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ABSTRACT: Red plates of Css[U,(¢-S,),Clg]I were obtained in good yield from the reaction at
1173 K of U, Gel, or Snl,, and S, with CsCl flux. The compound crystallizes in space group D3}-
Immm of the orthorhombic system in the Css[Nb,(u-S,),Clg]Cl structure type. The
centrosymmetric [U,(u-S,),Cls]*™ anion in the structure has mmm symmetry with the two U*
atoms separated by 3.747(1) A. Each U atom is coordinated to four Cl atoms and four S atoms from
two S,°” groups in a square-antiprismatic arrangement. The polarized absorbance spectra of
Css[U,(p-S,),Clg]1 display prominent optical anisotropy. Magnetic measurements are consistent
with the modified Curie—Weiss law at high temperatures. The low-temperature behavior may arise
from antiferromagnetic coupling of the U* ions within the anion.

B INTRODUCTION

Ternary and quaternary actinide chalcogenides have been the
subject of continued research, and a large library of compounds
is now known, especially for U.'~* This library includes a
number of compounds that show interesting physical proper-
ties." ™ Expanding this library to include quaternary and
especially quintary compounds is difficult owing to the stability
of phases containing fewer elements. Examples of clluintary U
compounds include CsLiU(PS,),,” Ba,UM,S,, 0y, UTa,0O-
(S,);Clg"" and Na,Ba,(UO,)S,.'> The latter contains the
unusual U** anion [(UO,)S,]¢".

Actinide chalcohalides, An/Q/X (An actinide; Q_ =
chalcogen; X = halide), are virtually unexplored in comparison
with An/Q_compounds, with only six compounds being
reported. These compounds are [Hg;Te,] [ucl,!
[Ta,(Se,) 1] [U2110]2)14 Teg[UzBrw],ls UT320(52)3C16;“
[SCL][UCI),'® and ThTe,L,."” Synthesis of An/Q/X com-
pounds is complicated by the stability of both binary An/Q and
A/X phases.

Here we report the synthesis and characterization of a new
An/Q/X quintary, Css[U,(-S,),Clg]I, a double salt of U*
containing the new [U,(u-S,),Clg]* anion.

B EXPERIMENTAL METHODS

Synthesis. Red plates of Css[U,(u-S,),Clg]I were obtained from
the reaction of U (0.0300 g, 0.126 mmol), Gel, (0.0411 g, 0.131
mmol), S (0.0121 g, 0.377 mmol), and CsCl flux (0.0750 g, 0.445
mmol). The reactants were loaded into a carbon-coated fused-silica
tube under an inert Ar atmosphere and then evacuated to 10™* Torr.
The tube was flame-sealed. It was then loaded into a computer-
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controlled furnace and heated to 1173 K in 12 h, held there for 6 h,
cooled to 1073 K over 12 h, and held at 1073 K for 96 h. The reaction
was cooled to 773 at S K/h and then cooled to 298 K in a further 12 h.
The reaction afforded red plates of Css[U,(-S,),Cls]I in about 75 wt
% yield (based on Cl) as well as excess flux and Ge/S binaries. A few
crystals were manually extracted from the resulting product and stored
under Paratone oil. Elemental analysis of the crystals using a Hitachi
3400 SEM equipped for EDX analysis revealed the presence of
Cs:U:S:CLI in an approximate ratio of 5:2:4:8:1. Importantly, no Ge
was detected. Css[U,(u-S,),Clg]I was also synthesized successfully
with the use of Ga,lg or Snl, in place of Gel,.

Structure Determination. Single-crystal X-ray diffraction data
were collected at 100 K on an APEX2 diffractometer equipped with
graphite-monochromatized Mo Ka (4 = 0.71073 A) radiation.'® The
crystal-to-detector distance was 60 mm; the exposure time was 10 s/
frame. Collection of intensity data and cell refinement were performed
using APEX2 as a series of 0.3° scans in ¢ and @.'® Data reduction was
performed by the program APEX2.'® Face-indexed absorption,
incident beam, and decay corrections were performed by the program
SADABS." The structure was solved and refined with the use of the
SHELX-13 suite of programs.'®”® Atom positions were standardized
using the program STRUCTURE TIDY.”' Crystallographic images
were made using the program CRYSTALMAKER.* Further details
are given in Table 1 and the Supporting Information.

Optical Measurements. Optical transmission measurements were
collected using an inverted Nikon Ti2000-U microscope as previously
described.*™** A face-indexed Css[U,(u-S,),Cls]I single crystal was
mounted on a glass fiber, which was manually positioned above the
40X extra-long working distance objective using a goniometer affixed
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Table 1. Crystallographic Data for Css[U,(g-S,),Clg]I

cryst syst orthorhombic
space group D3-Immm
a/A 7.3866(1)
b/A 10.3524(2)
/A 17.1864(4)
V/A3 1314.23(4)
T/K 100

V4 2

R(F) [I>26(D)]° 0.043

R, (F2)® 0.174

“R(F) = YIIF,| — IFl/YIF,| for F2 > 26(F.2). °R(F.}) = {3 [w(F.?
— F2)*/YwE, 2 for all data. w™' = *(F,2) + (0.0533F,%)* for F,?
> 0; w' =c*(F?) for F2 < 0.

to a custom mount. The crystal was oriented with the [010] crystal
axis collinear with the optical axis of the objective. A 200 ym pinhole
placed in the collection path isolated a S ym region of interest at the
objective focal plane. Transmittance spectra with and without the
crystal at the objective focus were collected for 0.07 s, accumulated
200 times, and corrected for background signal through subtraction of
a lamp-off spectrum. Absorbance spectra were calculated from the
transmittance spectra. Measurements were performed with a linear
polarizer below the tungsten halogen lamp. The polarizer was rotated
360 deg in 10-degree increments to probe the polarization dependence
of absorption.

Raman measurements were collected using the same geometry.
Excitation of 785 nm was focused onto the crystal through the same
objective, and a half-wave plate was used to rotate the incident
polarization. Room-light contamination was eliminated by subtracting
spectra acquired with the laser blocked. Acquisition conditions: P,, =
2.5 mW, t,,; = 10 s, spectra accumulated 18 times.

Magnetics. As no single crystals of suitable size for magnetic
measurements were grown, 28.8 mg of single crystals of CssU,S,Clgl
obtained from the synthesis that involved Snl, were ground. An X-ray
powder diffraction (XRPD) pattern of this sample did not reveal the
presence of impurities. Magnetic susceptibility on the resultant powder
was measured using a Quantum Design MPMS SQUID magneto-
meter. The sample was loaded into a gelatin capsule. The data were
taken under zero-field-cooled (ZFC) or field-cooled (FC) conditions.
No difference between ZFC and FC was observed. About three
months after these magnetic measurements the sample, which had

been stored under ambient conditions, was re-examined by higher
resolution XRPD and EDX methods. These indicated the presence not
only of Cs;U,S,ClsI but also of CsCl, Csl, SnS,, S, and UO,. It was not
possible to quantify their relative amounts. Whereas the nonmagnetic
impurities (CsCl, Csl, SnS,, and S) are from the synthesis route, the
magnetic impurity (UO,) is likely from the decomposition of the
compound.

B RESULTS AND DISCUSSION

Synthesis. Css[U,(¢-S,),Clg]1 was synthesized from the
reaction of U, Gel,, and S in a CsCl flux at 1173 K. Successful
syntheses were also achieved by substituting Ga,ls or Snl, for
Gel,. The reactions yielded red plates of Css[U,(u-S,),Clg]1 in
about 75 wt % vyield as well as excess flux and binary
byproducts. Attempts to synthesize the Se or Te analogues by
substituting Se or Te for S were unsuccessful; U/Q_binaries
resulted.

Crystal Structure of Css[U,(u-S,),Clgll. The compound
Css[U,(1-S,),CL5 ]I crystallizes in the space group D3j-Immm of
the orthorhombic system in the Css[Nb,(u-S,),Clg]CI*®
structure type with two formula units in a cell of dimensions
a="73866(1) A, b=10.3524(2) A, and ¢ = 17.1864(4) A. The
structure is composed of two crystallographically independent
Cs sites (site symmetries (Csl (m.), Cs2 (mmm)), one U
(mm2), one S (.m), two Cl (Cl1 (.m.), CI2 (m..)), and one I
(mmm)). The formula charge balances with Cs*, U*, S,>7, CI,
and I".

Css[U,(u-S,),Clg]1 is isostructural with the Nb*" compounds
Css[Nb,(u-S,),X]X (X = Cl, Br).>® The Nb compounds were
not prepared by high-temperature solid-state methods, but
rather (NMe,),[Nb,S,(NCS),] was dissolved in hot concen-
trated HX followed by the addition of a solution of CsX in
concentrated HX.

The structure of Css[U,(-S,),Cls]I (Figure 1) is composed
of [U,(u-S,),Clg]*™ anions, Cs* cations, and isolated I™ anions.
The centrosymmetric [U,(-S,),Clg]* anion (Figure 2) in the
structure has crystallographically imposed mmm symmetry with
the two U* atoms separated by 3.747(1) A. Each U atom is
coordinated to four Cl atoms and four S atoms from two S,*~
groups in a square-antiprismatic arrangement. Table 2 lists
interatomic distances. The U—Cl distances of 2.659(2) and

Figure 1. Structure of Css[U,(¢-S,),Clg]I viewed approximately along a.
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Figure 2. [U,(u-S,),Clg]*™ anion of symmetry mmm.

Table 2. Selected Interatomic Distances in Css[U,(u-
$,),Cl ]I

distance (A)

U1-Cl1 x 2 2.659(2)
Ul-Cll x 2 2.737(3)
Ul-S1 X 4 2.806(2)
U1--Ul 3.747(1)
Ul-Csl X 2 4.639(1)
Ul-Csl 4.700(1)
S1-S1 2.072(6)
U--U? 7.387(1)

“Shortest U—U interanion distance.

2.737(3) A and the U-S distance of 2.806(2) A compare
favorably with the corresponding distances in UTa,O-
(S,);Clg,"" which has U—Cl distances of 2.759(3) to
2.805(3) A and U-S distances from 2.819(3) to 2.928(3) A.
The S—S distance of 2.072(6) A in the present compound may
be compared with those of 2.077(4) to 2.081(4) A in
UTa,0(S,);Clg. The Cs—Cl distances are also comparable:
3.446(3) to 3.711(1) A; 3.408(3) to 3.673(1) A in UTa,O-
(8,)5Cls.

The [U,(u-S,),Clg]*" anion closely resembles the complex
anions in the [M,(u-S,),Xg]>~ (M = Mo, W; X = Cl, Br)
salts.””*® These compounds contain M**. This increased charge
leads to shorter M—M distances when compared with the Nb
analogues. The Nb—Nb distance of 2.924(3) A in Css[Nb,(u-
S,),Xg]X is, of course, shorter than the U—U distance of
3.747(1) A in Csi[U,(u-S,),Clg]I. The related actinide
compound ThTe,l,'” was synthesized by a combination of
the elements at 773 K. In its structure there is a [Th,(u-
Te,),l]*” anion cluster that is analogous to the [U,(u-
S,),Clg]*™ anion in Css[U,(u-S,),Cls]I. The Th—Th distance
in ThTe,l, is 4.057(1) A.

That the structure of Csg[U,(u-S,),Cls]I contains discrete
[U,(u-S,),Clg]*" anions is unusual. In general, actinide
chalcogenides display structures with infinite chains, layers, or
three-dimensional frameworks."* Notable exceptions to this
generalization include four uranyl chalcogenides,* >
K,USeg,** and K U(PS,),> all of which have isolated U
polyhedra. Uranium oxides also show a preference for
structures with infinite chains, sheets, or three-dimensional
frameworks,** but recently a number of compounds with
discrete anions have been synthesized with the use of peroxides
as bridging ligands.>® In particular, the structure of
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Na,Rb,(UO,),(0,)s(H,0),,*® contains uranyl peroxide mo-
lecular dimers with O,>” bridging ligands that are analogous to
the S, units seen in Cs;[U,(u-S,),Cls]L.

Optical Properties. The polarized absorbance spectra of
Css[U,(p-S,),Clg]1 display prominent optical anisotropy
(Figure 3). Spectra collected with illumination polarized
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Figure 3. Absorption coefficient of Css[U,(u-S,),Clg]I plotted as a
function of energy and incident polarization. 0° corresponds to
polarization along the [001] crystal axis, and 90° corresponds to
polarization along the [100] crystal axis.

along the [001] crystal axis exhibit a prominent, narrow feature
at 1.81 eV, toward the red of the sharp band edge observed.
Upon a 90-degree rotation of the incident polarization to the
direction of the [100] crystal axis, this sharp feature disappears,
and the band edge shifts toward the blue.

The absorbance functions (ahv)"/? and (ahv)? were analyzed
to characterize the nature of the transitions along both
polarization directions (Figure 4).>” The greater linearity of
the band edge in the (ahv)® plots as compared with the
(ahv)'? plots suggests direct optical transitions for both
polarizations.*”*® Extrapolation of linear fits of the baselines
and band edges in the (ahv)” plots leads to band gaps of 1.99
and 2.08 eV along the [001] and [100] polarizations,
respectively.

Polarization anisotropy was also observed in Raman spectra
of Css[U,(u-S,),Clg]I (Figure S). Specifically, bands at 208,
234, 277, and 522 cm™' were prominent with incident
polarization parallel to the [100] crystal axis but were
suppressed with polarization parallel to the [001] axis. No
[001] polarization-specific Raman bands were apparent. Future
theoretical work may help elucidate physical explanations for
the observed polarization anisotropy.

Magnetic Properties. Figure 6 shows the temperature
dependence between 2 and 300 K of the magnetic susceptibility
x (= m/H) of Csg[U,(u-S,),CL]I at different fields. On the
whole, y increases with cooling except in a small region around
60 K, where a local broad peak is observed. The position of this
peak decreases with the magnetic field, as shown in the inset of
Figure 6. Although UOS has long-range antiferromagnetic
ordering at Ty = 55 K**~*' near this 60 K anomaly, no UOS
was detected by XRPD or EDX measurements. Nevertheless
undetected amounts of magnetic impurities are always of
concern in magnetic measurements. UO, was detected in the
X-ray powder diffraction pattern taken months after the
maﬁnetic measurements. UO, is antiferromagnetic (Ty = 30
K),” but no anomaly is seen near 30 K.
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Figure 4. For a single crystal of Css[U,(u-S,),Clg]I the absorption
coefficient (A), calculated spectra for an indirect transition (B), and
calculated spectra for a direct transition (C) plotted as a function of
energy. Spectra collected with light polarized along the [001] and
[100] crystal axes are plotted in red and blue, respectively.

Above 150 K the temperature dependence of y can be fit
with the modified Curie—Weiss law, y = C/(T — 0y) + Xo,
where C is the Curie constant, 0y is the Weiss temperature, and
Xo is the temperature-independent susceptibility. Figure 7
presents a plot of the inverse susceptibility 1/(y — o) vs T for
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Figure 5. Normal Raman spectra of Css[U,(i-S,),Cl]L. Spectra
collected with light polarized along the [001] and [100] crystal axes
are plotted in red and blue, respectively.
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Figure 6. Temperature dependence of the magnetic susceptibility y of
Css[U,(1-S,),Clg]1 at different fields between 2 and 300 K. The inset
shows in more detail the region between 20 and 100 K.
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Figure 7. 1/(y — yo) vs T for the 1 kOe ZFC data of Css[U,(u-
$2),CL]L

the 1 kOe ZFC data. Figure 8 shows the magnetization data at
2 and S K. These show no sign of hysteresis or saturation at the
measured field range. From the susceptibility data we obtained
U = 1.97(2) ptg, Oy = —150(3) K, and y, = —1.5 X 10™* emu/
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mol, where yg the effective magnetic moment, is given by p 4
= (7.997C)"%. The negative Weiss temperature implies an
antiferromagnetic interaction between magnetic ions. y, is
diamagnetic and of similar order to the combined contribution
of core diamagnetism using Pauli’s constant (—5.4 X 10~* emu/
mol) and the magnetic moment of the empty sample holder
(=17 X 107 emu at 1 kOe). Thus, there is a small
paramagnetic background in addition to the known diamag-
netic sources. As noted above, X-ray powder diffraction results
on the sample performed about three months after the
magnetic measurements indicate the presence of CsCl, CsI,
Snl,, S, and UO,. The unknown masses of these possible
impurities render the value of p g of 1.97(2) py a lower limit.
The free U* ion with Russell-Saunders coupling has a
magnetic moment of 3.6 yz. The value of y, would be uncertain
if UO, were present in the measured sample.

The nearest distance between the U* ions of 3.747(1) A is
within the [U,(4-S,),Clg]*™ anion. All other U---U distances are
7.387 A or greater. The intra-anion U—U distance is close to
the Hill limit* (~3.5 A), below which overlap of 5f electrons
creates itinerant electrons and prevents magnetic ordering. The
observed magnetic susceptibility is consistent with the modified
Curie—Weiss law at high temperatures, which implies that at
high temperatures the magnetism is dominated by separated
U* ions. On the other hand, it is possible that the U*" ions
within the [U,(u-S,),Clg]*” anion may be responsible for the
observed magnetic susceptibility at low temperatures. Thus,
dimerized spins could result from antiferromagnetic coupling
between the U* ions within the cluster below 60 K. The
dimerization not being perfect would leave a finite moment at
each cluster site. Then, the Curie—Weiss law would govern the
magnetic susceptibility at low temperatures, as the finite
moment of the anions can be treated as independent because
of the long interanion distance. When the modified Curie—
Weiss law was applied to the 1 kOe ZFC data below 10 K, we
obtained p 5 = 0.5 pg, which corresponds to 0.71 (=0.5 X \/2)
Hg per anion after the partial dimerization.
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Figure 8. Magnetization (m) as a function of field (H) for Css[U,(u-
S,),CL]L

B CONCLUSIONS

Css[U,(4-S,),CLg ]I was synthesized in good yield from the
reaction of U, Gel,, and S in a CsCl flux at 1173 K. Successful
syntheses were also achieved by substituting Ga,I4 or Snl, for
Gel,. Attempts to synthesize the Se or Te analogues by
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substituting Se or Te for S were unsuccessful; U/Q_binaries
resulted.

The compound Css[U,(u-S,),Clg]I crystallizes in space
group Dj;-Immm of the orthorhombic system in the
Cs[Nb,(u-S,),Cl]CI*®  structure type. The structure of
Css[U,(u-S,),Cl]T is composed of [U,(u-S,),Cls]*™ anions,
Cs" cations, and isolated I” anions. The centrosymmetric
[U,(4-S,),Clg]*" anion in the structure has mmm symmetry
with the two U* atoms separated by 3.747(1) A. Each U atom
is coordinated to four Cl atoms and four S atoms from two S,*~
groups in a square-antiprismatic arrangement. The formula
charge balances with Cs*, U*, S,>7, CI~, and I".

The polarized absorbance spectra of Csg[U,(u-S,),Cl]I
display prominent optical anisotropy. The direct optical
transitions for polarizations along the [001] and [100] crystal
directions lead to band gaps of 1.99 and 2.08 eV, respectively.

The observed magnetic susceptibility is consistent with the
modified Curie—Weiss law at high temperatures, which implies
that at high temperatures the magnetism is dominated by
separated U*" ions. On the other hand, it is possible that the
U* ions within the [U,(u-S,),Clg]*" anion may be responsible
for the observed magnetic susceptibility at low temperatures.
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Crystallographic file in CIF format for Css[U,(u-S,),Clg]1. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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