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Abstract:

The novel phases RbyNaU30,,Fx (1), K4NaU30,,F (2), and Rb, K, ¢KU30,4Fx (3)
were synthesized by molten flux methods using mixed alkali fluoride melts. The oxyfluorides
crystallize in the cubic space group Im-3m with a lattice parameters of 8.7472(2) A, 8.6264(2) A,
and 8.8390(3) A, respectively. All three structures crystallize in a cubic perovskite structure, ABO;
(A4BB’;01,), where the A site is fully occupied by an alkali cation, and the B site is shared by the
remaining smaller alkali cation and uranium in an ordered fashion such that the alkali cation on
the B site is surrounded by square uranyl bipyramids. The structures were characterized by single
crystal X-ray diffraction, energy dispersive spectroscopy, X-ray absorption near edge structure
spectroscopy, X-ray photoelectron spectroscopy, magnetic susceptibility measurements, DFT
calculations, thermogravimetric analysis, and UV-vis spectroscopy, all of which support the
presence of U(V) in the three new materials.
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Introduction:

The exploration of uranium crystal chemistry continues as nuclear technologies continue
to receive attention in order to improve the nuclear fuel cycle, develop environmental remediation
projects, and establish waste-forms to effectively immobilize waste radioisotopes and prevent
migration of radionuclides in the environment.! The recent review on the flux crystal growth of
uranium oxides emphasizes the contributions of the flux crystal growth technique in expanding
the number of known uranium extended structures, and thus our understanding of uranium crystal
chemistry. In particular, it brings attention to the abundance of U(VI) containing compounds, the
readily achievable incorporation of U(IV) by using reducing reaction conditions, and the sparse
examples of U(V) containing structures grown by flux methods. Specifically, out of the 180
structures in the review, 22 contain U(IV), only two contain solely U(V), and two contain mixed
U(V/VI).2 Uranium (V) chemistry is still relatively undeveloped, as reaction conditions that are
conducive to incorporating this species into extended structures remain poorly understood;
however, recent publications highlight the use of hydrothermal methods as an effective approach
to target U(V) containing structures.> # Given these realities, it was a welcome surprise that we
were able to grow three new uranium (V) containing structures from molten alkali fluoride fluxes
using UF, as the uranium precursor in vessels open to the atmosphere. In our experience, starting
with UF, in similar reaction conditions open to air has led to the complete oxidation of U(IV) to
U(VI), resulting in U(VI) containing oxide structures.>~*2 One thus speculates if the presence of
fluorine in these perovskite oxyfluorides can play a role in stabilizing the 5+ oxidation state of
uranium.

The three reported U(V) containing structures, Rby;NaU;0,Fx (1), K4NaU304,4Fx (2),
and Rb, 1K, yKU;01,4Fx (3) adopt a cubic quadruple perovskite structure of the type A4BB’;015,.
In general, the highly adaptable ABO; perovskite structure consists of corner sharing BOg
octahedra that create a central cavity in which the large A cation is located in a 12-fold coordination
environment. '3 The perovskite structure readily accommodates a wide range of elements,
including mixed site occupancies, and almost any property can be found for some perovskite
composition, including a broad range of magnetic behaviors, such as ferro- and
antiferromagnetism as well as, sometimes, superconductivity.

The perovskite family is versatile and contains numerous structural variants beyond the
simple ABO; composition and even beyond the more complex quadruple perovskite structure
A4BB’;0,, mentioned above. !4 Specifically, the ABO; perovskite can be expanded into a double
perovskite, where a third site is introduced, either as an A’ or B’ site, A,BB’Og, and this double
perovskite structure, like the ABO; structure, can exhibit numerous structural distortions
depending on the sizes of the A and B cations. More complex hexagonal/trigonal structures, such
as the triple perovskite A;BB’,0¢' and quadruple perovskite A;BB’;0,,%6 as well as an extensive
family of 2H-perovskite related structures, Asz,+3,A"B3+1Oom+6n are all known for a wide variety
of compositions and exhibit unique structural variations.!’
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The simple A,BB’Og4 double perovskite’s B and B’ (or A and A’) sites can be ordered in
three distinct ways, rock-salt (Ba,LnUOQg),® columnar (NdSrMn**Mn*'Og), or layered
(LayCuSnOg).*° If the ratio of B to B’ is not 1:1 as in the example of the double perovskite, but
rather 3:1, the perovskite family can be extended into either trigonal/hexagonal or cubic quadruple
perovskites with the general formula A4;BB’;04,; the latter case being observed in the family of
cubic structures reported in this paper. As one may imagine the cubic quadruple perovskite
structure can also display ordering schemes similar to the double perovskite, although there are
more possibilities and they are not as simple to describe as in the case of the double perovskites,
and thus are beyond the scope of this paper. 20-22

In addition to perovskites being a rewarding structural family to investigate for magnetic
properties, modeling the magnetism arising from the unpaired electron in U(V)-containing
perovskite structures is simplified in standard theoretical treatments due to the absence of 5f-5f
electron repulsion effects that are of the same magnitude as spin-orbit coupling energies. Although
studies on magnetic properties of U(V) oxides are few due to the small number of reported U(V)
containing materials, there are in fact a small number reported for U(V) perovskites, namely the
simple ternary AUO; (A = Na, K, Rb) family, and complex rare earth uranium oxides, e.g.,
Ba,L.nUO¢ (Ln = La, Nd, Sm). 34 18 23-27 KUVO; and RbUVO; crystallize in the cubic perovskite
structure while NaUVOj crystallizes in a distorted orthorhombic structure type due to the smaller
size of the sodium ion. In contrast, Ba,L.nUQg crystallizes in the double perovskite structure with
rock salt type ordering of the Ln and U containing octahedra. The three compositions reported
herein should be considered cubic quadruple perovskites with complex ordering of the Na (or K)
and U containing octahedra, and partial substitution of oxygen by fluorine. Herein the synthesis,
crystal structure and physical property measurements for these three compositions are presented.

Experimental

Materials and methods
UF, (International Bio-Analytical Industries, powder, ACS grade), AIPO, (Alfa Aesar, powder,
99.99%), RbF (Strem Chemicals, powder, 99.8%), KF (Alfa Aesar, 99%), and NaF (Alfa Aesar,
powder, 99%) were used as received. Caution! Although the uranium precursor used contained
depleted uranium, standard safety measures for handling radioactive substances must be followed.
The title compounds were synthesized by molten flux methods using a mixed alkali fluoride
flux. For each reaction, 0.5 mmol UF,4, 0.2 mmol AIPO,, and a 20 mmol mixture of RbF/NaF
(0.65/0.35), RbF/KF (0.6/0.4), or KF/NaF (0.6/0.4) were loaded into platinum crucibles covered
with lids and heated to 875 °C in 1.5 h, held for 12 h, and cooled to 600 °C at 6 °C/h. The bright
red cubic crystals (Figure 1) were obtained in good yield (>80% based on uranium) and were
separated from the flux by sonicating in water to dissolve the salt and isolated by vacuum filtration.
Crystals were hand-picked to separate them from a small amount of an unidentified, poorly
crystalline colorless product to obtain a phase pure sample.
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Figure 1: Optical images of crystals of a) K4NaU;0,4Fx and b) Rb,;NaU301,_Fy.

Powder diffraction data were collected on a Bruker D2 Phaser equipped with an LYNXEYE
silicon strip detector and a Cu Ka source to confirm the phase purity of the ground crystalline
samples. EDS was used to verify the elemental compositions of the title compounds both on single
crystals used for structure solution and bulk powders. EDS data were collected on a TESCAN
Vega-3 SBU equipped with an EDS detector.

X-ray Absorption Near Edge Spectroscopy (XANES)

XANES data were collected on the title samples Rby;NaU301,Fy (1), K4NaU;0,,4Fx (2), and
Rb, 1K 9KU;0,,4F (3) in addition to NaUVO; U'™VO,, and Sr;UYOg, which were used as
standards for the various uranium oxidation states. Samples for measurement were ~4 mg thin
powder compacts in a double containment cell, with Kapton tape serving as the primary
containment with a polymer bag as a second enclosure. The measurements were made at Beamline
10BM A, B at the Advanced Photon Source (APS) at Argonne National Laboratory in transmission
mode near the uranium L;-edge (17.1663 keV) with a yttrium foil K-edge (17.0384 keV) filter and
a beam spot size of 2000 um. Nine scans were collected for each sample, with the data sets
averaged and normalized using ATHENA software. 28

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy measurements were performed on powdered samples using a
Kratos AXIS Ultra DLD XPS system with a hemispherical energy analyzer and a monochromatic
Al Ka source operated at 15 keV and 150 W. The X-rays were incident at an angle of 45° with
respect to the surface normal. Analysis was performed at a pressure below 1x10° mbar. High
resolution core level spectra were measured with a pass energy of 40 eV. The XPS experiments
were performed while using an electron gun directed on the sample for charge neutralization.
Measurements were performed on both the as-prepared sample and after ion sputtering performed
by accelerating Ar™ ions (4 kV, 15 mA emission) towards the surface, as utilized in XPS analysis
of other U(V) perovskites.?®

Single-crystal X-ray diffraction (SXRD)
The structure of each compound was determined by single-crystal X-ray diffraction (SXRD) using
a Bruker D8 Quest single crystal X-ray diffractometer equipped with a Mo Ka microfocus source
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(L=0.71073 A). The programs SAINT+ and SADABS within the APEX 3 software were used to
perform the absorption correction. 3° The structure was solved using an intrinsic phasing solution
method, SHELXT, and SHELXL was used to perform least-square refinements. 3% 32 Both
SHELXT and SHEXL were used within the Olex 2 GUI. 33 Full sets of crystallographic values are
listed in Table 1. Structure solutions for all three compounds were straightforward as they all
crystallize in the cubic /m-3m space group and the asymmetric unit contains five unique sites in
the analogous structures, Ul, Al, A2, Ol, and O2/F2 which occupy special positions and are
assigned to Wyckoff sites 6b, 8c, 2a, 12d, and 12e, respectively. Note that for the A;BB’;0,
structure type, A corresponds to the Al site, B corresponds to the A2 site, and B’ corresponds to
the U1 site. The Al sites are occupied by Rb, K, and mixed Rb/K and A2 sites are occupied by
Na, Na, and K in structures 1, 2, and 3 respectively. All metal sites show no deviation from full
occupancy when allowed to vary in refinements, except for the A1 site in 3, which refines as 1.6
when modeled as a K and 0.73 when modeled as a Rb site, therefore it is best modeled as a mixture
of the two, and freely refines to 47% K and 53% Rb. Assignment of the O1 and O2 sites as 100%
occupied in all structures leads to a formula of A4;NaU;0, and, in the highest oxidation state of
U(VI), this formula does not charge balance having one residual negative charge. The X-ray
scattering factors for fluorine and oxygen are negligibly different, and X-ray diffraction data is not
sufficient for determining the ratio of oxygen to fluorine on the O2 sites. Fluorine was positively
identified by EDS and XPS and the O2 site was fixed to F and O occupancies of 16.7% and 83.3%,
respectively. No fluorine was modeled on the uranyl oxygen O1 site, as it is unlikely fluorine
would form these stronger ‘yl’ bonds. The set occupancies of O and F on the O2 site slightly effect
the free refinement of the Rb/K A2 site in structure 3 and introduce an uncertainty of 3%. While
we choose to report the structures in this paper as RbyNaU301,<Fx (1 <x <4) due to the uncertainty
in the fluorine content, the crystallographic files reflect compositions of A;U;OF as the XANES
results suggest the samples are predominantly U(VI).

Table 1: Crystallographic values for RbyNaU;0,,F, (1), KyNaU;0,,..F, (2), and Rb, 1K gKU30,_Fx
3).

Compound RbsNaU;0,..Fy KuNaU;0,,.4Fx Rb, 1K oKU;0,,.Fx
1 2 3

Space group Im-3m Im-3m Im-3m

a () 8.7472(3) 8.6264(2) 8.8390(3)

V(A3 669.28(7) 641.93(3) 690.57(7)

Crystal size (mm?) 0.02 x 0.04 x 0.08 0.02 x 0.02 x 0.02 0.02 x 0.02 x 0.02

Temperature (K) 302.01 296.5 302.01

Density (g cm™) 6.366 5.678 5.777

0 range (deg) 3.294-36.265 3.340-36.247 3.259-36.219

¢ (mm") 50.766 39.157 43.294

Collected reflections 2831 2752 2941

Unique reflections 191 188 198
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Rint 0.0313 0.0258 0.0252

h -l4<h<11 -6<h<l14 -l4<h<13
k -10<k<14 -10<k<10 8<k<14
) 9<i<l14 -11<i<14 -11<i<14
AP (€ B3) 0.919 0.550 0.487

AP in (€ B3) -0.819 -1.067 -0.627

GoF 1.092 1.150 1.146
Extinction coefficient 0.00172(10) -- 0.00132(9)
R(F) for F?>20(F)* 0.0081 0.0086 0.0109

R (F)? 0.0231 0.0216 0.0228

1/2
2Ry = 2||Fol = |F.l|/ZIFol. bwRs = [sw(Fo? — F2)2/zw(Fo2)Y 5 P = (Fo? +2F D) /3w =1/
[0%(F¢?) + (0.0128P)2 + 1.0000P] for Rb;NaU30,,.Fy, w = 1/[0?(Fo?) + (0.0111P)? + 0.8022P] for
K4NaU;0,5.F,, and w = 1/[6%(F¢?) + (0.0126P)?] for Rb,, K o0KU;02.4Fy

Magnetic properties

Magnetic measurements were performed using a Quantum Design MPMS 3 SQUID
magnetometer. Both field cooled (fc) and zero field cooled (zfc) measurements were performed
over the temperature range of 2 K to 400 K under an applied magnetic field of 0.1 T. Magnetization
measurements were also collected at 2 K, 50 K, and 300K by sweeping the applied magnetic fields
between -5 and 5 T. Measurements were performed on both polycrystalline powders obtained by
grinding single crystal products, and on samples consisting of many single crystals. The raw data
were corrected for radial offset and shape effects following the method described by Morrison and
zur Loye.3*

Optical properties

UV-vis diffuse reflectance measurements were made on powdered samples of all three
compositions using a PerkinElmer Lambda 35 UV-vis scanning spectrophotometer equipped with
an integrating sphere . The diffuse reflectance data were internally converted to absorbance using
the Kubelka-Munk equation and normalized.3>

Thermal properties

Thermogravimetric analysis (TGA) was performed on Rbs;NaU301, Fy using a SDT Q600 (TA
instruments), to determine thermal stability in atmospheres of 4% H, in Ar and air. The samples
were loaded in alumina crucibles and heated to 800 °C under 4% H, and to 1000 °C in air at a
rate of 10 °C/min. An additional experiment was run to further examine weight changes due to
oxidation or reduction, where the sample was heated under N, to 600 °C at 10 °C/min and
allowed to stabilize at this temperature for 10 minutes before switching to 4% H; for 30 mins,
and then to N, for 5 mins, then to air for 30 mins, followed by N, for 5 mins, and finally back to
4% H, for 30 mins. All samples were analyzed by PXRD after TGA.
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First-principles calculations

Density functional theory (DFT) calculations were performed using the VASP (Vienna Ab-initio
Simulation Package) pseudopotential code,?® 37 using the projector augmented waves (PAW)
method3® 3° and generalized gradient approximation (GGA) of the exchange-correlation potential
in the PBE form.*° Spin-polarized calculations were performed, with 520 eV cut-off energy for the
plane waves, and 10 eV energy convergence criterion. A 4x4x4 k-point mesh and 0.005 eV/A
force convergence criterion were used for the calculations. The ground state geometries at 0 K
were obtained by relaxing the cell volume and atomic positions, while keeping the cubic cell shape.
Considering the correlated nature of the uranium 5-felectrons, the DFT+U method*! was employed
with U=4.0 eV and J = 0.0 eV. To model the O sites partially occupied with F atoms (12d Wycoff
position), super quasi-random structures (SQS) were generated with the compositions K;NaU;OoF;,
Rb,K;U;00F;, RbyNaU;00F;, K4;NaU;O04F, Rb,K;U30¢F,, and RbyNaU;0gF, using the mcsqs code
provided by the Alloy Theoretic Automated Toolkit (ATAT) toolkit.*?~*> The chosen compositions
are used to study the oxidation of U(V) and its effect on the magnetic properties of the compounds,
providing insight into the U(V) chemistry in oxyfluorides. The generated SQS have U atoms with
only one, two and three F atoms as first nearest neighbors (FNN).

Results and discussion

Synthesis

As observed in previously reported flux crystal growth experiments,> 46 the reaction vessel plays
an important role in the successful formation of the target products. Rb,NaU301, Fy was initially
synthesized using the same reagent amounts and RbF/NaF flux described in the experimental
section contained in silver tubes measuring 5.7 cm tall by 1.2 cm in diameter and welded shut on
one end, and covered loosely with a silver cap. The reaction resulted in a yield greater than 80%
based on uranium; however, when this reaction was repeated using the KF/NaF flux, the desired
K4NaU;0,,<Fx phase was not obtained, but rather a mixture of simple potassium uranates was
isolated. Performing this reaction in a platinum crucible instead of a silver tube resulted in the
desired product. The reason the potassium sodium product preferentially forms in platinum
crucibles, but not in silver tubes, unlike the rubidium sodium composition which forms in either,
is not apparent.

The addition of AIPOy, despite the fact the product contains neither Al or P, proved necessary for
good yield of the product, and some cases the formation of the product. In silver tube reactions
without the AIPO,, the rubidium sodium composition does not form at all, and in the platinum
reaction vessel the yield is decreased to less than 50% and is accompanied by an amorphous
orange-yellow powder. When using the KF/NaF flux in a platinum crucible, the K4;NaU30,(Fx
phase forms without the addition of AIPO,, but the yield is also significantly lower, and the
products consist of approximately half of the target product and approximately half poorly
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crystalline yellow plates that could not be identified. The synthesis of the Rb/K phase was only
attempted in a platinum crucible using a RbF/KF flux and, in the absence of AIPOy, results in only
an amorphous product. However, in the presence of AIPOy, it forms the desired product along with
another unidentified phase that crystallizes as red-orange plates that turn yellow after sonication
in water.

The synthesis of K4NaU301,<\Fx was attempted by traditional solid state routes in reaction vessels
open to air using stochiometric amounts of UF,, U30g, KNO3, and NaNOs3; both compositions of
x =1 (all U") and x = 4 (all U>") were attempted. Stochiometric mixtures of neither the x =1 or x
= 4 lead to a phase pure product. Regardless of the length of time or the temperature , the target
phase was always accompanied by formation of KUOsF and/or K,U,05. It is interesting to note
that solid state reactions using only UsOg, UF,, or (UO,)(NOs3),*6 H,O resulted in predominantly
K,U,0O5 formation, whereas reactions with UF, and U;Og produced a cubic perovskite phase with
lattice parameters matching the desired composition. Using an excess of NaF to avoid the
competitive formation of K,U,0O; over the target phase, K4NaU30,,(F, was also unsuccessful in
producing phase pure K4NaU30,,Fy. Mixed fluxes of CsF/NaF and CsF/KF were also tried in
platinum crucibles in the presence of the AIPO, that had proved essential for the synthesis of the
three title compounds, but the Cs containing analog could not be obtained, and instead the reaction
resulted in K,U,07 and Na,U,05 as the major products.

Crystal structure

Compounds RbyNaU;0;,4F, (1), K4NaU;0,,4Fx (2), and Rb, K, ¢KU301,Fx (3) all adopt the
cubic quadruple perovskite structure A;BB’;01,, where Rb, K, and Rb/K occupy the A site for
compounds 1, 2, and 3, respectively and Na (or K in the case of 3) and U occupy the B and B’
sites, respectively (Figure 2c¢). The fact that the cubic structure is observed for all three
compositions can be explained by calculating the Goldschmidt tolerance factor t, for these
compositions. Using a weighted average for the ionic radius of the B site, t values of 1.00, 0.974,
and 0.948 are obtained forl, 2, and 3 respectively. These t factors are typical for cubic perovskites
and, hence, it is expected that all three compositions crystallize in a cubic rather than in a distorted
structure. In order to illustrate the ordering of the B and B’ cation sites in the cubic quadruple
perovskite structure, a cubic perovskite, i.e., KUOj3 is shown in Figure 2a, while a cubic rocksalt
ordered double perovskite, A,BB’Og is shown in Figure 2b and the cubic quadruple perovskite
structure of RbyNaU;0;,,Fy, is shown in Figure 2c. In 1-3, each B’ (Na or K) octahedron is
surrounded by six uranium polyhedra, and the square uranium bipyramids corner share to form
infinite chains in all three crystallographic directions. This structure is similar to other uranium
perovskites such as K4CaUV30,,, K4SrUV50,,, BaK4,UV304,, and KoUVgOy, 5, which are all
based on the same type of B and B’ site ordering, and all crystallize in the cubic space group, Im-
3m.#-%  The uranium polyhedra exhibit a uranyl coordination environment with two short axial
bonds of 1.903(3), 1.904(4), and 1.856(3) A for 1, 2, and 3, respectively and equatorial U-O bond
lengths of 2.18680(8) A, 2.15660(5) A, and 2.20975(8) A, respectively. While a uranyl
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coordination environment for U(V) species has not been observed in the handful of U(V)
perovskites that have been well characterized, AUO; (A = Na, K, Rb) and Ba,LnU"Og¢ (Ln = La,
Nd, Sm),® 23 uranyl coordination for U(V) species is often observed in other uranium extended
structures. In the U(V) perovskites the U-O bonds lengths are between 2.124 A and 2.33 A. In
general, the observed uranyl bonds for the title compounds are long for U(VI), where 1.8 A is
average and the values of 1.9 A fit well into the range of observed uranyl oxygen bond lengths for
U(V), ~1.9-2.1 A 3% However, it is not unusual to observe long uranyl bonds for U(VI) species in
perovskites that range from 1.737 A to 1.966 A and the equatorial U-O bonds range from 2.083 A
to 2.464 A .47.48,50-54 The coordination environments of the U atoms in the title compounds do not
give any insight as to the oxidation state of the U species. Bond valence sums (BVS) were
determined for structures 1-3 using values of 2.074 and 0.554 for ry and B, respectively for U-O
bonds and values of 1.966 and 0.37 for r and B, respectively for U-F bonds.>> > The bond valence
sums were calculated using 11 oxygen and 1 fluorine per formula unit, to ensure that each U atom
has two axial oxygens, and four equatorial anion sites that are 16.7% fluorine and 83.3% oxygen.
This resulted in BVS values of 5.81, 5.99, and 5.92 for 1, 2, and 3. The BVSs reasonably agree
with the expected value of 6 for UV! in these structures. It is important to note, however, that the
BVSs are greatly dependent on the amount O and F on the O2 site and, as the amount of F
increases, the BVS approach values closer to 5, thus BVS gives no insight into the oxidation state
of U without knowing the quantitative ratio of F/O. We have used the values of 1/6 F and 5/6 O
since XANES suggests U(VI) is predominant in these structures.

Figure 2: a) Cubic perovskite structure of KUOj3 b) cubic rock-salt ordered double perovskite,
A,;BB’Og, and c) cubic quadruple perovskite structure of Rby,NaU;0,F, (1) where uranium
polyhedra (B’) are yellow, sodium octahedra (B) are light blue, rubidium atoms (A) are dark
blue, oxygen atoms are red, and the mixed oxygen/fluorine sites are in green.

XANES

XANES is a useful technique to determine oxidation states because as the formal oxidation state,
and thus the binding energy for exciting a core photoelectron increases, the transition energy shifts
to higher energy. However, due to the fact the kinetic energy of the photoelectron is small in the
XANES region, it is very sensitive to the chemical environment. Ideally, standards would have U
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atoms in similar coordination environments—square bipyramids with shorter axial bonds and
coordinate equatorially to four anions, where the anions are a mix of oxygen and fluorine. This is
not possible to achieve given the limited library of known U(V) containing compounds,
specifically in the UO," environment as U(V) is not ubiquitously found in the uranyl coordination,
unlike U(VI), and the additional requirement of containing U-F bonds cannot be satisfied. NaUO;
and Sr;UQg standards were used for U(V) and U(VI), respectively, where U in these perovskite
type structures adopts an octahedral coordination environment with bond distances of 2.142-2.151
A and 2.061-2.098 A, for NaUOj; and Sr;UQy, respectively. Additionally, UO, was used as a U(VI)
reference. The energies of the L; edge for all samples lie in the narrow region of 17173-17181 eV,
where the standards progressively shift upfield as the U oxidation state increases (Figure 3b). The
edge energies for compounds 1-3 lie between the reference samples NaUO; and Sr;UQO¢ where 1
and 2 are more upfield than 3 which features a different peak shape, perhaps due to the shorter
axial bonds in 3 (1.856 A) as compared to 1 and 2 (1.903 A). For all three structures, the XANES
results suggest the presence of both U(V) and U(VI), although the ratio of U(V)/U(VI) remains
undetermined, due to the lack of proper U oxyfluoride reference materials. Few studies have been
published on the effect of F substitution in uranium oxides on the shift in XANES edge transition
energy; however, the work by Allen et al. shows that structures contain F have slightly lower
transition energies than pure U(VI) oxides. °’° This could suggest that the F containing
perovskites in this study contain more U(VI) than suggested by the comparison of the samples to
the NaUQj; and Sr;UOg standards.
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Figure 3: a) Normalized XANES spectra b) closer view of peaks in normalized XANES spectra
and c) derivative normalized XANES spectra of RbyNaU;0,Fx (1), K4NaU;0,Fx (2), and
Rb; 1K KU301;,.4Fx (3) compared to reference samples of UO,, NaUQs3, and Sr;UQg. The legend
in b) applies to all three plots.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy measurements were performed on the as-prepared samples .
Figure 4 shows the U 4f peaks of the corresponding materials after peak deconvolution, which
indicated the presence of two U oxidation states. The presence of U(V) in the XPS spectra,
indicates that after synthesis, at least part of the U in the material is in the U(V) oxidation state and
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in all cases U(V) was measured to be ~10% of the total amount of U (Table 1). Taking into account
that the XPS analysis depth is ~10nm and that ambient oxidation towards U(VI) takes place at the
outermost atomic layers, the U(V) content in the bulk of the materials can be higher than the 10%
measured by XPS on the surface of the sample. The quantification of the XPS spectra (Tables SI),
confirmed the presence of fluorine in the structure, although the presence of adventitious carbon
changed the expected surface atomic ratio.

Compound K4NaU;0154Fx | RbyNaU;01,.Fy Rb; 1K oKU30,.4F
US* (%) 88.5 90.6 89.1
US* (%) 1.5 9.4 10.9
Table 1: The % ratio of U oxidation states recorded by XPS for each synthesized material.
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Figure 4: The U 4f XPS spectra of K4NaU;O,,Fy (Black), RbyNaU;0;,,F; (Blue) and
Rb; 1K oKU30,.4Fx (Green), measured after synthesis with no further treatment.

XPS studies on the U(V) perovskites, NaUO; and KUO;, demonstrated that the satellite 4f peaks
of U(V) could not be observed on as-prepared samples of NaUO; and KUO; due to surface
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oxidation; however, short Ar sputtering times (20-30 sec) could remove the top most layer to reveal
these satellite peaks which are considered “fingerprints” of a single U(V) chemical state.* 2° The
etching time was critical, as too short a time did not completely remove the surface oxidation,
while sputtering times of upwards of 60 sec reduced U(V) to U(IV). This study is highly relevant
to the XPS study on U(V) containing perovskites, as similar methods were used with 30 sec of in-
situ Ar" sputtering to remove contamination on the topmost atomic layer on the sample, including
oxidation of the uranium, due to the exposure of the sample to the atmosphere. After sputtering,
the four peak sequence named 1, 1°, 2, 2’ characteristic of a single U(V) chemical state was
observed and is shown in Figure S2. The fact that the XANES data, which is a method that
measures the response of the bulk sample, supports a predominantly U(VI) state, while the XPS
after Ar sputtering suggest an entirely U(V) state could suggest that even the short 30 sec sputtering
time was sufficient to reduce the U(VI) in the samples. Nevertheless, the presence of U(V) in the
XPS spectra prior to sputtering confirm that a fraction of the U in the title materials is in the U(V)
state. Further XPS experiments are needed on a variety of U(VI), U(V)/U(VI), and U(V) samples
whose oxidation states can be confirmed be complimentary methods in order to explore the effects
of Ar sputtering on the oxidation state of uranium.

Magnetic properties

Uranium V magnetism is not well understood despite the fact that it has only a single 5f electron,
eliminating electronic 5f-5f repulsion interactions and simplifying experimental analysis. Many
studies on U(V) structures yield moments much lower than the calculated 2.54 ug and often the
experimental magnetism does not follow the Curie-Weiss law even at high temperatures, making
the calculation of the moment more difficult.'® 23 27 The simple alkali perovskites, KUO; and
RbUO;, have been the subject of several magnetic studies reporting low moments of 0.2-0.66 ug
determined using a modified Curie-Weiss law with a temperature independent susceptibility
term.23 25-27,60 Similarly, the magnetism of Ba,L.nUYOg (Ln = La, Nd, Sm), which adopts a double
perovskite structure, although monoclinically distorted, was reported to have a moment of 0.4 up
for the La composition, where a temperature independent susceptibility term was necessary to fit
the data.'® Besides the difference in cubic versus monoclinic symmetry in the KUO; and
Ba,LaUVOgq structures, the ordering of the uranium polyhedra is important to consider. In the cubic
perovskite, KUOs;, U fully occupies the B site and therefore there are U-O-U linkages; however,
in the double perovskite structure of Ba,LaUYOg, the La and U sites order in a rock-salt fashion
and all uranium polyhedra are isolated from each other. The magnetic data for both of these
compositions represent an important comparison for title compounds, in which the uranium
polyhedra form infinite chains; however, the ordered Na polyhedra set this structure apart from the
simpler KUOj structure. Magnetic data for all three title compounds were collected on both
powdered and single crystalline samples from 2 to 400 K in an applied field of 0.1 T and were
found to exhibit low moments and non-Curie Weiss behavior even at high temperatures; however,
the measurements of the magnitude of the moments was not repeatable on multiple samples of the
same composition, and therefore a reliable moment for the U>* ions could not be determined.
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Similar measurements performed on NaUOQOj; found that the raw moment of the title compounds is
an order of magnitude smaller than NaUQO;, which agrees well with the ~10% U(V) estimated by
XPS experiments. Differences between powder and single crystal samples were investigated for
potential effects of surface oxidation; however, even measurements on separate single crystal
samples produced magnetic moments of differing magnitudes. The inconsistency among multiple
data sets for the same composition could not be attributed to impurities, as none were detected by
powder diffraction (Figure 5), and may be attributed to inconsistent amounts of U(V) in the
perovskite samples, as none of the methods used have been able to conclusively quantify the
amount of U(VI) and U(V) in the title compounds. However, the presence of a small magnetic
moment and non-Curie Weiss behavior is consistent with the presence of U(V) in the title
compounds, especially, when compared to the reported magnetic data of KUO;, RbUO;, and
Ba,LnUYOg4 (Ln = La, Nd, Sm). The magnetic susceptibility for K4NaU;0,Fx is shown in Figure
S1.
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Figure 5: Powder diffraction data of Rby;NaU;0;,_Fy (blue), K4NaU;0,,.F, (black), and
Rb; 1K 9KU301,Fx (green). The calculated peak positions for K4NaU;0;, (Fy are shown in red
below the experimentally observed pattern of K4NaU30;,Fx.

First-Principles Calculations

To better understand the influence of U-f interactions on magnetic behavior of the title compounds,
their density of states (DOS) were calculated, see Figure 6. From the DOS it is evident that the
states at the top of the valence band and bottom of the conduction band come from the U atoms,
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indicating that these compounds are Mott insulators, just like UO,. In the DFT calculations, the
super quasi-random structures (SQSs) relaxed to states with 0 ug net magnetic moment, which
agrees with the experimentally observed paramagnetic state of the title compounds. The DFT
calculated band gaps of the Rb,K,KU;0¢F;, RbyNaKU;O¢F; and K4;NaU3;0O¢F; compounds are
2.866, 2.225 and 2.773 eV, respectively. Beside the apparent larger band gaps, the calculated and
experimentally observed adsorption indexes show a similar shape with two distinct peaks, a large
peak at lower energies and a smaller peak at higher energies.
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Figure 6. Density of states (DOS) of the Rb,K,KU3OgFj; (top left), Rby,NaU;09F; (top right) and
K4NaU;OgF5 (bottom left) compounds, and the U, Rb, K, Na, O, and F partial DOS. Adsorption
indexes (bottom right) of the Rb,K,KU;0¢F3, RbyNaU;0¢F3, and K4NaU;OyF; are shown in green,
blue and black, respectively.

To better understand the low magnetic moments observed in the SQUID data and the possible
effects of surface oxidation on bulk magnetic measurements, the magnetic moments of the U atoms
were estimated in the A;U;OgF4 and AsU3O9F; SQSs. They were estimated by integrating the spin-
up and spin-down DOS up to the Fermi level. In the AsU30gF, SQSs all U atoms have |1] ug
magnetic moment indicating that the U atoms have 1 unpaired electron, and hence are in the +5
oxidation states. However, two U atoms have -1 ug magnetic moment, while the other four U atoms
have +1 up magnetic moment, giving rise to a total of +2 up of the SQSs of AsU;0gF4. On the
other hand, the calculations show that the average oxidation state of the U atoms in the AsU;OqF3
SQSs is 5.33, where two of the U atoms do not have a magnetic moment, indicating that these U
atoms are in the +6 oxidation state. The other four U atoms have +1 ug and -1 4g magnetic moment,
implying that these U atoms have 1 unpaired electron and, hence, are in the +5 oxidation state. The
magnetic moment of these four U atoms cancel each other to give the 0 ug net magnetic moment

Page 14 of 22



Page 15 of 22

Inorganic Chemistry Frontiers

of the SQSs. A closer look at the F atom coordination around the U atoms showed that U atoms
with one, two and three F atoms FNN have 0, +1 and -1 g magnetic moments, respectively. This
is illustrated in Fig. 7, where the DOS of U with 1 F atom as a FNN are almost equal, while the
spin-up and spin-down DOS are more dominant for the U with 2 and 3 F atoms as FNNs,
respectively. While with the SQSs only a small portion is sampled of an otherwise complex
structure of the title compounds, the results reinforce the fact that the random distribution of F
atoms in the studied composition can yield a paramagnetic phase. Furthermore, the random
distribution of the F atoms provides another reason for the varying paramagnetic SQUID data,
although without experimental means of obtaining quantitative U(V)/U(V]) ratios it is impossible
to identify the causes of the inconsistencies in the SQUID data.
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Figure 7. Left: projected density of states (pDOS) of the six U atoms in Rb,K,KU;3;0gF;
compound. The pDOS of the two U atoms with 1, 2 and 3 F atoms as first nearest neighbor (FNN)
are respectively shown in, blue and red, green and purple, and black and yellow. Right: comparison
between the spin-up and spin-down pDOS of the U atoms with 1, 2 and 3 F atoms as FNN.

Thermal properties

Thermogravimetric analysis revealed that under a reducing atmosphere, RbsNaU;0;,Fx
decomposes to RbUO; at 708 °C while it remains stable up to 1000 °C in air. Switching between
these two atmospheres at a constant temperature of 600 °C results in mass changes of less than 0.3
wt % and cannot be attributed to either the complete oxidation of U>* to U®* or the complete
reduction of U" to U or U>" to U*', as the weight change due to these processes is expected to
be 1.9 wt %. Because XANES and XPS suggest predominantly U¢" with small amounts of U>* and
XPS showed that Ar sputtering easily reduces the U%" in these samples to entirely U>*, it would be
reasonable to expect that under these conditions that the sample would show a larger weight change
due to the reduction of U" to U3,

Optical properties

UV-vis diffuse reflectance data of the three title compounds display two broad bands centered at
430 nm and 540 nm (Figure 8). Reported U(VI) diffuse reflectance spectra>?® 61763 contain two
broad bands centered around ~350 nm and ~450 nm where the first feature arises from the
equatorial ligand to metal charge transfer, and the second feature arises from the vibronically
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coupled transitions of the UO,** core.> 6 There are fewer examples of U(V) diffuse reflectance
spectra in extended structures;> % 6 however, in those that are reported the U(V) charge transfer
band is centered around 550 nm, as compared to a U(VI) charge transfer band of ~350 nm. By
comparison, the spectra for 1-3 with bands centered at 430 nm and 540 nm are unusual for U(VI)
species and could support the presence of U(V).
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Figure 8: Normalized UV-vis absorption spectra of Rby;NaU;01,F, (1), K4yNaU;0;,F4 (2), and
Rb; 1K oKU30,4Fx (3).

Conclusions

A series of U(V) containing oxyfluorides crystallizing in the perovskite structure, Rb,NaU301,_.Fx
(1), K4NaU301,.4F4 (2), and Rb, 1K, ¢KU301,4Fx (3) were characterized by SXRD, PXRD, EDS,
XANES, XPS, magnetic measurements, DFT calculations, TGA, and UV-vis diffuse reflectance
spectroscopy. The structural characterization reveals square uranyl bipyramidal coordination
environments. EDS and XPS both confirm the presence of fluorine, although neither provides a
quantitative assessment of the fluorine content within the structure and there are no satisfactory
methods to experimentally determine the F/O ratio or to investigate the F/O ordering. XANES data
suggest the compounds are predominantly U(VI), while XPS, UV-vis, and magnetic data suggest
small amounts of U(V) are present in the structure, although none of these methods have led to the
quantification of the amounts of U(V) or U(VI). XPS estimates about 10% of U(V); however, the
tendency for surface oxidation in U(V) species could lead to an underestimation of the content.
PXRD confirms the phase purity of all samples. Magnetic measurements on multiple samples of
all three compounds, powder and single crystalline, produced inconsistent small magnetic
moments, but consistently showed non-Curie Weiss behavior, the presence of which supports the
detection of small amounts of U(V) in all three materials. The DFT calculations reveal the
importance of the F/O ordering in the AsU;OgF; perovskite structure, where one, two, or three
fluorine FNNs lead to magnetic moments of 0, 1, and -1 puB for the U atom in question, and thus
the F/O ordering will have significant and possibly inconsistent effects (if there is only local rather
than global ordering) on the average magnetic moment of the bulk material. The absence of the
U(VI) charge transfer band at 350 nm in the UV-vis spectroscopy, and the appearance of bands
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centered on 430 nm and 540 nm is unusual for U(VI) species and can support the presence of
U(V). The difficulty of quantifying the amounts of U(VI) and U(V) in this structure illustrate the
need for the development of new methods to do so, but also the need to further characterize U(V)
and U(V) containing structures for comparison. The knowledge and understanding of U(V)
containing structures in aspects of the synthesis, structural, magnetic, and optical characterization
will continue to develop as new structures are synthesized and thoroughly characterized; a process
in which this family of U(V) perovskites aids and enhances our understanding.
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Synopsis: Crystals of three new uranium(V) containing oxyfluorides were grown using an alkali
fluoride flux and adopt an ordered quadruple perovskite structure.



