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ABSTRACT: A family of rare U(IV)-containing quaternary fluorides,
Na,MUF;, (M = Mn*, Co**, Ni*, Cu*, and Zn>*), was synthesized in
single crystal form via a mild hydrothermal technique utilizing an in situ U(VI)
to U(IV) reduction step. The modified hydrothermal route is described, and
the conditions to obtain single crystals in high yield are detailed. The crystal
structures were determined by single crystal X-ray diffraction. The
isostructural fluorides crystallize in a new structure type in the trigonal
space group P3cl. They exhibit a complex three-dimensional crystal structure
consisting of corner- and edge-shared UF, and MF4 polyhedra. The main
building block, a UgF;,°~ group, is arranged to create two distinct hexagonal
channels, inside which MFg octahedra and Na® cations are located. The
copper-containing member of the series, Na,CuUgF;; is unusual in that the
Cu** cation exhibits a rare symmetrical coordination environment consisting
of six identical Cu—F bond distances, indicating the lack of the expected
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Jahn—Teller distortion. Magnetic susceptibility measurements of Na,ZnU4F;, yielded an effective magnetic moment of 3.42 i
for the U*" () cation in the structure. Measurements of the other members containing magnetic transition-metal cations in
addition to U*, Na,MUF,, (M = Mn?*, Co*, Ni**, and Cu*") yielded total effective magnetic moments of 10.2, 9.84, 8.87, and
8.52 g for the Mn-, Co-, Ni-, and Cu-containing materials, respectively. No evidence for long-range magnetic ordering was
found down to 2 K. Measurements of the magnetization as a function of applied magnetic field at 2 K for Na,MnU¢F;, confirmed
that the U*" magnetic cation exhibits a nonmagnetic singlet ground state at low temperature. Thermal stability measurements
and UV—vis diffuse reflectance spectroscopy are also reported.

B INTRODUCTION

Uranium fluorides are an important group of materials that are
fundamental for uranium separation processes, are potential
materials for use in long-term nuclear waste storage, and can
play a role in the development of new classes of fuel rod
assemblies. ¢ Not surprisingly, the binary uranium fluorides,
such as UF, and UFy, have been extensively investigated and
are currently being used in a variety of nuclear processes.” " In
addition, over 20 ternary inorganic uranium fluorides (other
than minerals), such as alkali uranium fluorides and some
transition metal uranium fluorides (Na,UF,, Na,UF,, K;UF,,
CsU,F,, AuU,F,,) have been szrnthesized, and their structures
were reported in the literature.'*~"” Surprisingly, only a handful
of quaternary uranium-containing fluorides, such as CaLi,UF,
have been reported.'®'” Typically the U* cations in these
structures are found in large coordination environments of UF,
(x =7, 8,9) polyhedra that lead to the formation of complex
structure types. Remarkably, the total number of transition
metal-containing uranium fluorides is very small, considering
the importance of uranium as an element. The known uranium
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fluoride crystal chemistry is dominated by materials containing
uranium in the +4 oxidation state, due to the stability of the
U*—F bond. This is quite different from the uranium oxygen
chemistry, where uranium is present as U®" and materials
mostly contain the ubiquitous uranyl group, UO,*", which can
direct other coordination environments in the structures and
which, sometimes, leads to fluorescent behavior.*™** The
uranyl chemistry, by comparison with fluorides, has been
extensively investigated and many organic—inorganic hybrid
materials have been prepared, structurally characterized and
reported on in recent years.”> >’ As a result, much more is
known about the crystal chemistry of U®- than of U*-
containing materials.

The dearth of materials containing U*" has motivated us to
develop a new synthetic route to prepare U*'-containing
materials and to explore their crystal chemistry. Specifically, we
have explored the preparation of new uranium-containing
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Table 1. Crystallographic Data for Na;,MU¢F;, (M = Mn?*, Co*, Ni**, Cu?*, and Zn®*)

formula Na,MnUF;, Na,CoUgF;,
fw 2145.08 2149.07
temperature, K 100(2) 100(2)
crystal system trigonal trigonal
space group P3cl P3cl
a (A) 9.9172(8) 9.8882(3)
c (A) 13.033(2) 13.015(1)
vV (A%) 1110.1(2) 1102.09(9)
VA 2 2
density (mg/m?) 6.418 6.476
absorption coefficient (mm™") 44471 44973
crystal size (mm?®) 0.06 X 0.06 X 0.04 0.12 X 0.10 X 0.04
20 range 4.74—68.64 4.76—70.08
reflections collected 26070 28190
completeness to 6., % 100.0 100.0
data/restraints/parameters 1563/0/66 1635/0/66
R (int) 0.0687 0.0565
GOF (F) 1.187 1.148
R(F)" 0.0449 0.0304
R, (F2)* 0.1089 0.0676
Ap(max/min) (e A™%) +5.26/-3.80 +6.07/-2.15

aR(F) = Z”Fol - IFC”/ZIFOI bRw(Foz) = [ZW(FOZ - FCZ)Z/ZW(F02)2]1/2~

Na,NiUgF;, Na,CuUgF3, Na,ZnUgF;,
2148.85 2153.68 2155.51
100(2) 100(2) 100(2)
trigonal trigonal trigonal
P3cl P3cl P3cl
9.8623(6) 9.8826(3) 9.8783(7)
13.015(2) 13.011(1) 13.046(2)
1096.28(16) 1100.45(8) 1102.4(2)

2 2 2

6.510 6.500 6.493

45.313 45.252 45.294

0.10 X 0.08 x 0.0 0.08 X 0.06 X 0.06 0.04 X 0.04 x 0.02
4.76—66.34 4.76—71.26 4.76—69.97
20617 23913 22793

100.0 100.0 100
1404/0/66 1702/0/67 1625/0/66
0.0582 0.0495 0.0815

1.161 1.225 1.079
0.0367 0.0299 0.0361
0.0880 0.0702 0.0719
+7.77/-2.19 +2.85/-2.56 +5.63/-3.40

fluorides and have developed a mild hydrothermal synthetic
approach for the preparation of extended U*'-containing
fluoride structures. We are particularly interested in materials
containing reduced uranium cations, because not only do they
give rise to new complex crystal structures due to the large size
of the U*" cation but also such materials can exhibit interesting
magnetic properties due to the presence of unpaired f-electrons
in the U* (£) cation.”®™3!

In our recent studies, we reported on two general synthetic
approaches to produce U*, including the use of U*"-containing
precursors, such as U(C,0,),(H,0)¢ and the in situ creation of
U* from U%-containing precursors, such as UO,(CH,CO,),-
2H,0.%>** While a variety of organic species, such as polyols,
oxalic acid, and acetate, can function as reducing agents to
prepare U*-containing precursors,>* >’ the application of
uranium acetate for the mild hydrothermal in situ preparation
of U* combines being a uranium source with the acetate
species as a reducing agent, thereby eliminating the need to
synthesize U*'-containing precursors. Using this method, we
previously communicated the synthesis of U;F;,(H,0), a new
U*-based uranium fluoride.*® In this paper we report on our
significant breakthrough in using this mild hydrothermal
method to prepare a new series of quaternary transition
metal-containing uranium fluorides, Na,MUF;, (M = Mn*',
Co®, Ni**, Cu’, and Zn®"), representing a significant
expansion of known quaternary uranium fluorides. The
synthesis, crystal structures, and magnetic properties of this
series of U*-containing quaternary fluorides are discussed
within.

B EXPERIMENTAL SECTION

Reagents. UO,(CH;CO,),2H,0 (International Bio-Analytical
Industries Inc, ACS grade), NaF (Alfa Aesar, 99%), MnCl,-4H,0
(Alfa Aesar, 99%), CoCl,-6H,0 (J.T. Baker, 99+%), NiCl,-6H,0
(Aldrich, 99%), Cu(CH;CO,),-2H,0 (Aldrich, 98+%), ZnCl, (Alfa
Aesar, 98+%), and HF (Alfa Aesar, 48%) were used as received.
Warning: although the uranium precursors used contain depleted
uranium, standard safety measures for handling radioactive substance
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should be followed. HF should only be handled in a well ventilated
space and care should be taken to use proper safety precautions.

Synthesis. Single crystals of the title compounds were grown using
a mild hydrothermal route incorporating a U(VI) to U(IV) reduction
step. Specifically, for the preparation of Na,MU4F;, (M = Mn**, Co*,
Ni**, Cu®, and Zn*"), 2 mmol of UO,(CH,CO,),-2H,0, 2 mmol of
NaF, 1 mL of H,0, and 2 mL of HF (18.4 M) were combined with 8
mmol of MnClL-4H,0, CoCl,-6H,0, NiCl,-6H,0, and ZnCl,,
respectively. For the preparation of Na,CuU¢F;, 1 mmol of
UO,(CH;CO0,),-2H,0, 1 mmol of NaF, 1 mL of H,0, and 1 mL
of HF (12.8 M) were combined with 1 mmol of Cu(CH,;CO,),-2H,0.

The respective solutions were placed into 23 mL Teflon-lined
autoclaves. The autoclaves were closed, heated to 200 °C at a rate of S
°C min~!, held for 1 day, and cooled to room temperature at a rate of
6 °C h™'. The mother liquor was decanted from the single crystal
products, which were isolated by filtration and washed with distilled
water and acetone. In all cases except Na,CuUgF;, the reaction
yielded a single phase product consisting of light-green hexagonal plate
crystals in approximately 20%, 70%, 60%, and 80% yields for Mn-, Co-,
Ni-, and Zn-containing materials based on UO,(CH;CO,),-2H,0. For
Na,CuU¢F;, green crystals were obtained in a nearly quantitative yield
based on UO,(CH;CO,),"2H,0, along with Cu metal powder that
was selectively removed by dissolving it in concentrated HNO;. As
seen in Figure S1, the PXRD patterns on the ground crystals indicate
that no impurities are contained in the products.

Single Crystal X-ray Diffraction. X-ray intensity data from light-
green hexagonal plates were collected at 100(2) K using a Bruker
SMART APEX diffractometer (Mo Ka radiation, 0.71073 A).>® The
data collections covered 100% of reciprocal space to limiting 26,,.,
values of 68.6—71.3°, with Ry, = 0.050—0.069 after absorption
correction. The raw area detector data frames were reduced and
corrected for absorption effects with the SAINT+ and SADABS
programs.®® Final unit cell parameters were determined by least-
squares refinement of large sets of strong reflections taken from the
data sets. Direct methods of structure solution, difference Fourier
calculations, and full-matrix least-squares refinement against F* were
performed with SHELXS/L as implemented in OLEX2.3%*

The compounds crystallize in the trigonal system. Systematic
absences in the intensity data were consistent with a c-glide symmetry
element perpendicular to [100], leaving P3c1 and P3¢l as space group
choices. The centrosymmetric group P3c1 was confirmed by obtaining
a sensible and stable refinement of the structure. The asymmetric unit
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Table 2. Selected Interatomic Distances (A) for Na,MUF,;, (M = Mn**, Co*, Ni**, Cu®*, and Zn**)

Na,MnU¢F;, Na,CoUgF3,
U(1)—F(4) 2.226(6) 2.240(4)
U(1)-F(2) 2.269(5) 2.264(3)
U(1)-E(5) 2.300(5) 2.298(4)
U(1)-F(3) 2.307(5) 2.316(4)
U(1)-F(1) 2.324(5) 2.326(4)
U(1)—F(5) 2.342(5) 2.335(4)
U(1)-F(2) 2.360(5) 2.355(4)
U(1)-F(3) 2.412(5) 2.421(4)
U(1)—F(1) 2.426(5) 2.418(4)
M(1)-F(4) 2.056(5) X 6 2.013(4) X 6

Na,NiUgF3, Na,CuUgF;, Na,ZnUgF;,
2.249(5) 2.250(4) 2.245(4)
2.262(5) 2.268(3) 2.263(4)
2.299(5) 2.298(3) 2.298(4)
2.317(5) 2.314(3) 2.316(4)
2.320(5) 2.323(3) 2.321(4)
2.334(5) 2.340(3) 2.337(4)
2.349(5) 2.345(3) 2.352(4)
2.422(5) 2.418(3) 2.428(4)
2.420(5) 2.415(3) 2.425(4)
1.986(5) X 6 1.995(4) X 6 1.996(4) X 6

(c)

SEM HV: 20.0 kV
SEM MAG: 1.23 kx

WD: 15.04 mm
Det: SE

VEGAS3 TESCAN|

|

Figure 1. Optical images of single crystal for (a) Na,MnUgFs, (b) Na,CoUgF;, (c) Na,NiUFy,, (d) Na,CuUgFs, and (e) Na,ZnUgFs, and (f) a

SEM image of a single crystal of Na,CuUgFj.

consists of one uranium, one divalent transition metal, three sodium,
and five fluoride atomic positions. The uranium atom U(1) and all five
fluoride atoms are located on general positions (Wyckoff symbol 12g).
The divalent atoms are located on position 2a, with (32) site
symmetry. Sodium atom Na(1) is located on a 3-fold axis (position
4d). Na(2) is located on site 2b, with (3) site symmetry. After location
and refinement of the four metal and five fluoride atomic positions
described above, a residual electron density peak of ~5 e™/A® was
observed in a roughly ellipsoidal cavity. The cavity is bounded by
fluoride atoms with distances of 2.3—2.7 A from the cavity center, i.e.,
a chemically feasible location. This peak was modeled as the third
unique sodium site, Na(3). The observed electron density
concentration is displaced by ~0.5 A from the center of the cavity,
over two symmetry-equivalent sites related by a two-fold axis (Figure
S2). Refinement as a half-occupied sodium resulted in a senselessly
large displacement parameter. Refinement of the Na(3) site occupancy
factor (sof) yielded an occupancy value near 1/6 and an acceptable
displacement parameter. This occupancy value also produces a
stoichiometry within experimental error of electroneutrality. Na(3)
therefore occupies a split and partially occupied position, disordered
about a two-fold axis of rotation (position 6f). For the final refinement,
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the Na(3) sof was fixed at 1/6. Refinements of the site occupancies of
the other metal sites showed no significant deviations from full
occupancy. All atoms were refined with anisotropic displacement
parameters except for the disordered and 1/6-occupied atom Na(3)
(isotropic). The largest residual electron density peaks in the final
difference maps are located <1 A from the uranium atom in each data
set. Crystallographic data, selected interatomic distances, and atomic
coordinates are listed in Tables 1, 2, and S1, respectively.

Powder X-ray Diffraction. PXRD data were collected on a Rigaku
D/Max-2100 powder X-ray diffractometer using Cu Ka radiation. The
step-scan covered the angular range 10—80° 26 in steps of 0.04°. No
impurities were observed, and the calculated and experimental PXRD
patterns are in excellent agreement (see Figure Sl).

UV-vis Diffuse Reflectance Spectroscopy. Diffuse reflectance
spectra of polycrystalline powder samples of the reported materials
were obtained using a Perkin-Elmer Lambda 35 UV—vis scanning
spectrophotometer equipped with an integrating sphere over the range
of 200—900 nm. Reflectance data were converted to absorbance using
the Kubelka—Munk function.*'

Electron Paramagnetic Resonance (EPR) Spectroscopy.
Room-temperature X-band (9.38 GHz) EPR spectrum was collected
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on a powdered sample (~430 mg) for Na,CuUF;, packed in a quartz
tube using a Bruker EMX plus spectrometer with 20 mW microwave
power and a modulation amplitude of 10 G.

Scanning Electron Microscopy. Scanning electron micrographs
of the single crystals of Na,MUF;, were obtained using a Tescan
Vega-3 SEM instrument utilized in low-vacuum mode. A SEM image
of a representative crystal of Na,CuU4F;, is shown in Figure 1. Energy
dispersive spectroscopy (EDS) using a Thermo EDS instrument also
verified the presence of uranium, the respective divalent transition
metal, sodium, and fluorine in Na,MUF;, (M = Mn*", Co**, Ni*%,
Cu*, and Zn*).

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.

B RESULTS AND DISCUSSION

Synthesis. We utilized a mild hydrothermal technique at
the relatively low temperature of 200 °C and synthesized a
series of new U*'-containing quaternary fluorides, Na,MU4Fs,
(M = Mn*, Co*, Ni**, Cu**, and Zn**), that crystallize in a
new structure type. The U cation in the starting reagent,
UO,(CH;CO0,),2H,0, was successfully reduced to U** during
the synthesis in a dilute hydrofluoric acid environment. The
product yield is generally very high for this synthetic approach,
and, for example, the Cu analogue crystallized in a nearly
quantitative yield. The X-ray powder patterns collected using
ground crystals match perfectly with the powder diffraction
patterns calculated using the single crystal data, as shown in
Figure S1. The reaction only generated the title phases as high-
quality single crystals, and no secondary phases were observed.
The crystal morphology for all compositions was identical, and
representative optical and SEM images of the green, hexagonal
crystals are shown in Figure 1. The synthesis of the iron analog,
in spite of numerous attempts to obtain it, always resulted in a
related but different series of quaternary fluorides containing +3
metal cations, whose structures and magnetic properties will be
reported in the near future.

Although fluoride materials are generally expected to be
moisture sensitive, the quaternary fluorides, Na,MUF;, (M =
Mn*, Co**, Ni?*, Cu**, and Zn?"), are in fact air and moisture
stable for at least several months and, surprisingly, are insoluble
even in concentrated nitric acid.

Structure. The family of compounds, Na,2MUF;, (M =
Mn*, Co*, Ni**, Cu*, and Zn®"), crystallizes in the trigonal
space group P3cl and exhibits a complex three-dimensional
crystal structure consisting of corner- and edge-shared UF, and
MF; polyhedra (see Figure 2).

The three-dimensional framework has an overall composition
of MUF;,*™ and is charge balanced by four Na* cations. The
most basic building units of the framework are corner- and
edge-shared UF, polyhedra that arrange into U,F 4 dimers that
further assemble into one-dimensional chains oriented along
the c-axis via corner- or edge- sharing between the U,F ¢ dimers
(see Figure 3). These chains are connected to each other via
corner-sharing in the ab-plane, forming the anionic UgF;,*~
uranjum—fluorine building block. The most interesting feature
of this structure is the presence of large and small hexagonal
channels oriented along the c-axis created by the arrangement
of the UgF3,°” building blocks. The large hexagonal channel
consists of corner- and edge-shared UF, polyhedra, and the
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Figure 2. Illustration of the polyhedral structure representation of
Na,MUF;, along the (a) ¢- and (b) ag-axis. The three-dimensional
framework consisting of corner- or edge-sharing UFy, and MFq
polyhedra is shown. The green, blue, and orange spheres/polyhedra
represent U*, M*, and Na* ions, respectively.

¢ b

1—>b \—»a
Figure 3. Polyhedral structure representation emphasizing the
connectivities of the UF, polyhedra and illustrating the resulting
hexagonal channels. The linear chains are linked together in the ab-

plane to form the hexagonal channels, where the large hexagonal
channel is surrounded by six small hexagonal channels.

MF¢ octahedra and Na(2)* cations reside in an alternating
arrangement in the channel interior. This channel structure is
further connected to other U*" cations in the ab-plane and is
surrounded by the six small hexagonal channels as seen in
Figures 3 and 4a. The small hexagonal channel is composed of
corner- and edge-shared UF, polyhedra and contains the
Na(1)* cations. Two sets of three corner-shared UF, polyhedra
lie in a trigonal antiprismatic position creating three-membered
rings, which are further connected by three UF, polyhedra via
edge-sharing (see Figure 4b).

The U* cation is located in a distorted monocapped square
antiprismatic coordination environment with U—F bond
lengths of 2.226(6)—2.428(4) A. The M>* cations are
coordinated by six fluorine atoms forming a nearly regular
octahedron with M—F bond distances of 1.986(5)—2.056(5) A.
The bond lengths vary for the different transition-metal cations
and are listed in Table 2. The six fluorine atoms around the
MF polyhedra are further linked to six uranium cations. The
local coordination environments of the U* and M** cations are
shown in Figure 5. There are three crystallographically unique
sodium cations, Na(1) located in the small channel, Na(2)
located in the large channel, and Na(3) located within the
framework but not in any channel. The Na(3) atoms are
disordered over two sites that are 1.11(3) A apart from each
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(a) (b)

[
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Figure 4. Illustration of the representative portion of the large and
small hexagonal channels in Na,MU4F3,. The Na(2) atoms and the
MF; polyhedra reside alternately in the channel, whereas only Na(1)
atoms occupy inside of the smaller channels, as illustrated in (a) and
(b), respectively. The green, blue, and orange spheres/polyhedra
represent U**, M**, and Na* ions, respectively.

c
ao—t—ob

Figure S. Representation of the local coordination environments of
the U* and M** cations, and the connectivity to other metal cations
around the polyhedra. The U* cation is found in a monocapped
distorted square prism, and the M** cation exhibits a nearly regular
octahedron.

other. All the sodium cations are found in irregular
coordination environments with Na—F distances ranging
from 2.262(5) to 2.725(5) A. Bond valence sum***® calculation
resulted in values of 0.9 —1.19, 2.03—2.19, and 4.12—4.15 for
Na*, M**, and U", respectively, supporting the +4 oxidation
state of the uranium in the crystal structures.

A plot of the unit cell parameters of Na,MUF;, (M = Mn?*,
Co™, Ni**, Cu*, and Zn*") along with the ionic radii of the
respective divalent transition element in an octahedral
coordination environment is shown in Figure 6. The change
of the a-axis length is in good agreement with the trend
observed for the M* ionic radii.** By comparison, the lengths
of the c-axes remain relatively constant. This is likely due to the
presence of the corner-shared UF, polyhedra in the ab-plane,
whereas corner- and edge-sharing connectivity is found along
the c-axis. The absence of the edge-sharing between the UF,
polyhedra in the ab-plane may provide more flexibility for the
a-axis to adjust to accommodate the size of the different
transition elements, compared to the c-axis containing edge
sharing. One might expect that the size of the large hexagonal
channel can adjust itself to accommodate other metal octahedra
in different oxidation states, such as an FeF¢ octahedron,
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Figure 6. The plot of the unit cell parameters for Na,MUgF;, (M =
Mn, Co, Nj, Cu, and Zn) along with the ionic radii for the respective
transition element found in the octahedral coordination environment.

similar in size to the divalent transition elements reported here.
The charge balance would have to be achieved by decreasing
the number of sodium cations.

Among the M*" cations found in the reported series, Cu®"
(d) is the transition-metal cation known to undergo a Jahn—
Teller (J-T) distortion.*> In general, the octahedrally
coordinated Cu®* cation undergoes a tetragonal distortion
where the octahedra are typically elongated or compressed
along the four-fold axis.**”* Although the F—Cu—F angles
(averaged angles: 90.1° and 173.7°) in Na,CuUF;, are slightly
distorted from the regular octahedron (90° and 180°), the
material exhibits six equivalent Cu—F bond distances (6 X
1.995(4) A), indicating the lack of a measurable distortion.
There are few examples, such as [Cu(XeF,)q](SbF;), and
[M(H,0)4]SiFs (M = Cr**, Cu®"), that were reported to
exhibit an undistorted CuXs (X = F~, O%) octahedron in the
crystal structure.”®! It is reasonable to assume that in some
cases the J—T effect might be suppressed because of the
symmetry and rigidity of the crystal structure.’” EXAFS studies,
however, often revealed that the Cu?' cations in regular
octahedra do in fact undergoes a J—T distortion through a
dynamic J—T effect as a function of temperature.”> > We
would note that our single crystal data were collected at two
temperatures (100 and 298 K) and are almost identical as seen
in Tables 1, 2, S2, and S3, providing no indication of a change
in the copper coordination environment as a function of
temperature. We examined the anisotropic displacement
parameters (ADPs) for the CuF(4) octahedron, resulting in
the quite similar Us/U, values of 1.77 and 1.69 (100 and 298
K) for the F(4) atom. This is shown in Figure S3, where quite
spherical thermal ellipsoids are found, and no evidence for
unusual distortions, such as a dynamic distortion along the
Cu—F(4) bond, is observed. We also performed a mean square
displacement amplitude analysis because this method is a much
more sensitive way of detecting any dynamic disorder along the
metal—ligand bond than the thermal ellipsoid analysis. Using
the program THMA11°**® equipped on a Wingx crystallo-
graphic software package,®” very similar (d®) values (x 10* A)
of 72(16) and 86(13) (100 and 298 K) for the Cu—F(4) bond
were obtained, which again suggests that no significant dynamic
disorder is taking place in the Cu—F(4) polyhedron down to at
least 100 K. The EPR data collected at room temperature are
shown in Figure 7, where no obvious disorder, such as a
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Figure 7. The EPR spectrum for Na,CuUgF;, collected at room
temperature.

tetragonal elongation through a dynamic distortion, was
detected. From these analyses it appears that the Cu** cation
in Na,CuU¢F;, exhibits an unusual coordination environment
that, at least between 100 and 298 K, lacks the normal J—T
distortion. Nonetheless, future EXAFS experiments to examine
Na,CuUgF;, for the existence of a dynamic J—T distortion are
planned.

UV-vis Diffuse Reflectance Spectroscopy. UV-—vis
diffuse reflectance data were collected on ground crystals of
the reported materials, Na,MUgF;, (M = Mn**, Co*, Ni**,
Cu®*, and Zn?*). Reflectance data were converted to
absorbance using the Kubelka—Munk function.*' As seen in
Figure 8, all spectra are similar to each other, containing several
absorption bands that are mainly attributed to the f—f
transitions in the U* cation. Although d—d transitions from
the divalent transition elements are present, the transitions are
not prominent in the spectra. This is likely due to the very
strong and sharp f—f transitions that obscure the absorption

NasMnUeFz0
NasCoUsFzo
NasNiUsF3o0
NasCuUsF30
NasZnUsFz0

Absorbance (a.u.)

T T T T
400 500 600 700

Wavelength (nm)

800

Figure 8. UV—vis diffuse absorbance spectroscopy data for
Na,MUF;, (M = Mn, Co, Nj, Cu, and Zn). The absorption bands
above 400 nm are attributed to the f—f transitions in the U** cation.
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bands from the d—d transitions. The observed bands above 400
nm include the f—f transitions of the U* cation from the
ground state of *H, to several excited states, which is consistent
with 2previously known materials, confirming the presence of
U* 3% The band gaps were estimated by the onset of the
absorption edges and yield values of ~4.1 eV for all five
fluorides, indicating insulating behavior.

Thermal Behavior. The thermal behavior of the reported
materials was investigated by heating the ground crystals in air
in a TGA followed by PXRD analysis of the resultant products.
Although the formation of oxide materials was expected from
heating these quaternary fluorides in air, the experiment was
performed to determine if the fluorides could be converted to a
single-phase oxide material. In all cases, however, the X-ray
diffraction patterns of the samples heated to 800 °C in air
consisted of Na,U,0,°® and MU,0,,> as the major products
and at least one additional unidentified minor product,
indicating that the thermal treatment decomposed the fluorides
to give a mixtures of several U®*-containing oxide materials.
The powder X-ray patterns of the products after heating are
given in Figure S$4.

Magnetic Properties. The magnetic properties of these
quaternary fluorides containing U* and M** were investigated
since both U* (5f2) and M** = Mn (3d°%), Co (3d), Ni (3d°%),
Cu (3d°) contain unpaired electrons. Only for the Zn*'-
containing fluoride, Na,ZnUgF;, was the uranium the sole
contributor to the magnetic susceptibility; for the other
compositions, the measured magnetic susceptibility reflected
the sum of the U*" and M** contributions.

The temperature dependence of the magnetic susceptibility
data for Na,ZnU¢F;, measured in an applied field of 1000 Oe is
shown in Figure 9, with the inset showing the inverse

0.05 -

Curie-Welss fit

C=8.77(1) emu K/ mol
0=-124.9(1) K
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Figure 9. Temperature dependence of the molar magnetic

susceptibility of Na,ZnUgF;;, measured in an applied field of 1000
Oe. The red solid line in the inset represents the C—W fit of the data.

susceptibility versus temperature plot. No differences are
observed between ZFC and FC data. The inverse susceptibility
data in the linear high temperature range (150—350 K) were
fitted to the Curie—Weiss (C—W) law, y = C/(T — 0), where C
is the Curie and 0 is the Weiss constant. The constants
extracted from the fit are summarized in Table 3. An effective
magnetic moment of 3.42 yz was obtained for the U*" cation,
consistent with the theoretical value of 3.58 5, calculated using
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Table 3. Constants Extracted from the Magnetic Susceptibility Data for Na,MU¢F;, (M = Mn?>*, Co?*, Ni**, Cu**, and Zn?*). C,
0, and p ¢ Represent the Curie and Weiss Constants and Effective the Magnetic Moment, Respectively

C (emu-K/mol) 0 (K)
Na,MnUgFs, 13.1(1) —68.4(2)
Na,CoUgFs, 12.1(1) —79.6(2)
Na,NiUgF5, 9.83(1) —-98.9(1)
Na,CuUgF;, 9.03(1) —101.6(1)
Na,ZnUF;, 8.77(1) —124.9(1)

He(M*) /g at 2 K

combined p g4/ pig observed expected
10.2(1) 5.48 592
9.84(1) 3.96 3.87
921(1) 2.79 2.83
8.94(1) 213 1.73
8.38(1) - -

full Russell—Saunders coupling for a *H, ground state. The
magnetic susceptibility starts to deviate from the C—W law for
temperatures below 150 K, indicating the loss of thermally
accessible excited states of the uranium and the formation of a
singlet ground state. The stabilization of the U*" (5f*) singlet
ground state at low temperature is consistent with what has
been observed in other U*"-containing materials.** %>

The temperature dependence of the susceptibility data for
Na,MUF;, (M = Mn**, Co**, Ni**, and Cu®") collected in an
applied field of 1000 Oe is shown in Figures 10 and S5-S7,

2.0 =
, —e—zfc Curie-Weiss fit
—e—fc C=13.1(1) emu K / mol
0 =-68.4(2) K
7w, =10.2(1) p, (Calc. =106 1
1.5 4 = €
£
<L
_ 2 -
s | N
£ | -
1.0+
] 20-
)
§ L
~E H NasMnUsFzo
= e 16 L5 T T T T
0.5 4 150 200 250 300 35
. Temperature (K)
0.0 T T T T T T T
0 50 100 150 200 250 300 350

Temperature (K)

Figure 10. Temperature dependence of the molar magnetic
susceptibility for Na,MnUF;, measured in an applied field of 1000
Oe. The red solid line in the inset represents the C—W fit of the data.

with the inset showing the inverse susceptibility versus
temperature plot. The noticeable difference in the low
temperature susceptibility of these data, compared to what is
observed in the Zn-containing sample, is due to the additional
paramagnetic contributions from the divalent transition
elements. Nonetheless, the magnetic susceptibilities all deviate
from the C—W law at intermediate temperatures (50—150 K)
as the uranium’s excited states become depopulated. At the
lowest temperatures, only the paramagnetic transition metal
cations contribute to the magnetic moment. The high
temperature regions of the inverse susceptibility data (150—
350 K) were fitted to the C—W law, and the values obtained
from the fit are listed in Table 3. In all cases, the effective
magnetic moments are close to the moments calculated from
the sum of the U* and M?*' contributions. The magnetic
moment per U* calculated from the Na,MnUF;, data (u.q/
Mn** = 5.92 ) is 3.39 pp, which is slightly smaller than the
theoretical value of 3.58 yp, however, it is in good agreement
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with the value extracted from Na,ZnUF;, (ptq/ U™ = 3.42 ug)
(see Table 3).

The low temperature magnetic susceptibility of these
fluorides is expected to originate solely on the paramagnetic
divalent cations because the U** cation exhibits a nonmagnetic
singlet ground state at low temperature and hence has no
moment to contribute. Figure S8 shows the temperature
dependence of the y,, T data for Na,MU4F3, (M = Mn**, Co™,
Ni**, and Cu®"). The magnetic moment extracted from the data
at 2 K yields effective magnetic moments of 5.48, 3.96, 2.79,
and 2.13 g, for Mn**, Co®*, Ni**, and Cu®*, respectively, which
compares well with their expected spin-only magnetic moments
of 5.92, 3.87, 2.83, and 1.73 pp. This confirms that the magnetic
contributions are almost entirely due to the divalent transition
elements at low temperature. This phenomenon is also well
supported by the magnetization as a function of applied
magnetic field measured at 2 K for Na,MnU¢F;,. The data are
plotted in Figure 11 and are in good agreement with the
theoretical behavior for the Mn?" cation calculated from the
Brillouin function for a spin of 5/2.%

6
5
S
-
]
3
S— -
c
S 3
e — ©— NasaMnUeF30
g 1 Brillouin function result
E +
= 27 for $=5/2 (Mn”") at 2K
o)
Q
14
oO—7T—T7 T T T T T
0 1 2 3 5 6 7 8

4
Field (T)

Figure 11. The field dependence of the magnetic moment of
Na,MnUF;, measured at 2 K along with the theoretical behavior for
the Mn2* cation calculated from the Brillouin function for a spin of 5/
2.

For all compositions studied, local magnetic interactions are
not well supported, and no evidence for any long-range
magnetic ordering was observed down to 2 K, implying the
materials exhibit single ion type behavior due to the well
isolated M*" sites. It has been shown previously for materials
containing U*" that the Weiss temperature reflects the
temperature driven gap between the triplet and singlet
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60—62,64—66 . : .
state. However, here we present a series of isotypic

U—F frameworks that host nonmagnetic and paramagnetic
transition metal cations. We note that there is a significant
change of the Weiss temperatures along the series, see Table 3
and Figure 12. Furthermore, an interesting trend appears

-60

70 - .9
-80 4 e .-

-90 .

-100 | ° - e
110 R

4 .

120 .

o (K)

130 +———F—————— 17—

2

3

unpaired spins

Figure 12. A plot of the Weiss constant as a function of the number of
unpaired spins on the divalent transition-metal ions in Na,MUF;, (M
= Mn*", Co*, Ni**, Cu*', and Zn>*). The dashed red line is included
to guide the eye.

revealing the dependence of the Weiss temperatures by almost
a factor of 2 on the number of unpaired electrons of the M**
cations as seen in Figure 12. The deviation from the linear
trend for the Co** and Cu?* cations is not entirely unexpected
considering their more anisotropic character compared to the
other cations.”” The magnetic characteristics of the series are
related to inherent properties of the single ion anisotropies, as
any magnetic exchange interactions between the M** cations
would vanish due to the nonmagnetic ground state of the U*
cation, leaving dipolar interactions of the M>* cations as the
only source for magnetic ordering. In order to better
understand the magnetic interactions between f- and d-orbitals,
the ¥, T(M) — ¥, T(Zn) (M = Mn*, Co*, Ni**, and Cu®")
data are plotted as a function of temperature, which method
was previously utilized in other literature.®® In this case, the
XmT data for Na,ZnUF;, shown in Figure 13 were used as a
reference because it contains the U* as a sole magnetic
contributor. As shown in Figure 14, the ¥, T(M) — ¥,T(Zn)

7
6 4
5 . o
—_ o'..
© o°
£ 44 '.'
~.
]
5
g€ 34
L
=
< 2
14
0 T T T T T T T T T T T T
0 50 100 150 200 250 300 350
Temperature (K)
Figure 13. Plot of y,,T vs temperature (K) for Na,ZnUgFs,.
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Figure 14. A plot of the temperature dependence of the y,, T(M) —
¥uT(Zn) (M = Mn?**, Co*, Ni**, and Cu®") data. The dotted lines
represent the theoretical single ion behavior for the respective metal
cations. For Co*, the atomic overlap model was utilized.

data follow the theoretical single ion behavior (dotted lines).
For the Co’" ion the angular overlap model was utilized
because of s;)in—orbit coupling and quartet ground state of the
Co* ion.®”° Among this series, the unpaired electrons in the
ty, orbitals on the Mn>* and Co*" cations have a more
pronounced influence on the gap between the triplet and
singlet states of the U*" cation.

B CONCLUSIONS

We have synthesized and characterized a new series of
quaternary fluorides containing U*, Na,MUF;, (M = Mn*",
Co?, Ni**, Cu?, and Zn**). The U®" in the uranium starting
material was successfully reduced to U*" using a mild
hydrothermal route. The materials exhibit a complex three-
dimensional crystal structure, in which the U*" cation is found
in a nine-fold coordination environment. The Cu®* in
Na,CuUgF, is located in an undistorted octahedral coordina-
tion environment, suggesting the absence of an observable J—T
distortion. From the temperature and field-dependent magnetic
measurements it was confirmed that the magnetic U*" exhibits a
nonmagnetic singlet ground state at low temperature. No long-
range magnetic order was observed for any of the five
compositions above 2 K.
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X-ray data in CIF format, powder XRD patterns, EPR
spectroscopic data, magnetic property data, and crystallographic
data for Na,CuUgF;, collected at 298 K. These materials are
free of charge via the Internet at http://pubs.acs.org.
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