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ABSTRACT: Single crystals of several ternary alkali uranium fluorides, LiUF5, KU2F9,
K7U6F31, RbUF5, RbU2F9, and RbU3F13, have been obtained in a mild hydrothermal
process using UO2(CH3CO2)2(H2O)2 as the uranium source. Their crystal structures
were determined by single crystal X-ray diffraction. The uranium in the starting reagent
was successfully reduced from U6+ to U4+ in a dilute hydrofluoric acid environment,
aided by the presence of a copper salt. All materials exhibit highly complex crystal
structures that range from two-dimensional to three-dimensional. The U4+ cations are
found in high (UF8 and UF9) coordination environments. The magnetic susceptibility
measurements yielded effective magnetic moments of 3.01−3.83 μB for the U4+ cations.
The temperature dependent magnetic susceptibility measurements confirmed that the
U4+ cation exhibits a nonmagnetic singlet ground state at low temperatures. No long-
range magnetic order was observed for any of the above compositions down to 2 K.
Optical and thermal behaviors of the fluorides were also investigated.

■ INTRODUCTION

U(IV) containing fluorides are of particular interest among the
many uranium containing materials due to their important roles
in uranium separation and in the production of uranium oxides
that are currently being used in the uranium enrichment
process to create nuclear fuel.1−6 Furthermore, investigations of
U(IV) in fluoride hosts is of interest because of potential
optical properties exhibited by these materials, such as
luminescence, that may find use in applications ranging from
UV solid-state lasers to visible light emitting phosphors.7−11

Among the known U(IV) fluoride materials, the ternary
alkali U(IV) fluorides are the most studied, and approximately
30 ternary inorganic U(IV) fluorides have been reported to
date.12−31 Some information on the structurally characterized
U(IV) fluorides is found in Table S1. Polycrystalline powders
or single crystals of the reported U(IV) fluorides were usually
prepared by precipitation from aqueous solutions or by
crystallization in high temperature flux reactions using alkali
fluoride/chloride salts. Although two crystal structures of the
title compounds were previously reported,26,29 little informa-
tion beyond their chemical compositions, if that, was reported
for the other members. Reports on these fluorides are over 30
years old, and many include only very rudimentary crystallo-
graphic data (see Table 1). Furthermore, almost no measure-
ments of their physical properties were carried out, motivating
the desire to prepare single crystals of these and other reduced
U(IV) fluorides in order to carry out high quality structure and
physical property determinations.32−34

The extremely rich crystal chemistry of U(IV) fluorides is
due to the presence of large coordination environments of the
U(IV) cation, and the different connectivity modes between the
UFx polyhedra. For these reasons, several distinct structure
types are found among the U(IV) fluorides, including isolated
units,25,28,30,31 chains,23,27,31 sheets,17,19,20,22 and frame-
works,13−15,24,26,29 composed of UFx polyhedra, resulting in
simple zero-dimensional to complex three-dimensional crystal
structures. Due to the presence of unpaired f electrons, it is
desirable to explore their electronic and/or magnetic proper-
ties.32−34

We are particularly interested in further expanding the use of
our new synthetic route to incorporate U(IV) species in
extended fluoride structures. Recently, we found that U(IV)
containing fluorides can be readily synthesized via an in situ
reduction step taking place under mild hydrothermal conditions
at relatively low temperatures.35 Using this synthetic method,
we previously reported several binary and quaternary U(IV)
fluorides.35,36 Specifically for the synthesis of U3F12(H2O), the
U(VI) in the starting reagent (UO2(CH3CO2)2(H2O)2) was
successfully reduced to U(IV) in a dilute hydrofluoric acid
environment, where the presence of a copper salt was essential
to crystallize the U3F12(H2O) phase. To study the utility of this
method for the synthesis of other new U(IV) fluorides, we
undertook a systematic study of ternary U(IV) fluorides to
explore this phase space. Utilizing UO2(CH3CO2)2(H2O)2 as a
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starting reagent, based on the synthetic approach we developed,
we were able to grow high quality single crystals of several
U(IV) fluorides in excellent yield. Although some of the title
compounds are known, the structure determinations reported
herein are significantly improved over the limited amount of
information that had been published. Also, the successful
application of this entirely different synthetic route to prepare
these fluorides suggests that this approach can readily be
extended to the preparation of numerous other U(IV)
containing fluorides. In this paper, we report on the synthesis,
crystal structures, and magnetic properties of several ternary
alkali U(IV) containing fluorides.

■ EXPERIMENTAL SECTION
Reagents. UO2(CH3CO2)2·2H2O (International Bio-Analytical

Industries, Inc. ACS grade), LiF (Alfa Aesar, 98+%), KF (Alfa Aesar,
99%), RbF (Alfa Aesar, 99.7%), Cu(CH3CO2)2·2H2O (Aldrich, 98+
%), and HF (Alfa Aesar, 48%) were used as received.
Synthesis. Single crystals of the reported materials were grown via

a mild hydrothermal route. For all compositions, 1 mmol of
UO2(CH3CO2)2·2H2O, 0.5 mmol of Cu(CH3CO2)2·2H2O, 1 mL of
H2O, and 1 mL of HF were used. To these mixtures, 2 mmol of LiF,
0.7 mmol of KF, 4 mmol of KF, 0.5 mmol of RbF, and 4 mmol of RbF
were added to prepare LiUF5, KU2F9, K7U6F31, RbU3F13, and RbUF5,
respectively. RbU2F9 was obtained as a secondary product during the
synthesis of both RbU3F13 and RbUF5. Specific reaction conditions are
summarized in Table 2.
The respective solutions were placed into 23 mL Teflon-lined

autoclaves. The autoclaves were closed, heated to 200 °C at a rate of 5
°C min−1, held for 1 day, and cooled to room temperature at a rate of
6 °C h−1. The mother liquor was decanted from the single crystal
products, which were isolated by filtration and washed with distilled
water and acetone. The reactions, except for RbU3F13 and RbUF5,
yielded a single phase product consisting of green crystals in a nearly
quantitative yield based on UO2(CH3CO2)2·2H2O. In all cases, Cu
metal powder was also generated and selectively removed by dissolving
it in concentrated HNO3. As illustrated in Figure S1, the powder X-ray

diffraction patterns of the ground crystals indicate that no impurities
are contained in the products.

Single Crystal X-ray Diffraction. X-ray intensity data from green
crystals were collected at either 100(2) or 295(2) K using a Bruker
SMART APEX diffractometer (Mo Kα radiation, λ = 0.71073 Å).37

The data collection covered a minimum of 99.7% of reciprocal space
to 2θmax = 66.3−72.8°, with Rint = 0.043−0.056 after absorption
correction. The raw area detector data frames were reduced and
corrected for absorption effects with the SAINT+ and SADABS
programs.37 Final unit cell parameters were determined by least-
squares refinement of large sets of reflections taken from the data set.
Direct-methods structure solution, difference-Fourier calculations, and
full-matrix least-squares refinement against F2 were performed with
SHELXS/L as implemented in OLEX2.38,39

For all materials, the respective space groups were determined by
the pattern of systematic absences in the intensity data and by
structure solution. It should be noted that one F atom in K7U6F31 is
disordered about Wyckoff site 3a with 3 site symmetry, generating six
1/6-occupied atomic positions per cavity site. Free refinement of both

Table 1. A List of the Known Structural Information for the Reported U(IV) Fluorides in This Worka

lattice parameters

space group product type a/Å b/Å c/Å β/° R factor year

LiUF5 I41/a single crystal 14.884 14.884 6.547 0.072 196629

I41/a single crystal 14.8467(7) 14.8467(7) 6.5168(6) 0.028 this work
KU2F9 Pnma single crystal 8.7021(9) 11.4769(4) 7.0350(3) 0.068 196926

Pnma single crystal 8.6923(6) 11.4542(8) 7.0132(5) 0.025 this work
K7U6F31 N/A powder 199616

R3̅ single crystal 15.1426(8) 15.1426(8) 10.386(1) 0.039 this work
RbUF5 N/A powder 199616

P21/c single crystal 8.2407(5) 13.7275(5) 8.3295(3) 102.447(1) 0.036 this work
RbU2F9 Pnma single crystal 8.7330(8) 11.675(1) 7.0304(6) 0.030 this work
RbU3F13 Pmc21 single crystal 7.9943(6) 7.3217(5) 8.4677(6) 0.040 this work

LiUF5
29 KU2F9

26

U(1)−F(2) 2.26(2) U(1)−F(5) 2.292(1)
U(1)−F(5) 2.26(2) U(1)−F(1) 2.30(2)
U(1)−F(4) 2.27(2) U(1)−F(2) 2.32(2)
U(1)−F(3) 2.30(1) U(1)−F(1) 2.32(2)
U(1)−F(4) 2.31(2) U(1)−F(3) 2.32(2)
U(1)−F(1) 2.31(2) U(1)−F(4) 2.33(2)
U(1)−F(3) 2.34(1) U(1)−F(4) 2.34(2)
U(1)−F(1) 2.47(2) U(1)−F(2) 2.34(2)
U(1)−F(2) 2.59(2) U(1)−F(3) 2.39(2)

aThe U−F bond distances for the known LiUF5 and KU2F9 are also listed to compare them with the data from this work, which shows that overall
quality of the data is significantly improved over the known data.

Table 2. Specific Reaction Conditions for the Syntheses of
the Reported Materialsa

molar ratios

A+ A U Cu product(s)

Li 1 1 0.5 LiUF5
4 1 0.5 LiUF5

K 0.5 1 0.5 KU2F9 + U3F12(H2O)
35

0.7 1 0.5 KU2F9
2 1 0.5 KU2F9 + K7U6F31
4 1 0.5 K7U6F31

Rb 0.5 1 0.5 RbU3F13
2 1 0.5 RbU2F9 + RbU3F13
2.5 1 0.5 RbU2F9 + RbU3F13 +RbUF5
3 1 0.5 RbU3F13 + RbUF5
4 1 0.5 RbUF5

aAll reactions were performed at 200 °C.
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the site occupancy and displacement parameters gave physically
senseless results because of high correlation between these two
parameters. Fixing the occupancy at 1/6 is physically sensible (not
more than 100% occupancy relative to the ordered site) and gives a
charge-neutral composition. The larger displacement parameter of
F(6) reflects its higher positional uncertainty as a consequence of site
disorder. All atoms except the disordered F(6) atom were refined with
anisotropic parameters. Crystallographic data, selected interatomic
distances, and atomic coordinates are listed in Tables 3 and 4 and in
the Supporting Information, respectively.
Powder X-ray Diffraction. Powder X-ray diffraction data were

collected on a Rigaku D/Max-2100 powder X-ray diffractometer using
Cu Kα radiation. The step-scan covered the angular range 10−70° 2θ
in steps of 0.04°. No impurities were observed, and the calculated and
experimental PXRD patterns are in good agreement.
UV−Vis Diffuse Reflectance Spectroscopy. Diffuse reflectance

spectra of polycrystalline powder samples of the reported materials

were obtained using a PerkinElmer Lambda 35 UV/vis scanning
spectrophotometer equipped with an integrating sphere in the range
200−900 nm. The reflectance data were converted to absorbance data
using Kubelka−Munk function.40

Magnetic Property Measurements. The magnetic properties of
the microcrystalline compounds were measured using a Quantum
Design Physical Property measurement System (QD-PPMS) equipped
with a vibrating-sample magnetometer. Temperature dependent
susceptibility measurements were made in both zero-field cooled
(ZFC) and field cooled (FC) conditions in applied fields of 1000 Oe.
Magnetization measurements at 2 K were carried out in applied fields
up to 8 T.

■ RESULTS AND DISCUSSION

Synthesis. Single crystals of ternary U(IV) fluorides were
historically obtained via crystal growth in high temperature (T

Table 3. Crystallographic Data for LiUF5, KU2F9, K7U6F31, RbU2F9, RbUF5, and RbU3F13

formula LiUF5 KU2F9 K7U6F31 RbUF5 RbU2F9 RbU3F13

fw 339.97 686.16 2290.88 418.50 732.53 1046.56
temp (K) 100(2) 100(2) 295(2) 295(2) 100(2) 100(2)
cryst syst tetragonal orthorhombic trigonal monoclinic orthorhombic orthorhombic
space group I41/a Pnma R3̅ P21/c Pnma Pmc21
a (Å) 14.8467(7) 8.6923(6) 15.1426(8) 8.2407(3) 8.7330(8) 7.9943(6)
b (Å) 14.8467(7) 11.4542(8) 15.1426(8) 13.7275(5) 11.675(1) 7.3217(5)
c (Å) 6.5168(6) 7.0132(5) 10.386(1) 8.3295(3) 7.0304(6) 8.4677(6)
β (deg) 102.447(1)
V (Å3) 1436.5(2) 698.26(8) 2062.4(3) 920.12(6) 716.8(1) 495.63(6)
Z 16 4 3 8 4 2
density (g/cm3) 6.418 6.527 5.534 6.042 6.788 7.013
abs coeff (mm−1) 45.177 47.039 36.475 45.783 51.986 53.939
cryst size (mm3) 0.10 × 0.06 × 0.05 0.10 × 0.04 × 0.02 0.06 × 0.04 × 0.03 0.48 × 0.04 × 0.02 0.10 × 0.08 × 0.07 0.10 × 0.06 × 0.05
2 θ range (deg) 5.48−70.0 6.82−72.7 5.00−66.3 5.06−68.1 6.76−72.6 4.82−72.8
reflns collected 16 778 20 268 16 928 24 717 21 276 14 717
data/restraints/params 1587/0/65 1760/0/58 1756/0/70 3751/0/127 1804/0/59 2490/1/90
R (int) 0.0447 0.0434 0.0556 0.0508 0.0511 0.0493
GOF (F2) 1.301 1.155 1.109 1.031 1.146 1.056
R (F)a 0.0279 0.0251 0.0395 0.0358 0.0301 0.0400
Rw (F0

2)b 0.0570 0.0623 0.1008 0.0742 0.0725 0.1038
aR(F) = Σ||Fo| − |Fc||/Σ|Fo|. bRw(F0

2) = [Σw(Fo2 − Fc
2)2/Σw(Fo2)2]1/2.

Table 4. Selected Interatomic Distances (Å) for LiUF5, KU2F9, K7U6F31, RbU2F9, RbUF5, and RbU3F13

LiUF5 KU2F9 K7U6F31 RbU2F9

U(1)−F(2) 2.224(4) U(1)−F(5) 2.2879(2) U(1)−F(2) 2.183(5) U(1)−F(1) 2.284(3)
U(1)−F(4) 2.261(3) U(1)−F(1) 2.300(2) U(1)−F(4) 2.187(5) U(1)−F(2) 2.294(3)
U(1)−F(5) 2.271(3) U(1)−F(4) 2.307(3) U(1)−F(3) 2.294(5) U(1)−F(4) 2.317(3)
U(1)−F(4) 2.296(3) U(1)−F(2) 2.311(3) U(1)−F(3) 2.301(5) U(1)−F(5) 2.3180(3)
U(1)−F(3) 2.299(3) U(1)−F(3) 2.322(3) U(1)−F(5) 2.308(5) U(1)−F(1) 2.336(3)
U(1)−F(1) 2.320(3) U(1)−F(1) 2.327(3) U(1)−F(5) 2.345(5) U(1)−F(3) 2.343(3)
U(1)−F(3) 2.349(3) U(1)−F(2) 2.339(3) U(1)−F(1) 2.369(4) U(1)−F(2) 2.346(3)
U(1)−F(1) 2.453(4) U(1)−F(4) 2.359(3) U(1)−F(1) 2.374(4) U(1)−F(3) 2.370(3)
U(1)−F(2) 2.578(4) U(1)−F(3) 2.385(3) U(1)−F(4) 2.383(3)

RbUF5 RbU3F13

U(1)−F(4) 2.145(4) U(2)−F(1) 2.470(4) U(1)−F(1) 2.298(6) U(2)−F(1) 2.285(6)
U(1)−F(2) 2.157(4) U(2)−F(1) 2.787(4) U(1)−F(2) 2.375(5) U(2)−F(1) 2.285(6)
U(1)−F(5) 2.299(4) U(2)−F(3) 2.312(4) U(1)−F(3) 2.268(6) U(2)−F(2) 2.271(6)
U(1)−F(3) 2.304(4) U(2)−F(6) 2.381(4) U(1)−F(4) 2.347(6) U(2)−F(2) 2.271(6)
U(1)−F(5) 2.333(4) U(2)−F(7) 2.385(4) U(1)−F(4) 2.280(6) U(2)−F(3) 2.457(6)
U(1)−F(6) 2.363(4) U(2)−F(8) 2.157(4) U(1)−F(5) 2.319(5) U(2)−F(3) 2.457(6)
U(1)−F(1) 2.410(4) U(2)−F(9) 2.161(4) U(1)−F(6) 2.350(4) U(2)−F(8) 2.400(8)
U(1)−F(7) 2.498(4) U(2)−F(10) 2.298(4) U(1)−F(7) 2.291(5) U(2)−F(9) 2.307(9)
U(1)−F(7) 2.670(4) U(2)−F(10) 2.278(4) U(1)−F(8) 2.427(4) U(2)−F(9) 2.247(9)
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> 500 °C) molten alkali fluoride/chloride salts using UF4 as a
starting reagent.19,24,26,27,29,30 In some cases, such as the
ammonium containing U(IV) fluorides, they were obtained as
byproducts during the hydrothermal synthesis of organic−
inorganic hybrid materials involving several organic reducing
reagents.14,15 Our group has modified the latter method and
d e v e l o p e d a m i l d h y d r o t h e rma l r o u t e u s i n g
UO2(CH3CO2)2(H2O)2 as a starting reagent, because the
acetate species (the reducing agent) is already incorporated
into the uranium source, eliminating the need for additional
reducing agents. Using this method, we have explored the phase
space of alkali U(IV) fluorides by systematically changing the
A/U ratios (A = alkali metals) since the resultant product
composition is very sensitive to the molar ratios of the reagents,
as summarized in Table 2. It is important to note that the
presence of a copper salt is necessary to crystallize the title
materials, as reported in our previous work, since the copper is
believed to be involved in the catalytic reduction of U(VI) to
U(IV).35

The investigation of the Li−U−F system yielded LiUF5 as
the sole product from all the reactions we explored. In the K−
U−F and Rb−U−F systems, however, several phases were
obtained in each case from the different reactions that were
explored. It is interesting to note that some products were
formed over a wide range of A/U ratios. For example, KU2F9
and RbU3F13 appeared in the A/U ratios of 0.5/1 to 2/1 and
0.5/1 to 3/1, respectively. Also, it should be noted that the final
compositions were not those of the initial A/U ratios; in other
words, uranium rich phases, such as KU2F9, RbU2F9, and
RbU3F13, could be obtained from uranium poor reaction ratios.
For all cases, the U(VI) in the starting reagent was

successfully reduced to the U(IV), and high quality single
crystals were obtained, as demonstrated in Figure 1. In all
reactions, copper metal was formed as a byproduct that was
selectively removed by dissolving it in concentrated nitric acid.
Single phase products could be obtained for almost all
compositions by optimizing the A/U ratio of the starting
reagents, the exception being RbU2F9. Powder X-ray diffraction
patterns of the ground crystals confirmed the purity of the
reported ternary U(IV) fluorides as illustrated in Figure S1. No
ternary U(IV) fluorides containing sodium were isolated due to
the stability of the quaternary Na4CuU6F30 phase,36 which

formed preferentially. Despite several attempts, we were unable
to obtain any cesium containing fluorides.

Structure. LiUF5 crystallizes in the tetragonal space group
I41/a, consistent with the previously reported data (see Table
1).29 LiUF5 exhibits a complex crystal structure consisting of
corner-, edge-, or face-shared UF9 and LiF6 polyhedra (see
Figure 2). The crystal structure can be divided into two parts,

the arrangement of (1) the UF9 and of (2) the LiF6 polyhedra.
The first part is a complex three-dimensional network
composed of only UF9 polyhedra as shown in Figure 3,
where a tetrameric building block of U4F30

14− is found. The
tetramer is formed from four corner-shared UF9 polyhedra, two
of which also engage in edge-sharing in the middle of the
tetramer. Each tetramer is oriented perpendicular to the ab
plane and is connected to other tetramers via edge-sharing. The
tetramers stack along the c axis via edge-sharing, which creates
two types of square channels, as illustrated in Figure 3b. The
larger channels are filled by Li4F16

12− tetramers, whereas the

Figure 1. Optical images of single crystal for (a) LiUF5, (b) KU2F9, (c) K7U6F31, (d) RbUF5, (e) RbU2F9, and (f) RbU3F13. The maximum crystal
size is approximately 2 mm.

Figure 2. Ball-and-stick and polyhedral representations of LiUF5 along
the c axis. The three-dimensional structure consists of corner-, edge-,
and face-shared UF9 and LiF6 polyhedra. The green, orange, and red
spheres/polyhedra represent U4+, Li+, and F− ions, respectively.
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smaller channels persist along the c direction (Figure 2b). The
arrangement of the UF9 polyhedra results in ellipsoidal clusters
that are stacked along the c axis as shown in Figure 3e. The
cluster consists of two corner-shared U4F30

14− tetramers (see
Figure 3d), forming a square space that is eventually occupied
by the Li4F16

12− tetramers. The second part of the structure
consists of an arrangement of isolated Li4F16

12− tetramers. Each
tetramer is made up of four edge-shared LiF6 polyhedra,
creating a distorted cube that fills the aforementioned square
void.
In the structure, the U4+ cation is surrounded by nine

fluorine atoms to form a distorted tricapped trigonal prismatic
coordination environment with U−F distances ranging from
2.224(4) Å to 2.578(4) Å. Each UF9 polyhedron shares its
corners with four other U4+ and four Li+ cations, edges with
two U4+ and one Li+ cation(s), and a face with one Li+ cation
(see Figure 4c). The Li+ cation is found in an irregular LiF6
octahedron, with Li−F distances ranging from 1.876(13) Å to
2.218(13) Å. Each LiF6 polyhedron shares its corners with four
U4+ cations, an edge with one U4+, three edges with other Li+

cation(s), and a face with one U4+ cation (see Figure 4d). Bond
valence sum calculations41,42 resulted in values of 1.00 and 3.89
for Li+ and U4+ cations, respectively, consistent with the
expected values.
AU2F9 (A = K+ and Rb+) crystallizes in the orthorhombic

space group of Pnma. The structure of KU2F9 is consistent with
previously reported data (see Table 1),26 but RbU2F9 is a new
member of the U(IV) fluoride family. The two compositions
exhibit a complex three-dimensional crystal structure consisting
of corner- and edge-shared UF9 polyhedra, as shown in Figure
5. The three-dimensional framework is built up from puckered
two-dimensional sheets in the ac plane that are stacked along
the b axis through corner-sharing. This connectivity results in
elongated hexagonally shaped channels in which the A+ cations
reside. The sheets are composed of zigzag chains, which run
along the a axis and that are connected via corner- and edge-
sharing to each other, resulting in the puckered layers in the ac
plane shown in Figure 6a and b.

The U4+ cation is coordinated to nine fluorine atoms forming
a distorted tricapped trigonal prism with U−F distances ranging
from 2.284(3) Å to 2.385(3) Å (see Figure 6c). The A+ cations

Figure 3. LiUF5. The arrangement of the UF9 polyhedra (a and b),
where the U4F30 tetramers (c and d) create square channels along the c
axis represented by the yellow squares. The UF9 polyhedra also
arrange into larger clusters (e). Green and red spheres represent the
U4+ and F− ions, respectively.

Figure 4. Illustration of the arrangement of the [LiF3/1F3/3]4 tetramers
consisting of edge-shared LiF6 polyhedra (a), which creates a distorted
cube (b). The local coordination environments of the UF9 and LiF6,
and the connectivity to other metal cations around the polyhedra, are
shown in c and d, respectively. Green, orange, and red spheres indicate
the U4+, Li+, and F− ions, respectively.

Figure 5. Illustration of polyhedral representations of AU2F9 (A = K,
Rb) along the (a) a and (b) c axes, which shows a three-dimensional
crystal structure consisting of corner- and edge-shared UF9 polyhedra.
The framework is formed by the corner-sharing of two-dimensional
sheets along the b axis. The green and orange polyhedra/spheres are
U4+ and A+ cations, respectively.

Figure 6. Two different views of the two-dimensional layers found in
AU2F9 (A = K, Rb), where the layer is created by edge-sharing one-
dimensional chains that consists of corner-sharing UF9 polyhedra
running along the a axis (a and b). The local coordination
environment is shown in c, representing a distorted tricapped trigonal
prism of the U4+ cation.
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are found in irregular AF9 polyhedra with A−F distances
ranging from 2.614(3) Å to 3.187(3) Å and 2.691(3) Å to
3.177(4) Å for KF9 and RbF9, respectively. Bond valence sum
calculations41,42 resulted in values of 1.09−1.12 and 3.68−3.75
for the A+ and the U4+ cations, respectively, consistent with the
expected values.
Although the composition K7U6F31 has appeared in the

literature, no additional information was reported.16 K7U6F31
crystallizes in the trigonal space group of R3 ̅, isostructural with
(NH4)7U6F31

15 and Na7Zr6F31,
43 and exhibits a complex three-

dimensional crystal structure consisting of corner- and edge-
shared UF8 polyhedra, as shown in Figure 7. The most

interesting structural feature of this material is the presence of a
cuboctahedral cluster, which is made up of six corner-shared
UF8 polyhedra, as shown in Figure 8a and b. Each cluster is
surrounded by six additional clusters, all of which share their
edges and build up a three-dimensional framework that
contains hexagonal channels along the c axis, as illustrated in
Figure 8d and e. The K+ cations reside within the channels and
between the clusters.
The structure of K7U6F31 can also be described as a three-

dimensional network composed of layers, as shown in Figure 9.
In each layer, the edge-shared U2F16 dimers are connected to
each other via corner-sharing to form planar sheets; this
connectivity results in 12-membered rings within the slabs.
Subsequent layers are linked through corner-sharing and
staggered along the c axis such that the 12-membered rings
are not aligned; instead the staggered arrangement of the layers
creates hexagonal channels that are formed by the clusters, as
mentioned earlier.
In the hexagonal channels as shown in Figures 7a and 8e, the

F(6) atom is disordered over six sites and makes long contacts
with surrounding U4+ cations. Interestingly, in Na7Zr6F31,

43

isostructural with K7U6F31, the fluorine atom in the same
hexagonal channels is located in the center of the channel
without any locational disorder. This difference is likely due to

the larger size of the U4+ cation that prefers a larger
coordination environment compared to Zr4+.
The U4+ cation is found in a distorted square antiprismatic

coordination environment (see Figure 8c) with U−F distances
ranging from 2.183(5) Å to 2.374(4) Å. This coordination
sphere, quite different from those found for the other fluorides
reported here, may affect the magnetic properties of K7U6F31,
which is discussed below. The K(1)+ cations are located
between the clusters, whereas K(2)+ cations reside in the
hexagonal channels. Both K+ cations are observed in irregular
polyhedra with K−F distances ranging from 2.647(5) Å to
3.356(6) Å. Bond valence sum calculations41,42 resulted in
values of 1.00−1.11 and 4.07 for the K+ and U4+ cations,
respectively, consistent with the expected values.
RbUF5 crystallizes in a monoclinic space group of P21/c and

is isostructural with TlUF5.
17 Although the existence of RbUF5

was reported earlier from powder diffraction data, its crystal
structure has never been analyzed. RbUF5 exhibits a layered
structure consisting of corner-, edge-, and face-shared UF9
polyhedra as illustrated in Figure 10. The layers are separated
by the Rb+ cations along the b axis. As shown in Figure 11a and
b, the two-dimensional features are composed of double chains
containing UF9 polyhedra that are connected to each other via
corner-sharing to form layers in the ac plane. Each ribbon is
created from the edge-sharing between the one-dimensional
connectivity of the UF9 polyhedra that propagate along the c
axis. These linear chains are then linked together via edge- and

Figure 7. Ball-and-stick representations of the structure of K7U6F31,
where the basic building block, the hexameric [UF4/1F4/2]6 group, can
be seen in a and b. In a, disordered F− atoms are observed inside the
hexamers along the c axis. Green, orange, and red polyhedra/spheres
represent U4+, Rb+, and F− ions, respectively.

Figure 8. Hexameric building blocks found in K7U6F31 (a and b) and
their connectivity, illustrated in d and e, which creates hexagonal
channels along the c axis, in which K+ and disordered F− ions reside.
The U4+ cation is observed in a distorted square antiprismatic
coordination environment as shown in c.

Figure 9. Arrangement of the UF8 polyhedra in the ab plane forming a
two-dimensional sheet containing 12-membered rings.
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face-sharing between the UF9 polyhedra. It is worth pointing
out that RbUF5 includes connectivities of corner-, edge-, and
face-sharing between the UF9 polyhedra, which is a rare
bonding mode in ternary U(IV) fluorides.
There are two crystallographically unique U4+ cations in

RbUF5, both of which are found in a similar distorted tricapped
trigonal prismatic coordination environment (Figure 11c and
d) with U−F distances ranging from 2.145(4) Å to 2.787(4) Å.
Both Rb(1)+ and Rb(2)+ cations are surrounded by nine
fluorine atoms forming irregular polyhedra with Rb−F
distances between 2.785(4) Å and 3.376(4) Å. Bond valence
sum calculations41,42 resulted in values of 0.81 and 3.97−4.03
for the Rb+ and U4+ cations, respectively, which are consistent
with the expected values.
RbU3F13 crystallizes in the noncentrosymmetric orthorhom-

bic space group of Pmc21, is isostructural with RbTh3F13,
44 and

exhibits a three-dimensional connectivity composed of corner-
and edge-shared UF9 polyhedra as shown Figure 12. The Rb+

cations reside in the hexagonal-like channels created by the
U3F13

− framework that contains two crystallographically unique
U4+ cations. The three-dimensional framework can be
considered a combination of two structural parts, layers and
chains consisting of the U(1)F9 and U(2)F9 polyhedra,
respectively. The U(1)F9 polyhedra are connected to each
other via corner-sharing along the c axis and via edge-sharing
along the a axis, which results in the slightly puckered layers
stacked along the b axis as illustrated in Figure 13a and b. The
chains consist of corner-shared U(2)F9 polyhedra running

along the c axis (see Figure 13c), and these chains link the
layers along the b axis via corner- and edge-sharing, forming the
three-dimensional crystal structure shown in Figures 13d and e.
Both U(1)4+ and U(2)4+ cations are observed in similar

distorted tricapped trigonal prismatic UF9 polyhedra with U−F
bond distances ranging from 2.247(9) Å to 2.457(6) Å. The
local coordination environments and connectivity to adjacent
atoms for each U4+ cation are shown in Figure 13f and g. Nine
fluorine atoms surround the rubidium cation with Rb−F
distances between 2.755(9) Å and 3.168(7) Å. Bond valence
sum calculations41,42 resulted in values of 0.84 and 3.84−4.14
for Rb+ and U4+ cations, respectively, which are consistent with
the expected values.

UV−Vis Diffuse Reflectance Spectroscopy. UV−vis
diffuse reflectance data were measured on ground crystals of
the reported materials and were converted to absorbance using
the Kubelka−Munk function.40 As shown in Figure 14, all
spectra are similar to each other, where the absorption bands
are attributed to the f−f transitions in the U4+ cation. The
bands above 400 nm are due to f−f transitions, including
transitions from the ground state, of 3H4 to several excited
states such as 1I6,

3P1,
1G4,

1D2,
3P0,

3H6,
3H4, etc. The observed

spectra are consistent with those obtained for previously
reported materials35,45−48 and confirmed the presence of the
U(IV). The band gaps estimated by the onset of the absorption
edge resulted in values of 3.9−4.2 eV, suggesting an insulating
nature of the reported materials.

Thermal Behavior. The thermal behaviors of the reported
materials were investigated by heating the samples in air to
examine the formation of potential single-phase oxide materials
when the fluorides are thermally treated. All samples were
heated to 800 °C in air, and the products after heating were
characterized by powder X-ray diffraction (PXRD). PXRD
analyses determined that the thermal products consisted of

Figure 10. Illustration of the polyhedral structure of RbUF5, where
layers are separated by the Rb+ cations. Green and orange polyhedra/
spheres represent U4+ and Rb+ cations, respectively.

Figure 11. Illustration of a sheet of RbUF5 in the ac plane. The layers
in b are composed of corner-shared double chains in a that are formed
by the edge- and face-sharing of one-dimensional single chains
consisting of edge-shared UF9 polyhedra. Both U(1)4+ and U(2)4+

cations exhibit a distorted tricapped trigonal prismatic coordination
environment as shown in c and d. Green and blue polyhedra/spheres
indicate U(1) and U(2), respectively.

Figure 12. Polyhedral representation of the crystal structure of
RbU3F13 consisting of corner- and edge-shared UF9 polyhedra. Green
and orange polyhedra/spheres represent the U4+ and Rb+ cations,
respectively.
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Li22U18O65,
49 LiU0.83O3,

50 K2U2O7,
51 Rb2U2O7,

52 Rb2U4O13,
53

and Rb4U5O17
54 as the major phases and at least one additional

unidentified minor phase. Perhaps not unexpected, it turns out
that the reported alkali U(IV) fluorides are thermally converted
to a mixture of several U(VI) oxides due to oxidation of U(IV)
to U(VI) at high temperatures in air.

Magnetic Properties. The magnetic susceptibilities of the
title U(IV) fluorides were investigated over the temperature
range of 2−350 K, in an applied field of 1000 Oe. For all
materials, no differences are observed between zero field cooled
(zfc) and field cooled (fc) data, and the data similarly reflect
magnetic contributions from only U4+ cations. No long-range
ordering was evidenced down to 2 K.
As shown in Figure 15, the magnetic susceptibilities increase

with decreasing temperature and begin to deviate strongly from

the Curie−Weiss law starting at approximately 100−200 K,
most likely due to the depopulation of thermally accessible
excited states and the formation of a singlet ground state of the
U4+ cation at low temperatures. K7U6F31 is an exception to this
behavior and exhibits temperature dependent behavior down to
low temperatures, see also field dependent magnetization
measurements shown in the Supporting Information. Temper-
ature independent paramagnetic behavior at low temperature is
a typical characteristic of the U4+ cation and originates from the
coupling between a nonmagnetic ground state and low lying
excited states through Zeeman perturbation.55,56

As seen in Figure S2, the inverse susceptibility data in the
linear high temperature region were fitted to the Curie−Weiss
law, χ = C/(T − θ), where C is the Curie constant and θ is the
paramagnetic Weiss constant. The constants extracted from the
fits are listed in Table 5. Effective magnetic moments of 3.01−
3.83 μB for the U4+ cation are obtained, which are slightly
smaller and larger than the expected value of 3.58 μB calculated
from Russell−Saunders coupling for a 3H4 ground state, but are
still consistent with previously reported data.57−60 Figure S3
shows the magnetization of the compounds measured in
various applied fields, where a linear trend is found, indicating
the absence of field dependent behavior, e.g. saturation of
magnetic moments. Among the reported fluorides, K7U6F31
exhibits a quite unexpected result, reproducible paramagnetic
behavior at low temperatures, and this abnormal feature is
clearly apparent in Figure 16. A derivative of the inverse

Figure 13. Layers consisting of edge-shared U(1)F9 polyhedra in a and
b in the ac plane, which are connected to chains of corner-shared
U(2)F9 polyhedra in c via corner- and edge-sharing, thereby creating
the framework in d and e. The local coordination environments of the
U(1) and U(2) cations are shown in f and g, respectively. Green and
blue polyhedra represent U(1)F9 and U(2)F9, respectively.

Figure 14. UV−vis absorbance spectra for the reported materials.

Figure 15. Temperature dependence of the magnetic susceptibility
data for LiUF5, KU2F9, K7U6F31, RbUF5, and RbU3F13 measured in an
applied field of 1000 Oe.
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susceptibility vs temperature data is plotted in Figure 16,
identifying the temperature of the triplet to singlet state
transitions of the U4+ cation by arrows. KU2F9 exhibits a slight
upturn around the transition that is reproducible between
samples. Interestingly, K7U6F31 appears to be an exception
among the reported group. The rapid increase in the
susceptibility with decreasing temperature behavior can be
interpreted as being due to persistent paramagnetic moments.
The reason for this unusual magnetic behavior of K7U6F31 is
unclear, especially when compared to the structurally related
ammonium analogue, (NH4)7U6F31

15, that exhibits the
expected nonmagnetic ground state of U4+. In this study, we
merely suggest two possibilities. First, the unexpected magnetic
property of K7U6F31 may be resulted from an undetected
paramagnetic impurity, masking the typical magnetic character-
istic of the U4+ at low temperature. We find exactly the same
behavior for samples of different batches, thus we tend to
believe that this behavior is not associated with an impurity
phase and should be originating from an intrinsic property.
Second, the effect could be the result of the unique local
coordination environment of the U4+ (UF8 polyhedra) in
K7U6F31, that is distinctly different from the UF9 polyhedra
observed for the other fluorides reported in this paper. We
suggest that the local coordination environment produces a
different crystal field effect, giving rise to a complex electronic
ground state in K7U6F31, causing the magnetic behavior to be
distinctively different from the other materials. Such unusual
magnetic behavior has in fact been observed previously in other

compounds,61,62 although the magnetic properties are not
identical to those of K7U6F31. In our opinion, further
spectroscopic investigations to study the electronic states of
the uranium in K7U6F31 are warranted.
As shown in Figure S4, with decreasing temperature, the χmT

values gradually drop off for all fluorides discussed in this paper
and approach zero due to the loss of thermally excited states.
All of the magnetic features, except perhaps those of K7U6F31,
can be explained by the fact that U4+ tends to attain a
nonmagnetic state at low temperatures, resulting in the
presence of spin gaps between the triplet and singlet states
rather than magnetic exchange interactions between the U4+

centers. The behavior of K7U6F31 may reflect a competition
between crystal field effects and spin-orbit coupling, as
discussed by others for similar uranium fluoride systems.61,62

■ CONCLUSIONS
Six ternary alkali U(IV) fluorides were successfully synthesized
via an in situ reduction step. The U(VI) in the starting reagent
was fully reduced to the U(IV) under a dilute hydrofluoric acid
environment, and the single crystals were grown, aided by a
copper salt. A single crystal X-ray diffraction study revealed that
the reported uranium fluorides exhibit complex crystal
structures, and the U(IV) cations are found in large
coordination environments. The temperature dependent
magnetic susceptibility measurements indicate that U(IV)
attains a singlet ground state at low temperature. For all
cases, no evidence for long-range magnetic ordering was
observed down to 2 K.
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