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U(V) Stabilization via Aliovalent Incorporation of Ln(lll) into

Oxo-salt Framework

Yi Yu',® Yucheng Hao*,*" Bin Xiao," Eike Langer,"” Sergei A. Novikov,"
Harry Ramanantoanina,” Ivan Pidchenko,” Dieter Schild,” Thomas E. Albrecht-Schoenzart,"

Rudiger-A. Eichel,” Tonya Vitova,*

Pentavalent uranium compounds are key components of
uranium’s redox chemistry and play important roles in environ-
mental transport. Despite this, well-characterized U(V) com-
pounds are scarce primarily because of their instability with
respect to disproportionation to U(IV) and U(VI). In this work,
we provide an alternate route to incorporation of U(V) into a
crystalline lattice where different oxidation states of uranium
can be stabilized through the incorporation of secondary
cations with different sizes and charges. We show that iriginite-
based crystalline layers allow for systematically replacing U(VI)
with U(V) through aliovalent substitution of 2+ alkaline-earth

Introduction

Actinides show a great diversity in their chemistries due to the
complex structure of 5f electron shells." One of the remark-
able properties of actinides is the multivalence which has a very
strong influence on their chemical and physical properties.
Uranium is an important element from the actinides series and
it is widely used for energy production. Uranium compounds
have been isolated in oxidation states from Il to VI in solid state
with IV and VI being the most common.”™ Pentavalent
uranium, U(V), which possesses a single 5f electron, represents
the simplest configuration of f-electrons."®' U(V) complexes
are notable for their role as substitutes for the more radioactive
neptunyl ion [Np(V)0,]7, a crucial element in nuclear waste.'*™
Studying the physical and chemical properties of U(V) is vital for
better understanding uranium’s environmental effects,™ its
handling in waste disposal™ and the treatment of spent

and Evgeny V. Alekseev*¥

or 3+ rare-earth cations as dopant ions under high-temper-
ature conditions, specifically Ca(U"'0,)W,0,, and Ln(U'0,)W,0,,
(Ln=Nd, Sm, Eu, Gd, Yb). Evidence for the existence of U(V) and
U(VI) is supported by single-crystal X-ray diffraction, high
energy resolution X-ray absorption near edge structure, X-ray
photoelectron spectroscopy, and optical absorption spectro-
scopy. In contrast with other reported U(V) materials, the U(V)
single crystals obtained using this route are relatively large
(several centimeters) and easily reproducible, and thus provide
a substantial improvement in the facile synthesis and stabiliza-
tion of U(V).

nuclear fuel."® This form of uranium is also instrumental in
simplifying theoretical models and deepening our knowledge
of f-electron behavior in actinides.'”" Although U(V) holds
substantial environmental and fundamental value, report on
U(V) remains rare because of its tendency to undergo
disproportionation, leading to reactivity with air and water.?"
Finding facile techniques to stabilize materials containing
pentavalent uranium are still a considerable challenge. In this
work, we present a novel approach to modulate the oxidation
state of uranium by incorporating cations of varying sizes and
charges into a complex system. We show the hexavalent
uranium U(VI) and pentavalent uranium U(V) can be stabilized
in the isostructural compounds of alkaline-earth metal-based
Ca(U"0,)W,0,, and lanthanide-based [Ln(U'0,)W,0,,] (Ln=Nd,
Sm, Eu, Gd, and Yb), respectively. The detailed crystal structures,
proposed charge-compensating mechanism and spectroscopic
investigations of these compounds were performed in respect
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to uranium valence state and to an influence of lanthanide
cations on U(V) stabilization within the oxo-framework.

Results and Discussion

Ca(U"0,)W,0,, and Ln(U'0,)W,0,, (Ln=Nd, Sm, Eu, Gd, and Yb)
series were synthesized via high-temperature solid-state reac-
tion under air atmosphere condition, and formed as high-
quality large crystals. To the best of our knowledge, Ln-
(UVY0,)W,0,, series are the first oxo-salt materials containing
both pentavalent uranium and rare-earth metals to be structur-
ally characterized through single crystal diffraction. It is also the
first example of a U(V) compound in which the apical O atoms
of the uranyl unit interact directly with rare-earth polyhedra
(U-Ln cation-cation interaction, highlighted in Figure 1). Single
crystal XRD analysis reveals that Ca(U"0,)W,0,, and Ln-
(U0, )W,0,, are isostructural. Both compounds crystallize with
the monoclinic space group with two crystallographically
independent W atoms, one U atom and one Ln or Ca atom in
an asymmetric unit (see Figure 1 (a)). They form a condensed
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Figure 1. (a) The polyhedral presentation of the three-dimensional frame-
work in the isostructural Ln(U'0,)W,0,, and Ca(U"'0,)W,0,, compounds.
Legends: The green and yellow colors are WO, and UO, polyhedra,
respectively. The blue color is CaO, or LnO, in Ca(U"0,)W,0,, or Ln-
(UY0,)W,0,.. (b) The framework can be subdivided into iriginite-type layers.
(¢, d) Representation of the charge-compensation mechanism when Ca?*
jons are substituted in the host phase of Ca(U"'0,)W,0,, with Ln*" ions to
result in Ln(UY0,)W,0,,.

Ln(UY0,)W,0
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three-dimensional (3D) framework that can be reasonably
separated into iriginite-type layers.””*! Part of the layers in
Ln(UY0,)W,0,, and Ca(U"'0,)W,0,, are shown in Figure 1 (b). It
is important to note that the iriginite-type layers are also
commonly observed for a number of minerals and synthetic
inorganic compounds.” Within the layer, edge-sharing [W,0;]
dimers are connected by sharing corners, creating tungsten-
oxygen chains that are one polyhedron wide. Adjacent
tungsten chains are fused into the layer by bridging UO,
pentagonal bipyramids. The resulting layers are stacked
perpendicular to the layer plane by sharing apical O atoms of
WO, octahedra, resulting in the 3D anionic U-W—0O framework
with infinite corrugated [W,0,,]*" tungsten slabs in the
direction normal to the plane of the layer. As shown in Figure 1
(a, b), the cavities within each U-W—0O anionic framework are
filled by the seven-fold coordinated LnO, and CaO, polyhedra
in Ln(U'0,)W,0,, and Ca(U"'0,)W,0,,, respectively. Although the
Ln(UY0,)W,0,, and Ca(U"'0,)W,0,, adopt the same oxo-frame-
works, due to cations with different charge and size, the local
coordination environments of the polyhedra are essentially
different. In Nd(U'O,)W,0,,, structural refinement reveals dis-
tinct crystallographic sites which are practically fully occupied
by Nd(lll) and uranium U(V), enabling accurate measurement of
U—O bond lengths. In contrast, for other lanthanide (Ln) cations
of Ln(U'O,)W,0,, series, uranium(V) and the respective
lanthanide(lll) ions occupy identical crystallographic positions.
These sites exhibit a partial occupancy, with a 50/50 distribution
between U and Ln ions. Speculatively, that could be an effect of
Ln-contraction where the smaller Ln-ions (up to 8% drop
compared to Nd(lll) radius) fit more to the local environment of
U(V) and form the fully disordered structure. The most
prominent dissimilarity is seen between UO, bipyramids. In
structure of Ca(U"'0,)W,0,, the UO, pentagonal bipyramids
have the average U=0 bond distance 1.77(1) A, and the average
U—O bond distance for the equatorial oxygen is 2.35(1) A In
case of Ln(U'0,)W,0,, however, the larger size of aliovalent
dopants (Ln*") between neighbouring tungsten slabs [W,0,,]*"
create significantly bigger cavity volume which is no longer
compatible with the geometry of hexavalent uranyl.

Consequently, the UO, pentagonal bipyramids in these
cavities are forced to elongate their bond distances to fit the
geometric restriction. For example, in Nd-based Nd(U'O,)W,0,,,
the U=0 and equatorial U-O bond distances are 1.904(9) A and
2.409(8) A, respectively. Such elongations effectively result in a
charge reduction of the uranium site, which is indicated by the
result of bond valence calculation of 5.21 v.u.*® Therefore, the
polyhedral geometry and bond valence sum show that the
lanthanide incorporation approach can lead to a dramatic
elongation of uranium bonds needed for stabilizing pentavalent
uranium. Thus, based on the crystallographic data we are able
to propose a rare U(V) stabilization in the studied structures
with Ln(lll). To confirm that, we performed several different
spectroscopic studies including X-ray absorption near edge
structure in high energy resolution mode, X-ray photoelectron
(XPS) and UV-Vis-NIR spectroscopies.

The U M,-edge XANES measured in high-energy resolution
fluorescence mode (details in Experimental and Theoretical
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Methods) spectrum of Nd(U'O,)W,0,, is compared with the 5 @ 5
spectra of two reference compounds, UO, and ~ — Exp. Nd(UTO,)W, 04
(U"0,)M0,0,¢3H,0 (mineral iriginite), in Figure 2. Iriginite and 4] Egzgﬁgtﬂr}g{rengths
UO, contain U" forming uranyl type of bonding with two O R
axial (O,,) atoms and U", respectively. 2

The spectrum of iriginite exhibits three dominant peaks at _;3‘ B
about 3726.5eV (A), 3728.7 eV (B) and 3732.7 eV (C). These &
spectral features have been described as transitions of 3d;, %2_
, electrons to into 5f¢/5f3 (A), 5fn* (B) and 5fc* (C) unoccupied é
valence orbitals of the uranyl molecule.! ™ The energy position - c
of the main peak A is clearly shifted with about —0.7 £0.05 eV "
to lower energies for the Nd(U'0,)W,0,, compound compared \ N
to the spectrum of iriginite. In addition, the energy shifts 0 ; Jll : ;
between the A and B (A-B), and A and C (A—C) peaks have 3720 3725 3730 3735 3740
noticeable reduction (A—B=x—0.8 eV, A—C=x —2 eV). These ex- Energy (V)
perimental results strongly suggest better screening of the 3d;,, ° (0) — Exp. Sm(U0,)W,0
core-hole due to additional electron density on the U atom —Cak;. LFDFT2 o
hence confirm the oxidation state V of U in Nd(U'O,)W,0,,. 44 I Oscillator Strengths

The spectrum of Nd(UO,)W,0,, lies at about 1.6+0.05 eV &
higher energies compared to the spectrum of UO,; in addition, § 5
there are no features characteristic for UY present in the g
spectrum.!'*?’?8 The hybridized U 5f and 6p orbitals form sigma %
bonds mainly with 2p orbitals of the O,, atoms (5fc* orbital)®” G 2-
therefore the energy position of peak C is strongly influenced E
by variations of the U=0,, bond.! ¥ The reduced A—C distance a
for Nd(U'0,)W,0,, compared to iriginite is also an evidence for
elongation of the U=0 axial bond length in comparison to . "

Ca(U"'0,)W,0,, in agreement with the XRD results.
To analyse the differences in the U M,-edge XANES spectral

T
3720 3725 3730 3735 3740
Energy (eV)

profiles of the three Ln(UY0,)W,0,, compounds, with Ln=Nd, 5
Sm and Gd, ligand-field density-functional theory (LFDFT) (© —— Exp. Gd(UYO,)W,0,,
calculations were carried out. The model is based on atomic —— Calc. LFDFT
configuration interaction calculation, including the multiplet 47 B Oscillator Strengths
structures of U** 5f' and 3d°5f electron configurations, and the 0
oscillator strengths of the 5f'->3d°5f electron transitions. 5,
Ligand-field effect is also included by taking into account <
molecular cluster models that mimic the coordination sphere 5
by the U** ion centre within the specific compounds. Figure 3 é %7

=4

14
U'Voz 04 ULJ\I I
—— Nd(U'0,)W,0,, 3720 3725 3730 3735 3740

(UV'0,)Mo,0,+3H,0
(iriginite)

Energy (eV)

Figure 3. Comparison of the experimental spectra (Exp.) and the LFDFT
calculation (Calc.) for the U M,-edge XANES for (a) Nd(U'O,)W,0,,, (b)
Sm(U'0,)W,0,, and (c) Gd(U0,)W,0,,.

Absorption (arb. units)

shows that the calculated spectra are in good agreement with
the experimental data. The spectra are predominantly charac-
terized by the ligand-field splitting of the U 5f orbitals, i.e., 5f¢/
5f5 (non-bonding orbitals), 5fr* and 5fc* (anti-bonding orbitals).

T T T T T T T

T
3724 3726 3728 3730 3732 3734 Note that we use notation for cylindrical symmetry for the
Energy (eV) orbital representations for consistency with previous work."”
Figure 2. U M,-edge XANES spectra of UO,, Nd(U'O,W,0,, and The ground-state electronic structure is defined by 1 electron
(U"'0,)Mo,0, ¢ 3H,0 (iriginte). occupying the non-bonding orbitals. The observed spectra
Chem. Eur. J. 2024, 30, e202401033 (3 of 7) © 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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shows electron transitions to the 3d°5f electron configuration.
The main difference between the calculated spectra is in the
energy shifts between the A-B and A—C peaks, which are
smaller for the compound containing Nd and slightly increase
and are similar for compounds with Sm or Gd. This indicates
differential covalency effect of the U—O interaction, slightly
larger bond covalency for the compounds with Gd and Sm, as
shown previously.™ This trend is not that clear in the
experimental data and further studies are necessary to describe
the spectral trends. Note that the U M,-edge XANES exper-
imental spectra depicted in Figure 3 were recorded for powder
samples, whereas the spectrum in Figure 2 was measured for a
single crystal. Likely due to structural disorder and variations in
the U-Oax bond for the compound with Nd, there are
differences between the powder and the single crystal spectra.
In addition, the spectra in Figure 3 are measured with lower
experimental resulotion leading to learger spectral broadening.
The differences in the spectra in Figures 2 and 3 do not affect
the results of our study. It is also important to consider that the
LFDFT calculations include the core-hole effect on the spectrum
in the intermediate state (3d core-hole) but not in the final state
(4f core-hole) of the U M,-edge XANES spectra recorded in
high-resolution mode. This can lead to differences between
experiment and theory.

The U 4f XPS spectrum of Nd(U'O,)W,0,, (Figure 4) is charge
referenced to carbon 1s elemental line of adventitious hydro-
carbon at 284.8 eV binding energy (BE), thus W 4f,, at 35.4 eV
and O 1s at 530.4eV. The U 4f doublet is fitted with two
components and satellites characteristic for U°" at a distance of
about 8.7 eV to the 4f main lines.”® The binding energy of the
4f,,, main line at 380.1 eV (FWHM 1.3 eV) is in good agreement
with values established for U** in KUO; and Ba,U,0,.°"” The low
binding energy of U 4f,,, similar to UO,, indicates enhanced
electron density at uranium site. The presence of U®™ BEs peaks
which also correspond to known values (381.5 eV for 4f,),) is
apparently the result of surface oxidation of U*".

The optical absorption spectra of Ln(U'0,)W,0,, were
collected from the single crystals of all obtained members of
the series including Nd, Sm, Gd, Eu and Yb countercations. As

= Experimental data

= Fit envelope

4f
— Us 5/2
U n

—— Deviation

Relative intensity

uy)
satellite

1 1 1 1 1 | 1
410 405 400 395 390 385 380 375
Binding energy (eV)

Figure 4. the U 4f XPS spectrum of Nd(U'0,)W,0,, with two components
and the satellites for U*.
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depicted in Figure 5, the spectra exhibit distinctive f-f electronic
transitions characteristic of the aforementioned rare-earth
elements.

This observation provides compelling evidence for the
incorporation of the rare-earth cations into the crystal structures
of these compounds. Additionally, a pronounced absorption
feature, centered at approximately 550 nm, is observed. This
feature is indicative of a charge-transfer band corresponding to
the uranium (V) ion, signifying the presence of U(V) in these
structures.®? The spectral characteristics thus affirm the success-
ful synthesis of Ln(U'0,)W,0,, compounds with the specified
rare-earth countercations, shedding light on vital aspects of
their electronic structure.

The preparation of alkaline-earth-based Ca(U"'0,)W,0,, and
lanthanide-based Ln(U'0,)W,0,, by adopting different starting
reagents exhibits a rare example of complete aliovalent
substitution of considerably different cations while keeping the
overall structural topology. This shows that the M(UO,)W,0O,,
(M=alkaline- or rare-earth) is a potential matrix with unusual
structural stability which tolerates considerable modification in
composition without structural alteration. It can be envisioned
that the incorporation of cations with varying charges into
M(UO,)W,0,, (M=alkaline- or rare-earth) necessitates electron
transfer from the U-W-0 anionic framework to achieve overall
charge neutrality. Indeed, in the realm of defect chemistry,
numerous charge conversion mechanisms have been postu-
lated, particularly in materials like lanthanide-doped perovskite
(BaTiO,) or fluoride (CaF,) ceramics.**=% However, a thorough
understanding of the specific charge transfer mechanisms,
including identifying exact lattice sites prone to cation sub-
stitution and the methodologies for achieving charge balance,
remains elusive. This lack of clarity can be largely attributed to
the dearth of definitive single crystal data, hindering the
harmonization of theoretical and experimental insights in this
field.B”?® Actually, by analytically comparing the structural
nuances of Ca(U"0,)W,0,, and Ln(U'0,)W,0,,, we are able to
propose a viable charge-compensation mechanism. The result,
shown in Figure 1 (c, d), demonstrates that when Ln*" ions are
introduced into the crystal structure, substituting for Ca>* sites
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Figure 5. UV-vis-NIR absorption spectra and photographs of Ln(U'0,)W,0,,
(Ln=Nd, Sm, Eu, Gd, and Yb).
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and thereby introducing additional positive charge. This leads
to a charge imbalance, which in turn triggers the reduction of
uranium from U(VI) to U(V), with uranium acting as the electron
acceptor. The dynamics of this charge transfer, initiated by the
substitution process, are diagrammatically illustrated as follows:

Ca’m =Ln*" 4+ e” m
e + U6+ — U5+ (2)
Conclusions

In summary, by synthesizing the isostructural compound series
Ca(U"0,W,0,, and Ln(U'O,)W,0,, (Lh=Nd, Sm, Eu, Gd, and
Yb), this research successfully demonstrates the stabilization of
hexavalent and pentavalent uranium within an alkaline-metal-
based and a lanthanide-based oxo-framework, respectively.
Notably, Ln(U'0,)W,0,, is the first structurally characterized
material combining pentavalent uranium with rare-earth metals,
exhibiting a novel U-Ln cation-cation interaction. Our results
showed that aliovalent substitution of Ca’* by Ln’" in the
iriginite-related structures provides an effective way to build
novel heterometallic 5f-4f cation-cation interaction assemblies.
It is also a highly facile and reproducible route to stabilize
pentavalent uranium.

The compounds were extensively characterized by means of
single crystal X-ray diffraction as well U M,-edge XANES, XPS
and UV-Vis-NIR spectroscopy. The research revealed that the
charge differences introduced into the oxo-framework by the
inclusion of Ca’" or Ln®" ions are effectively neutralized by
adjusting the local structural configuration. This adjustment
leads to a change in the uranium oxidation states from U(VI) to
U(V). Furthermore, this study suggests the feasibility of
preparing charge-tunable Ca,Ln,,(U",U’, ,0,)W,0,, complexes
by modifying the Ca’*/Ln*" ratio. This possibility raises
questions about the potential electronic, bonding, structural,
and magnetic properties of such complexes. The structural and
charge tunability of the uranyl units hints at a wide range of
applications, necessitating further research to explore these
aspects.

Experimental and Theoretical Method

Crystal Growth and SCXRD of Ln(U'0,)W,0,, Series

The compounds discussed in this work were obtained by high-
temperature solid state reactions from mixtures of UO,(NO;) ,-6H,0,
WO, and Ln(NO,);-xH,0 (Ln=Nd, Sm, Gd, Eu or Yb, x=5 or 6) with
molar ratio U:W:Ln=1:4:1 (initial mass of uranyl nitrate —0.1 g).
These mixtures were heated to 1200 °C in platinum crucibles for 4 h
and cooled down to 400°C with the rate of 7°Ch™". The reaction
yielded the mixture of dark-red (Ln(U'0,)W,0.,), green (WO,),
yellow (uranium tungstate). For Nd synthesis, dark brown crystals
(Nd;4,W,,0,,) were also found. Dark-red blocks of Ln(U'O,)W,0,,
suitable for single-crystal XRD were manually separated from side
products. EDS analysis shows the ratio of Ln: U=1: 1 in all the
obtained crystals. For single crystal X-ray diffraction experiments
was used an Agilent SuperNova (Dual Source) diffractometer. The

Chem. Eur. J. 2024, 30, €202401033 (5 of 7)

crystal data were collected by means of monochromatic Mo-Ka
(0.71073 A), equipped with micro-focus X-ray tube technology,
running at 50 kV and 0.8 mA, providing a beam size of approx-
imately 30 um. Standard CrysAlisPro software was used for
calculating the dimensions of the unit cells as well as for controlling
data collections. More than a hemisphere of data was collected for
each crystal. After collection, data were corrected for Lorentz,
polarization, absorption and background effects.

U M,-Edge XANES Spectroscopy

The U M,-edge (3728 eV) high-energy resolution XANES experi-
ments (usually named as HERFD- or HR-XANES) were performed at
the ID26 beamline at the European Synchrotron Radiation Facility
(ESRF), Grenoble, France (spectra in Figure 2) and at the ACT station
of the CAT-ACT beamline at the KIT Light Source, Karlsruhe Institute
of Technology, Karlsruhe, Germany (spectra in Figure 3).2%4* 4! The
incident energy was monochromatized by a Si(111) double crystal
monochromator (DCM). Rejection of higher harmonics was
achieved by three Si mirrors at an angle of 3.5 mrad (ID26). The
beam size was focused to ~ 0.150 mmn (ID26)/0.5 mm (ACT)
vertical and ~ 0.450 mm (ID26)/0.5 mm (ACT) horizontal dimen-
sions for the measurements at U M,-edge XANES spectra were
measured in high-energy resolution detection mode using an X-ray
emission spectrometer.”’ The sample, analyzer crystal and silicon
drift diode detector (SDD) (ID26)/(Ketek, a single element solid state
detector) (ACT) were arranged in a vertical Rowland geometry. The
paths of the incident and emitted X-rays through air were
minimized in order to avoid losses in intensity due to absorption.
The U high energy resolution XANES spectra at the M,-edge were
obtained by recording the maximum intensity of the M, emission
line (U My=3337eV) with five spherically bent Si(220) crystal
analyzers with 1 m bending radius. The crystals were aligned at 75°
Bragg angle. The experimental energy resolution was 0.7 eV at 1D26
determined by measuring the full width at half maximum (FWHM)
of the elastic peak. Samples were confined by thin layer of Kapton
(with 25microns thickness). The experimental energy resolution is
estimates to be about 1eV at ACT. Measurements have been
performed at the room temperature conditions. At ID26, 15 scans
with 10 sec measuring time per scan were collected and averaged
for one Nd(U'0,)W,0,, crystal with size of about 100 x 100 pm? No
changes of the spectra caused by radiation damage were observed.
The crystal was preliminary measured with attenuator (Al foil with
200 pm thickness) for 5 seconds. The spectra measured with and
without Al foil differ only by the signal to noise ratio. Seven
additional Nd(U'0,)W,0,, crystals with similar sizes were also
measured. The spectral features marked A, B and C in Figure 2 have
strong intensity variations (not shown here) likely caused by
different orientations of the polarization vector of the incident X-
ray beam with respect to the O=U=0 axis of uranyl. No substantial
energy shifts of the peaks were detected. The uranyl unites are
parallel to each other in the Nd(U'0,)W,0,, crystals, which however
were randomly oriented with respect to each other during the
measurements. For the spectrum shown in Figure 2 the O=U=0
axis has close to 90° orientation with respect to € since the A peak
has significantly higher intensity than B peak.”” Powder Ln-
(U'0,)W,0,, (Ln=Nd, Sm or Gd) compounds were mixed with boron
nitride and pellets with 7 mm diameter were pressed and measured
at ACT to obtain the spectra in Figure 3.

U 4f XPS

X-ray Photoelectron Spectroscopy (XPS) was performed by a system
PHI 5000 VersaProbe Il (ULVAC-PHI Inc.) equipped with a scanning
microprobe X-ray source (monochromatic Al Ko (1486.7 eV) X-rays).
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Low energy electrons (1 eV) and low energy argon ions (8 eV) were
applied simultaneously for charge compensation at isolating
sample surface (dual beam technique). Calibration of the binding
energy scale of the spectrometer was performed using well-
established binding energies of elemental lines of pure metals
(surface cleaned by Ar ion beam sputtering (3 keV), monochromatic
Al Ko: Cu 2ps, at 932.62 eV, Au 4f,, at 83.96 eV)."? Standard
deviations of binding energies of isolating samples were within
£0.2 eV. Crystals were pressed onto an indium foil and mounted
onto the sample holder. The base pressure inside the spectrometer
was about 2x1077 Pa. To retrieve information about the chemical
state of the elements, narrow scan spectra of elemental lines were
recorded at a pass energy of 23.5 eV of the analyzer. Spectra were
charge referenced to C 1s elemental line of adventitious hydro-
carbon at 284.8 eV. Curve fits to elemental lines were performed by
a non-linear least-squares optimization procedure using Gaussian—
Lorentzian sum functions after Shirley background subtraction by
PHI MultiPak Version 9.6 data analysis program.

UV-Vis-NIR and Photoluminescence

UV-vis-NIR and photoluminescence data were acquired from single
crystals using a Craic Technologies microspectrophotometer.
Crystals were placed on quartz slides under Krytox oil, and the data
were collected from 200 to 1,400 nm. The exposure time was auto
optimized by the Craic software. Photoluminescence data were
acquired using the same microspectrophotometer with an excita-
tion wavelength of 365 or 420 nm. Temperature control was
achieved by using a Linkam temperature control stage.

LFDFT Calculations

The U M,-edge XAS spectra were calculated using the ligand-field
density-functional theory (LFDFT) method.”**! All calculations were
done by wusing the hybrid Perdew-Burke-Ernzerhof PBEO
functional.* Molecular orbitals were expanded by means of the all-
electron Slater-type orbitals basis set of quadrupole-zeta aug-
mented by four sets of polarization function (QZ4P) for all elements.
Relativistic corrections were included by using the zeroth-order
regular approximation (ZORA) of the Dirac equation method at the
scalar and spin-orbit levels of theory. The starting atomic inputs
were based on the experimental crystallographic structures of the
Ln(U'0,)W,0,, compounds by using molecular cluster models. For
Nd(U'0,)W,0,,, the molecular cluster model consisted of the
[UO,0¢]""™ moiety plus two [NdO]'* units directly interacting with
the two uranyl oxo-groups. For Sm(U'0,)W,0,, and Gd(U'0,)W,0,,,
the same molecular cluster models included the [UO,0]°" moiety
plus two [LnO]'" units. Point-charges were added to mimic the
long-range interaction and the periodicity of the crystal structures.
This point charges included the positions of the neighboring W, O,
U and Ln atoms of the molecular cluster models. Note that LFDFT
allowed calculation of the U M4-edge XAS spectra based on
multiplet structures and the oscillator strengths of the actinide 5f'-
> 3d°5f? electron transitions at the density-functional theory (DFT)
level of theory. The calculation procedure can be found
elsewhere.” It has been shown that LFDFT is very well suited to
deal with actinide coordination compounds,’** and x-ray spectro-
scopy in particular. Briefly, an effective Hamiltonian was defined to
calculate multi-electronic problems with 5f' and 3d°5f electron
configurations that represented the ground (GS) and final (FS)
states of the U M4-edge XAS process. For that, we started with DFT
calculations where we forced partial electron occupation on
selective molecular orbitals with large fractional parentage coef-
ficients for U functions. This was an average of configuration (AOC)
DFT-type calculation, where open-shell electrons are evenly dis-
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tributed over near-degenerate molecular orbitals to obtain a totally
symmetric electron density that was isomorphic with the ligand-
field effective Hamiltonian. This could be achieved by using the
keyword “IrrepOccupations” in ADF. Note that the presence of the
two lanthanide ions in the molecular cluster models induced
additional challenges in the electronic structure. To simplify the
calculation, we froze the lanthanide 4f electrons in both GS and FS
electronic structures, i.e. they were also evenly distributed in the
14 molecular orbitals that were formally identified with large
fractional parentage coefficients for Ln 4f. These orbitals were
excluded in the LFDFT calculations. For GS (5f'), the sevenfold
molecular orbitals that were identified with large fractional
parentage coefficients for U 5f are occupied with 0.1429 electron.
For FS (3d°5f), the same sevenfold molecular orbitals were
occupied with 0.2857 electrons, as we removed 1 electron from the
core U 3d orbitals (i.e. the fivefold U 3d based molecular orbitals
were occupied with 1.8 electron). Supplementary Figure S6 shows
the calculated density of states (DOS) as function of GS and FS
electronic structures for the three Ln(U'O,)W,0,, compounds.
Figure S6 also shows the changes in the U 5f DOS from GS to FS,
overall shifting of the U 5f molecular orbitals to lower energy as
screening of the U 3d core-hole. Ligand-field parameters were
calculated based on the GS and FS electronic structures. These
parameters included the Slater-Condon integrals F*(5f,n5f), with k=
0, 2, 4, 6, F(3d, 5f), with k=0, 2, 4 and GX3d, 5f), with k=1, 3, 5;
the spin-orbit coupling constants {34 and (s; and the 5x5 and 7x7
matrices that represented the 3d and 5f ligand-field potential.
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