-RIXS spectroscopy tool. (b) The

actinide (An) atomic orbitals and electronic transitions relevant for An M4 s HR-XANES and VB-RIXS are marked. The electronic transitions follow
the selection rule AJ = 0, +1 (Al = £1). The probability for the transitions is coded in the thickness of the lines — thick line indicates high
probability for transition, thin line indicates low probability for transition. (c) The molecular orbital scheme of uranyl (Uw)/(v)O,**/**). The one
additional electron in the LUMO is omitted for U(v). The “pushing from below” effect is marked with two blue arrows. The relative energy shifts
between specific unoccupied and occupied orbitals measured with U M, 5 edge HR-XANES and VB-RIXS, respectively, are noted with double

arrows.

(¢f: Fig. 2b, black arrows) followed by emission (4f — 3d) (¢f:
Fig. 2b, blue arrows), both governed by selection rules (AJ = 0,
+1). Multiplet effects caused by electron-electron/hole inter-
actions can in principle play a substantial role for the
broadening/splitting of spectral peaks for materials with 5" (N
> 0) ground state electronic structure configuration. However,
different computational approaches verified that for energy
resolution in the order of 1 eV relevant for the An M, 5 edge HR-
XANES, the ligand field has the largest influence on the splitting
of the 5f orbitals for actinyls and the multiplet effects mainly
add broadening to the spectral peaks.>">*°>-

The linear structure of the uranyl molecule leads to the U
valence orbitals being most usefully described in terms of their
o, T, d and ¢ character with respect to rotation about the axial
U(v)/(v1)-O(yl) z axis (D « h point group symmetry) (cf. Fig. 2c).*"
The magnitude of the influence of the axial, equatorial ligand
fields and the spin-orbit coupling on the splitting of the
unoccupied orbitals with 5f character can be ordered as follows:
axial field (5fo*, 5frt*) > spin-orbit > axial field(5f5, 5f¢) +
equatorial field.>® The highest occupied o, bonding and the
respective unoccupied o,* (o*) antibonding orbital are
a mixture of a U hybrid orbital containing mainly U 5f, 6p and
axial oxygen (Oax) 2p orbitals, which are oriented along the
O-U-O axis, therefore they are naturally very sensitive to
changes of bond lengths and distribution of charge along the
U-Oax bond. Due to interaction of the valence o, bonding and
the 6p semi-core orbitals, the o, shifts to higher energy and this
coincides with an increased mixing of 5f and 2p orbitals in the
o, orbital, i.e. with increased covalency of the U-Oax bond. This
effect is known as “pushing from below”. At the same time the
o* orbital is “pushed” to higher energies, whereas the largely
non-bonding 8/¢ orbitals remain at similar energies. Note that
also for the complexes studied here the U 3/¢ orbitals remain
substantially non-bonding. It is evident from Fig. S321 where no
mixing of U f-DOS with U and N s and p DOS is visible in the first
2 eV above the Fermi energy.

© 2022 The Author(s). Published by the Royal Society of Chemistry

For the first time we compare experimental and computed
spectra of both U M, and M5 edge HR-XANES spectra of acti-
nyl(v) compounds and their actinyl(vi) analogues for complexes
1, 2 and 3 (¢f Fig. 3). The U M, and M; edge computed and
experimental spectra are in a very good agreement. The An M, 5
edge HR-XANES are the only experimental techniques allowing
to measure for all actinyls(v)/(vi) the energy shifts between the &/
¢ and w* (in some cases) and /¢ and o* orbitals from one
spectrum without interference with transitions to other
orbitals.'”***** These orbitals manifest as three identifiable
peaks in HR-XANES spectra of actinyls, commonly referred to as
A (3/¢), B (w*) and C (o*) peaks (¢f. Fig. 3b). We previously
illustrated that the change of this energy shift (between 8/¢ and
o*, see top blue double arrow in Fig. 2c) can be used as a tool to
measure the magnitude of the “pushing from below” effect and
thus the variations of the covalency of the U-Oax bond (cf.
Fig. 3b).">*® The energy shift between 3/¢ and o* (A-C),
decreases in the order U(vi) (1) > U(v) (2) > U(v) Fe (3) in both
experimental and theoretical data and is about 1 eV smaller for
the U M5 compared to M, edge HR-XANES spectra (¢f. Fig. 3b
and 4). This can be explained by the fact that at U M edge
excitations to higher energy U d/¢ orbitals take place (Fig. 3b).
The good agreement between computations and experiments
corroborates that the U M, and M; edge HR-XANES spectra
describe well the ground state electronic structure for U(vi)-yl
and U(v)-yl. Relativistic multireference ab initio wave function
calculations within the restricted active space verified this
notion for uranyl(vi) for both ground and excited state.* It was,
however, discussed whether the A-C shift and the mixing of
metal with ligand orbitals, i.e. the bond covalency, decreases for
neptunyl(vi) and plutonyl(vi) in the excited state. It was sug-
gested that this results from a combined effect of (1) larger
effective charge for Pu(vi) and Np(vi) compared to U(vi) making
the 6p electrons more core-like upon excitation and (2) repul-
sion interaction between the electrons in d/¢ (for 57, n > 0) and
the excited electron in the o* orbital. However, we can

Chem. Sci., 2022, 13, 1038-11047 | 11041
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Fig. 3b (cf. Fig. S337 including UO,).

systematically compare the A-C energy shifts for the same An
element, uranium, since the former effect (1) is comparable.
The latter effect (2) is not confirmed from our data since the A-C
shift for the compound 3 decreases and the electron density on
U also decreases as illustrated by the energy shift of the U M,
and M; edge spectra of 3 to higher energy compared to 2 (Fig. 4).
Considering the above arguments, we will use here the change
of the A-C energy shift as a tool for comparison of bond

1042 | Chem. Sci, 2022, 13, 11038-11047

covalency of the U(vi)-O(yl) and U(v)-O(yl). The energy shift
between 8/¢ and o* (A-C) decreases in the order U(vi) (1) > U(v)
(2) > U(v) Fe (3) in both experimental and theoretical data and
this shows that the U(v)/(v1)-O(yl) bond covalency decreases in
the same order 1 > 2 > 3.

Uranium M, ; edge VB-RIXS

The U M, ;5 edge Valence Band Resonant Inelastic X-ray Scat-
tering (VB-RIXS) spectra probe predominantly the U 5f contri-
bution in the occupied valence bonding orbitals. As a result, it is
directly sensitive to the bond covalency of all U chemical bonds.
Fig. 2a depicts the main capabilities of the spectroscopic tech-
nique. VB-RIXS is also a tool for detecting the uranyl(v) and
uranyl(vi) axial bond covalency, similarly to U M, ;s edge HR-
XANES. We demonstrate the potential of this technique for in-
depth studies of binding properties of uranium, and generally
of the actinide elements, here for the first time.

The U M, and M; edge VB-RIXS spectra for U(vi) (1), U(v) (2)
and U(v) Fe (3) are depicted in Fig. 3a and 5. The relevant
electronic transitions are depicted in Fig. 2b. U 3d3/, (M, edge)
or 3ds/, (M5 edge) electrons are excited to unoccupied orbitals
with predominant 5f character (c¢f Fig. 2b, black arrows) fol-
lowed by transitions of 5f and 6p electrons in the occupied
valence band to the 3d states (¢f Fig. 2b, orange arrows), both
processes are governed by selection rules (AJ = 0, +1). The
differences in probability for the transition process is coded in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The peaks at about — 5 eV measure the U 5f and 6p electron density in
the occupied valence band. The peaks at lower energies probe the U
6p electron density in the U semi-core orbitals (P,, Ps).

the thickness of the arrow lines in Fig. 2b (e.g. more probable
transition is marked with a thicker line).

The VB-RIXS spectra provide the following insights into the
bonding properties of the U - ligand chemical bond:

(1) The areas of the U M, and M5 edge VB-RIXS spectra are
a relative measure of the U f and p, electron density in the
occupied valence band of uranium. As a result, the spectra
directly measure the average bond covalency for the chemical
bonds between U and all binding atoms in the axial and equa-
torial plan. In case of ionic bonds, the U f electron density will
be transferred to the ligand and no intensity will be visible in
the VB-RIXS spectrum.

The integrated intensity of the VB-RIXS spectra follow the
trend U(vi) (*) < U(v) Fe (3) < U(v) (2) (¢f- Fig. 5); only the peaks
below the elastic scattering peak, up to - 10 eV, are considered
since they represent the 5f contribution in the occupied valence
band; note that the U 6p contribution is small. This result is
evidence that the total bond covalency between U and the axial
and equatorial ligands is larger for U(v) Fe (3) compared to U(v)
(2).

(2) Specifically for the uranyls (valid also for the actinyls),
“the pushing from below” effect shifts up the energy of the o,
orbital compared to the 7, orbital and this shift depends on the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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degree of covalency of the U(v)/U(vi)-O(yl) bond (¢f. Fig. 2a,
bottom blue double arrow). The energy shifts between the o,
and the 7, orbitals can be measured by VB-RIXS, as a result, it is
a spectroscopic tool sensitive specifically to the U(v)/U(vi)-O(yl)
bond covalency similarly to the A-C shift in the U M, ; HR-
XANES spectra.

The computed U p and f occupied DOS for the 1, 2 and 3
compounds are shown in Fig. 3a and agree well with the
experimental data. Note that the U p and f states are completely
hybridized. There are two groups of peaks in the computed
DOS, well separated for U(vi), corresponding to the 7, and o,
occupied valence orbitals (peaks at about —4 and —2 eV for U(vi)
in Fig. 3a, 5a). Due to selection rules for the electronic transi-
tions leading to different probabilities for transitions (cf.
Fig. 2b, thin and thick arrow lines), the VB-RIXS spectra have
distribution of intensities. The U M5 edge is more sensitive to
the high energy part of the DOS spectrum (o, orbital, Fig. 2c),
whereas the U M, to the part at lower energy (7, orbital, Fig. 2c).
The two clearly visible peaks in the U(vi) M, edge spectrum are
barely resolved in the U(v) spectrum and overlap completely in
the U(v)-Fe spectrum. This is evidence that the covalency of the
U(v)/U(v1)-O(yl) bond decreases in the order U(vi) (1) > U(v) (2) >
U(v) Fe (3). The U M5 VB-RIXS spectra are less instructive since
they are much broader, as a result of the lower experimental
resolution.

(3) The energy shift between the VB-RIXS spectra (peaks up to
—10 eV) and the maximum of the elastic scattering peak at 0 eV
decreases for U(vi) compared to the two U(v) compounds (cf.
Fig. 5). This is a measure of the energy shift between the lowest
unoccupied (nonbonding d/¢) and highest occupied orbitals
(o) with U f character and thus a measure of the “pushing from
below” effect (¢f. Fig. 2c, middle blue double arrow). Consid-
ering that the shift is smaller for U(vi) compared to U(v), this is
also an indication for higher bond covalency for U(vi) compared
to U(v). The small differences between the spectra of the two
U(v) compounds do not allow to clearly distinguish between
them. Note that U M5 VB-RIXS spectra overlap strongly with the
elastic scattering peak preventing reliable data analyses. The
energy peaks below - 10 eV in the U M, and M; VB-RIXS spectra
in Fig. 5 are 6p4/,/6ps» — 3d electronic transitions of semi-core
6p electrons (P,, P3), which is a demonstration that the U M,, M5
edge VB-RIXS spectral intensity strictly follows the selection
rules for the electronic transitions (¢f. Fig. 2b).

The effect of the ligand and the oxidation state on the U
bonding properties

Uranyl(vi) complexes. The U M, edge HR-XANES spectra of
the U(vi) molecules 1 and 6 are very similar, which can be
explained with the comparable U coordination, i.e., the U(vi)-
O(yl) coordinates by 3 N and 2 O in the equatorial plane (¢f.
Fig. 1). It is also notable that the spectra of 1 and 6 but also 2
and 7 or 3 and 4 have the same post - edge features, which also
illustrates very similar long-range atomic order for these
compounds (¢f. ESI Fig. 28t). The U M, edge HR-XANES spectra
differ only by the energy shift between the main peak and the c*
feature (A-C shift); it is 5.5 and 6 eV for the spectra of 1 and 6,
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respectively (¢f. Fig. 6). We conclude that the axial U-O(yl) bond
is slightly more covalent in 6 compared to 1. Interestingly, there
is no detectable energy shift of the rising absorption edge sug-
gesting that the overall electron donation on U is similar for
both compounds. But the contributions from the axial O and
the equatorial O/N ligands vary. In compound 1, the equatorial
ligands donate more electron density suggested by the covalent
interaction of U(vi) with the equatorial ligands. This is not
observed by the computations for 6. In 6, the more covalent
axial bond donates electron density on U. The calculations
suggest ionic interaction of U(vi) with equatorial ligands in 6.
Uranyl(v) complexes. The observed elongation of all U -
ligand bonds in complexes 2/7 with respect to 1/6 confirm that
one electron reduction of the U-center occurred. Importantly,
the coordination of K" to one of the U(v)-yl oxygen ligands in 2
results in slight lengthening of the U-Oax bonds (average U-Oax
= 1.84(2) A) with respect to the unbound oxygens (average U-
Oax = 1.787(1) A). In agreement with the presence of a reduced
U center, all bonds in the equatorial plane of 2/7 are slightly
longer than in the uranyl(vi) analogues 1/6 (¢f. Fig. 7).The U M,
and M; (only measured for 2) edge HR-XANES spectra of 2 and 7
demonstrate that upon reduction of U(vi) to U(v) the main
absorption peak shifts 1 eV to lower energy (cf: Fig. 4). This shift
is expected since there is more electron density on U leading to
better screening of the 3d and 4f core-holes. In addition, the
energy shift between the A-B and A-C peaks decreases from
U(v1) to U(v). The A-B and A-C shifts are smaller here for 2/7
compared to 1/6 (¢f Fig. 4 and 6). This result demonstrates
reduction of U(v)-O(yl) average bond covalency for 2 and 7 with
the elongation of the U-O(yl) bond (Fig. 7, Tables S2, S31). The
same effect, i.e. smaller A-B and A-C shifts, was demonstrated
for the first time for [(py).(IZnOU(v)O)(py)(H,L)] after reduction
of (U(vi)O,)(py)(HoL)] (L = polypyrrolic Schiff-base macrocycle)
and was correlated with a reduction of the U-Oax(yl) bond
covalency." The peaks B and C are slightly better resolved for 7
compared to 2 suggesting better A-C peak separation and thus
larger U(v)-O(yl) bond covalency. Despite the very similar
coordination environment, the complexes with the two different
ligands have distinctly different bonding properties and
stability behaviour. The CASSCF computations suggest that U
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Fig.6 The U M4 edge HR-XANES spectra of 1-8 compounds and the
UO, reference.
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can be more easily reduced U(vi) — U(v) — U(w) for the dpaea®~
(2/7) ligand compared to the Mesaldien®>~ (1/6) ligand. The
electronic structures of 7 (U(v)-dpaea) and 2 (U(v)-Mesaldien)
are very different as illustrated by the computations and likely
responsible for the drastic differences in the U(v) reactivity in
solution. Note that both U(v) complexes are stable in solution: 2
(U(v)-Mesaldien) in organic solvent, 7 (U(v)-dpaea) in anaerobic
water. Considering the computational results, it is evident that
U(v) can be stabilized in presence of either strong ionic inter-
action (7) or covalent interaction (2) of U(v) with the equatorial
ligands.

U(v) vs. uranyl(v) complexes. The U M, edge HR-XANES
spectra show that going from U(v)-yl to U(v) either exchanging
the oxo groups with iodide (I") or in the presence of a symmet
suggests that the electronic structure of U(w) is influenced in
a similar way by these ligands. The spectra are shifted 1.5 +
0.05 eV to lower energy compared to the spectra of U(v)-yl. They
are dominated by one main peak with slight asymmetry on the
right side due to multiplets as a result of the 5> ground state
electronic configuration.®® The spectrum resembles the spec-
trum of a U*" ion suggesting largely electrostatic interaction
with the ligand.

The effect of Fe on the U bonding properties

The U(v)yl complexes {[UYO,(Mesaldien)]K}n (2) and [Fe(TP-
A)(Py)UYO,(Mesaldien)]l (3) differ only in the nature of the
bound counter-cation, being mono-cationic K" for complex 2
and di-cationic Fe** for complex 3. The higher ability of the di-
cation to reduce the U(v)-yl oxo electron density results in the
elongation of both U-O(yl) bonds (1.84(2) A to 1.935(19) A and
1.787(1) A to 1.84(2) A) and in the consequent shortening of all
bonds between U and the equatorial donor atoms from the
Mesaldien ligand (¢f. Fig. 7).

The reduction of electron density on U, caused by the
bonding of Fe to the axial O atom, is also manifested in the UM,
and M; (only for 3) edge HR-XANES spectra of 3 and 4 by an
energy shift of the absorption edge by 0.4 £ 0.05 eV to higher
energies relative to the spectrum of 2 (¢f. Fig. 4 and 6). The same
trend is observed for the U L; edge XANES spectra (cf. Fig. S267).
These findings confirm that part of the electron density is
removed from U(v). Furthermore, the energy shifts between A-B
and A-C peaks decreases so much that peaks B and C are barely
visible (¢f. Fig. 4 and 6). This result gives clear experimental
evidence that the average covalency of the U-O(yl) bond
decreases (¢f. Fig. 7, Table S4, EXAFS for 1, 2 and 3 in Fig. 527,
Table S771).The larger integral intensity of the U M, VB-RIXS for
3 compared to 2 (¢f. Fig. 5) illustrates higher total U 5f and 6p
electron density in the occupied valence band for 3. These
spectra probe both axial and equatorial U(v) bonds. The U M,
edge VB-RIXS and HR-XANES combined results reveal that upon
binding of Fe(u) to U(v)-yl, part of the electron density is redrawn
from the axial bond and is redistributed to the equatorial U(v) -
ligand bond leading to increase of U(v) - equatorial ligand bond
covalency.

In addition, the computations reveal (c¢f. above) that there is
a stronger covalent interaction of U(v) with the equatorial

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ligands for 3 compared to 2. The presence of an additional Fe
bound to the second axial O in 4 does not lead to substantial
changes of the HR-XANES spectrum signifying that the U elec-
tronic structure, similar to the geometric structure (cf. Fig. 6,
Table S47), is not further notably influenced. This result is in
accordance with our previous results since also the U(v) stability
against reduction was not increased by binding Fe to the second
axial O bound to U(v) as demonstrated by the cyclic voltammetry
studies.®®

Overall the calculations and spectroscopic results (HR-
XANES and VB-RIXS) show that binding one Fe(n) atom to
U(v)-yl in 3 (U(v)-yl-Fe) leads to reduction of the covalency of the
U-O(yl) bond coordinated to Fe but stabilizes and makes the
second U-O(yl) bond, the Fe-O and the equatorial bonds more
covalent. This significant changes of the electronic structure
yield an effective stabilization of the +V oxidation state of U (1)
against reduction that we observed by cyclic voltammetry
studies and (2) and against proton induced disproportion-
ation.*® The U(v) U M, edge HR-XANES spectrum of 3 closely
resembles the U M, edge HR-XANES reported in ref. 10 of U(v)
incorporated in the structure of magnetite and coordinated by
Fe suggesting alike U(v) stabilisation mechanism in natural
system.

Conclusions

We presented the first U M, and M5 edge HR-XANES and VB-
RIXS study combined with DFT and CASSCF calculations of
U(vi), U(v) and U(wv) complexes with two different O,N; ligands.
We showed that the stability of 7 (U(v)-dpaea) can be explained
with strong interaction of U(v) with the equatorial ligand with
ionic character. Our results showed that stabilization of U(v)
requires strong bonding interactions of U(v) with the equatorial

© 2022 The Author(s). Published by the Royal Society of Chemistry

ligands, which can be of covalent or ionic nature. Here we also
investigated how changes in the electronic structure upon Fe(1)
coordination to the uranyl(v) oxo group result in a different
chemical behaviour. The stabilisation effect of Fe(u) on U(v)-yl
was previously demonstrated by (1) environmental studies, (2)
by protonation reaction stabilising U(v)-yl in presence of Fe**
against disproportionation, (3) by cyclic voltammetry showing
higher redox stability of U(v)-yl in presence of Fe*",

Here, we provided evidence that the binding of Fe(u) to the
uranyl oxygen results in the weakening the uranyl bond and in
the redistribution of electron density leading to an increase of
the bond covalency in the interaction of U(v) with the equatorial
ligands. In short, the Fe(u) weakening of the uranyl bond and
the redistribution of electron density, is the driving mechanism
behind the stabilisation of U(v)-yl upon coordination with Fe(u).
The U M, ; edge HR-XANES technique provides a decoupled
measure of two different electronic effects in the same spec-
trum: reduction of electron density on U (the energy shift of the
main edge) and reduction of U-Oax bond covalency (loss of
crystal field splitting measured by change of A-C shift). We can
exactly see that, not only the charge is removed from U(v) by
Fe(u) but also that the U(v)-Oax is less covalent.

We introduced a new spectroscopic instrument, notably the
U M, ;5 VB-RIXS, for detailed characterisation of the uranium
complexes electronic structure and bond covalency which could
easily be extended to other actinide elements (¢f. Fig. 3a and 5).
The U M, 5 VB-RIXS spectroscopic technique probes the U-Oax
bond covalency (energy shift between the two peaks). But it also
measures the total U 5f + 6p electron density in the occupied
valence band and thereby it is sensitive to variations of bond
covalency in both equatorial and axial U - ligand bonds. Such
a complete picture of the changes of the chemical bonding,
electronic and geometric structure upon systematic change of U
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oxidation state and bonding environment (ligand or effect of
Fe”*) demonstrates the high potential of the approach and
paves the way for its future applications in actinide science.
Specifically, it can be pivotal in understanding the role of the 5f
electrons in the covalency of actinide bonding and the inter-
connection between actinide bond covalency, reactivity and
complex stability.

Experimental

The experimental details are provided in the ESL

Data availability

We will provide the computational and experimental data on
a reasonable request.
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