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The compound K,CusUSs was obtained by the reaction of K,S, UCl,, CuCl, and S at 973 K. K,Cu3USs crystallizes

in a new structure type in space group Cmcm of the orthor
A b=13.813(2) A ¢ =17.500(3) A, and V = 951.8(2) A
separated by K* cations. The slabs are built from CuS, tet
from other known octahedral/tetrahedral packing patterns.
exhibits Curie—Weiss magnetic behavior with e = 2.45(8)

hombic system in a cell of dimensions a = 3.9374(6)
at 153 K. The structure comprises [UCu;Ss>] slabs
rahedra and USg octahedra. Their connectivity differs
In the temperature range 130—300 K the compound
ues. This result together with both the bond distances

and bond valence calculations and the absence of a Cu?* ESR signal support the formulation of the above compound

as K+2CU+3U5+SZ_5.

Introduction

Although the chemistry of uranium is well documented,
the literature on B" remains meager compared to that on
Ust, U*, or U, This is not surprising because of the
tendency of 8" in solution to disproportionate to4 and
Ut as well as the sensitivity of ¥ to oxidation. Compounds
of U™ mainly comprise the halides, alkoxides, oxides, and
oxyhalides’ but a few other types of compounds are also
known. A recent examplef a U™ compound is the silicate
K(UO)Si,Os, Which contains a U@octahedron made up
from four equatorial silicate oxygen and two axial oxygen
atoms. Another recent compound is®,U,S;5.* There are
no S-S bonds in this compound so that charge balance could
have been achieved with CUU%", and $~. However, from

si$® of the magnetic measurements on ground single crystals
the compound was given a nonclassical formulation, namely
K+5CU+12 U5+282713§2.

In addition to KCu2U,S,£* in the A/Cu/U/Q system (A
= alkali metal; Q= S, Se, or Te) the compounds CsCullTe
KCuUSeg,” and CsCuUS£ are known. These three com-
pounds of U™ adopt the robust KCuZgSstructure typé.
We report here the synthesis, structure, and characterization
of the new A/Cu/U/Q compound IKwUSs. We present
evidence for a classical formulation of this compound as
K+2CU+3U5+SZ_5.

Experimental Section

Synthesis of KCuzUSs. CCl, was dried over KH and distilled.

conductivity measurements on pressed pellets and an analyThe following reagents were used as obtained from the manufac-
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turer: K (Cerac, 98%), S (Mallinckrodt, 99.6%), CuCl (Aldrich,
99+%), UO; (Kerr-McGee Nuclear Corp.), and hexachloropropene
(Aldrich, 96%). K:S was prepared by the stoichiometric reaction
of the elements in liquid Nk UCl, was prepared by a modification
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of the literature procedurfé.A 3.00 g (10.5 mmol) portion of U®

Table 1. Crystal Data and Structure Refinement foy€sUSs

was combined with 7.5 mL (53.2 mmol) of hexachloropropene in
a 150 mL round-bottom flask. The flask was fit with a condenser
and placed under an,dtmosphere that was vented through a KOH
bubbler. The Nhad been passed over BASF catalyst at@@&nd
then over Drierite to remove @ and Q. The flask was gradually
heated to 130C. This initiated an exothermic reaction that turned
the solution into a deep-red color and releaseddgak. Once the
exothermic reaction was complete, the reaction mixture was allowed
to reflux at 158°C for 3.5 h. The resulting green UGhas separated
from the solution by filtration through a cannula. Three successive
washes of the product with 10 mL portions of G@lere carried

formula mass (amu) 667.15 T (K) 153(2)
space group Cmcm 2 (A) 0.71073
z 4 pc(gem?)  4.656
a(A) 3.9374(6) u(cm) 254.68
b (A) 13.813(2) R(F)2 0.0229
c(A) 17.500(3) Ru(F?)P 0.0554
V (A3) 951.8(2)

aR(F) = Z||Fol — [Fd|/ZIFo| for Fe? > 20(Fed). P Ru(Fo?) = [Z w(F¢?
— FSWF, Wt = 02(Fe2) + (0.02F2)2 for Fe2 = 0; wl = 03(F?)
for Fo2 < 0.

Table 2. Selected Distances (A) and Angles (deg) faiCKsUSs

out. Residual CGlwas removed under vacuum.

The initial reaction mixture consisted of 14.3 mg of CuCl (0.14
mmol), 25.1 mg of UG} (0.066 mmol), and 21.5 mg of#§ (0.19
mmol). Under an Ar atmosphere in a glovebox, the reaction mixture
was loaded into a fused-silica tube that was evacuated @ Torr
and flame sealed. The tube was placed in a computer-controlled
furnace where it was heated to 623 K in 48 h, kept at 623 K for 48
h, heated again to 973 K in 72 h, and cooled at 14 K/h to 373 K,
when it was removed from the furnace. The product was washed
with deionized water to remove salt byproducts and was dried with
acetone. The compound characterized aSWKUS; crystallizes as

black needles and plates. Once the composition was established, aS@-Cu1)-sl)

more rational synthesis was found. This proceeded from the reaction
mixture of CuClI (0.42 mmol), UGI(0.14 mmol), kS (0.60 mmol),

and S (0.5 mmol). This mixture was subjected to the same heating
cycle as that of the initial reaction mixture,8uUSs was obtained

in 24 wt % yield relative to U. It is air and moisture stable for
several weeks. Semi-qualitative EDX analysis of selected crystals
with a Hitachi S 3500 SEM showed an average ratio of K:Cu:U:S
of 2:3:1:5. No Cl was detected.

Structure Determination. Single-crystal X-ray diffraction data
were collected with the use of graphite-monochromatized Mo K
radiation ¢ = 0.71073 A) at 153 K on a Bruker Smart 1000 CCD
diffractometeit! The crystal-to-detector distance was 5.023 cm.
Crystal decay was monitored by re-collecting 50 initial frames at
the end of data collection. Data were collected by scan ¢fiD.3
w in groups of 606, 606, 606, and 606 framesgpagettings of 0,
90°, 18C°, and 270. The exposure time was 15 s/frame. The
collection of intensity data was carried out with the program
SMART 1! Cell refinement and data reduction were carried out with
the use of the program SAINT, and face-indexed absorption
corrections were performed numerically with the use of the program
XPREP!2 Then the program SADAB'S was employed to make
incident beam and decay corrections.

The structure was solved with the direct methods program
SHELXS and refined with the full-matrix least-squares program
SHELXL of the SHELXTL suite of program® The program
STRUCTURE TIDY®® was used to standardize the positional
parameters. Additional experimental details are shown in Table 1

Cu(1)-S@) 2.356(1) K(1¥S(1) x 2 3.236(1)
Cu(1)-S(2) 2.317(2) K(13S(2) 3.240(2)
Cu(1)-S(3) x 2 2.3904(9) K(1FS(2) x 2 3.295(2)
Cu(2)-S(3) x 2 2.356(1) K(1)-S(3)x 3 3.195(2)
Cu(2-S(2) x 2 2.429(2) Cu(1yCu(2) 2.7093(5)
U1)-S(2)x 4 2.6827(9) cu(1yu(@) 3.2543(6)
U(1)-S(3) x 2 2.587(1)

S(3)-U(1)-S(3) 180 S(3YCu(1)-S(2)  105.34(4)
S(2-U(1)-S(2) 94.42(4)  S(Cu(1)-S(1)  112.22(6)
S(2)-U(1)-S(2) 85.58(4)  S(BCu(2-S(1)  113.34(9)
S(2)-U(1)-S(3) 89.49(4)  S(BCu(2-S(3)  110.02(3)
S(3-Cu(1)-S(3)  110.89(6)  S(3ICu(2-S(3)  102.94(8)

111.38(4)

were performed on two single crystals 0f®&LUSs with the use

of a Bruker ELEXSYS E500 CW spectrometer equipped with a
continuous He-gas-flow cryostat (Oxford Instruments). Measure-
ments were made at both X-band (9.47 GHz) and Q-band (34 GHz)
frequencies. The ESR measurement detects the p@wbsorbed

by the sample from the transverse magnetic microwave field as a
function of the static magnetic field. Fields up to 18 kOe were
used. The signal-to-noise ratio of the spectra was improved by
recording the derivativeRIdH with the use of a lock-in technique
with field modulation. The sensitivity of the spectrometer is about
10'1—10"3 spins/Oe line width.

Magnetic Susceptibility MeasurementsThe magnetic suscep-
tibility data were collected on a Quantum Design MPMS XL7
SQUID magnetometer fro a 5 mgsample of ground single crystals
of K,CuwUSs that had been loaded into a gelatin capsule. Variable-
temperature experiments were carried out between 5 and 320 K
with applied fields of 0.1, 1, 2, 5, and 10 kOe. Field measurements,
to a maximum of 30 kOe, were carried out at several temperatures.

Results

Synthesis.The synthesis of KCusUSs proceeded from a
partial metathesis reaction of,&, CuCl, UCJ, and S at a
reaction temperature of 973 K. Small black crystals of high
quality were obtained in approximately 24 wt % yield.
K2CwUSs is moderately stable in air.

Structure. K,CwUSs crystallizes in a new structure type

and in Supporting Information. Selected metrical data are presented(Figure 1). The structure consists dUCUsS:2"] slabs

in Table 2.
Electron Spin Resonance Measurement€lectron spin reso-
nance (ESR) measurements in the temperature range83@®@K
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Instruments, Inc.: Madison, WI, U.S.A., 2003.

(13) Gelato, L. M.; PartheE. J. Appl. Crystallogr.1987, 20, 139-143.

separated by K centers. Each U atom, which is located at
a site of symmetry 2., is octahedrally coordinated by six

S atoms. There are two crystallographically independent Cu
atoms in the asymmetric unit. The Cu(l) atom has site
symmetrym.. whereas the Cu(2) atom has site symmetry
mm...In the structure each is tetrahedrally coordinated by
four S atoms. Figure 2 shows ZUCusS2] layer. Within
each layer, Usoctahedra edge share and Gu&rahedra
corner share with like polyhedra along the [100] direction
to form chains. The USoctahedra edge share with four Cu-
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Figure 2. 2[UCusSs27] layer as viewed down [010].

(1)S, tetrahedra, thereby connecting the U chains to Cu(1)
chains on both sides in the [001] direction. Each Cu{1)S
tetrahedron edge shares with twod#8tahedra on one side
and two Cu(2)gtetrahedra on the other. The chains pack
along [001] in a U(19ct, Cu(1Ytet, Cu(2)et, Cu(l)et, U(1)-
oct pattern to form the?[UCusSs2-] layer. This connectiv-
ity within the 2[UCusSs27] layer is different from other
known octahedral/tetrahedral packing patterns. In NaG&TiS
the connectivity within the layer isct oct tet tet oct octin
NaCuzr3 it is oct tet oct tet oct tetin NaaCwZrS, it is
oct tet tet oct tet tetand in K;CuwsTh,S;6 the connectivity
within the layer isoct tet oct tet tet

Each K center, located at a site with symmetny, is

coordinated by a capped trigonal prism of seven S atoms.

Gray et al.

© K @s

Figure 3. fo[KZSg,B*] layer as viewed down [010].

Electron Spin ResonanceTwo single crystals of KCuUSs
(with an estimated spin concentration of abouItu spins,
if Cu?* were present in the compound) have been measured
between 4.2 and 300 K at 9.47 and 34 GHz. No signal was
detectable, and there was no indication of even a slight
deviation from background. Neither a €unor a U signal
was visible.

The absencefoa U signal is not surprising. Uranium
signals can be too broad to detect because of strong-spin
orbit coupling and fast spin fluctuations. This phenomenon
is also seen in some Ce compounds such as CeNiSn.
Because of strong relaxation, aZsignal can be too broad
to detect as is the case in the high-temperature supercon-
ducting cuprate On the other hand, in one-dimensional
spin/, systems with C# or VV4* the signal is often detected
and can be narrow as, for example, in Cu@&Qdn principle,
if the CL?™:Cu" ratio in K,CuUSs were 1:2, the situation
would be similar to that in NgV,0s?° where the \#*:V5+
ratio is 1:5. In Na;3V20s the electrons are localized at low
temperatures and a narrow ESR signal was detected. The
signal broadened with increasing temperature.

Magnetic Susceptibility Measurements The magnetic
susceptibility of KkCuwUSs obtained as a function of tem-
perature under a small applied field is shown in Figure 4.
For the purpose of interpretation, the data are considered
within two different temperature regimes: above 130 K
where the behavior can be described in terms of noninter-
acting spins, and below 108 K where there is evidence of
magnetic correlations. Considering first the higher-temper-
ature regime, we depict in Figure 5 the field dependence of
the magnetic response obtained at 300 K. When one is
interpreting susceptibility data, the magnetic response is
normally assumed to be linear over the field range used to
determine the magnetization; it is the slope of ih&ersus

Each capped trigonal prism has two face-sharing neighborsH curve that is the magnetic susceptibility at the temperature

along [100] and three edge-sharing ones along [001] to form
a 2[K,S87] layer, as shown in Figure 3.
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Figure 6. Inverse susceptibility per formula unit of,KusUSs plotted as

a function of temperature. This plot was obtained by subtracting from each
L l magnetization point obtained under an applied field of 5000 Oe the
_ 0.0005 * corresponding point obtained under an applied field of 2000 Oe. The fit to
the Curie-Weiss equation is shown as a solid line.

0-0006_ T oL T, I e Tede . . |

0.0004 |- ] higher than the temperature range of the experiment. A
I ] possible source of such a ferromagnetic contribution is
I ] metallic Fe. A total of about 0.005 wt %, that is 0.2§ of
COM ] Fe in the 5 mg sample, would account for the observation.
] That amount would go undetected analytically.

A representative plot of inverse magnetic susceptibility
versus temperature obtained in this manner is shown in
I . ] Figure 6. The data are linear over the temperature range of
L e : 130300 K, indicating classical CurieWeiss behaviory

r ] = C/(T — ©), in which C is the Curie constant, related to
0 |
0

(emu/formula unit

M
o
(=]
=]
=]
]

T
.
1

_ the effective moment by = (8C)Y2, and® is the Weiss
10000 20000 30000 constant, a term meant to account for moment correlations
Field (G) or the influence of low-lying crystal-field states. From a least-

) o ' squares fit to these data we find an effective momenof
Figure 5. _ Magneization per formula. unit of ACuUSs plotied 85 2 5 45(g) 4, and a Weiss constant of 4(1) K.
of the measurement. It can be seen from Figure 5 that the The magnetic response shows deviations from the behavior
response is nonlinear at fields lower than 1000 G. Above expected for'a classic'paramagnet a’g t.e.m pgratures below 108
this applied field, this contribution to the measured magne- K. A sharp increase in the susceptlblllty 'S obseryed over
tization becomes field independent and an additive constantt.he tempergture range 9405 K W't.h a minimum in the

first derivative at 104(2) K. There is a sudden change of

to the total magnetization. This field-independent term, 5.38 slope at 94(2) K with a decreasing suscentibility observed
x 1075 emu at 300 K, represents about 10% of the measured P (2) K wi INg suscepbiiity v
between about 94 and 20 K. At even lower temperatures,

response from our 5 mg sample at a field of 30 kOe. there is an upturn in the measured sianal with decreasin
The field-independent term may be removed from the ! upturn | u 'gnal wi ASIng
temperature. Despite the general cusp in the susceptibility

measurements by obtainirld versusT data under several
different applied fields (1, 2, 5, and 10 kOe) and subtracting over the temperaturg range OT ab_out—ﬂﬂD4 K the OVE‘T""”
data from two different fields. Comparing difference data comple>'< response 1s not indicative of a simple antiferro-
from the combination of different applied fields revealed that magnetic ordering. Instead, th? _Iow-te_mperature_ response
this procedure produced susceptibility versus temperatureappears. to have a complex origin, which could mvolve_a
data that agreed within 2% accuracy for applied fietd magnetic or a struc_tural phase change, the latter of which
kOe. The origin of the field-independent magnetization is could be coupled with Cul) charge wanster.
unknown, but such behavior is often interpreted in terms of Di :

; . iscussion
a saturated ferromagnetic component. In the present instance,
the field-independent magnetization is consistent with a  There are no SS bonds in the structure of KusUSs,
ferromagnetic contribution with ordering temperature much the shortest 8-S interaction being 3.645 A. Therefore, the

Inorganic Chemistry, Vol. 46, No. 17, 2007 6995



formal oxidation state of S in }CwUSs may be assigned

Gray et al.

unpaired f spins and &H, ground term has a free-ion

as—2. Thus, the combined formal oxidation states of three effective moment of 3.58g.2” Assuming these values, we

Cu atoms and one U atom must Be to achieve charge
balance. This can be accomplished with three¢ @ud one
US* or two Cur, one Cidt, and one U". The Cd* oxidation

find that the formal oxidation-state model (i), involving)
has a free-ion calculated moment of 254 whereas the
model (ii), which includes & and C@", has a calculated

state is rarely, if ever, found in sulfides, which makes it likely moment of 3.98us. The close correspondence of the

that K:CwUSs is a compound of €. The absence of a €u
ESR signal also suggest$UFurther, indirect evidence for
this comes from the bond distances. Although the-Su

distances, ranging from 2.317(2) to 2.429(2) A, are normal

(e.g., 2.319(1)2.540(2) A in RbEsCsS:2 and 2.305(1)
2.381(1) A in BaCwUSs??), the U-S distances of 2.587(1)
and 2.6827(9) A are shorter than those in most tt$ahedra
that involve U, for example, 2.680(5)2.709(5) A in
BaUS®24and 2.673(212.770(1) A in BaCwUSs.22

Bond valence sum3of U = 4.732, Cu(1)= 1.029, and
Cu(2) = 0.952 also suggest the presence 6f.U

Finally, the value ofuet Of 2.45(8)ug may be compared

measured moment of 2.45(8y to that of 2.54ug for model
(i) is corroborative evidence for the presence 6&f lih the
sample.

In summary, the structural evidence, the valence bond
calculation, the absence of a €ESR signal, and thges
value are all consistent with XwUSs being a classical
compound containing the rare oxidation state .U
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