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Abstract

_Hexabarium tetravanadium pentaoxide undecasulfide,
BagV40sS;;, contains isolated VS3~, VOS3i~, and
V0,83~ tetrahedra separated by Ba®* ions. The V—S
and V—O bond distances are in the range 2.102 (5)-
2.175(3) A and 1.682(9)-1.722(7) A, respectively. The
shortest V—S distances are associated with the VS;~
tetrahedra whereas the longest V—S distances are found
in the VO,S3~ tetrahedra. :

Comment

We have been examining the synthesis and structure
of early transition metal sulfide and oxysulfide com-
pounds in an attempt to understand the trends and
systematics of magnetic and transport properties, and
crystal chemistry (Eichhorn, 1994; Tranchitella, Fet-
tinger & Eichhorn, 1996). The few known vanadium
sulfides include the sulvanite Cu3 VS, (Pauling & Hult-
gren, 1933; Lundquest & Westgren, 1936; Van den
Berg & DeVries, 1964), LaCrS; misfit layer (Mu-
rugesan, Ramesh, Gopalakrishnan & Rao, 1981; Go-
toh, Onoda, Goto & QOosawa, 1989; Gotoh, Goto,
Kawaguchi, Oosawa & Onoda, 1990; Onoda & Kato,
1990), and BaNiO;-type structures (Gardner, Vlasse &
Wold, 1969). The latter two structure types contain
edge- and face-sharing octahedra, respectively, whereas
the former contains isolated VS~ tetrahedra. Vana-
dium oxysulfides are of interest as cathode materials in
solid-state batteries (Ouvrard, Tchangbedji, Deniard &
Prouzet, 1995) but little structural information is avail-
able for these compounds.

The reaction of BaS, V, V;0s5, and S (in the mo-
lar ratio 20:8:1:20) at 1198 K gives single crystals of
the title compound and a black powder. The black
powder does not contain the title phase. The crystal
structure revealed isolated VS7~, VOS3~, and VO,S;~
tetrahedra separated by Ba®* ions. The relative ra-
tios of the three types of tetrahedra are given by
the formula Bag(VS4)(VOS3)(VO,S;),. The V—S dis-
tances range from 2.102(5) to 2.175(3) A with the
shortest contacts being found in the VS;~ tetrahe-
dra. The lengthening of the V—S contacts as the
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number of O atoms in the tetrahedral coordination
sphere increases is thought to be related to the -
bonding abilities of oxygen as compared to sulfur, as
has been noted elsewhere (Gardner, Fettinger & Eich-
horn, 1994; Krebs, Buss & Ferwanah, 1972; Miiller &
Diemann, 1969). The four crystallographically distinct
Ba®* jons are nine or ten coordinate with the follow-
ing coordination environments: Ba(1)OSy, Ba(2)O3Ss,
Ba(3)0,S;, Ba(4)04Ss. The Ba—S contacts are in the
range 3.091 (3)-3.699 (3) A, whereas theo Ba—O con-
tacts are in the range 2.777 (6)-2.983 (7) A. No obvious
systematic trends are apparent in these bond distances.

V(2),,5202)

Fig. 2. ORTEPIl (Johnson, 1976) drawings of the V(1)S3-,
V(2)0S3~, and V(3)0,S3~ tetrahedra and the Ba(1)OSy,
Ba(2)03;Se¢. Ba(3)0,S7. and Ba(4)04Ss polyhedra. Displacement
ellipsoids are plotted at the 50% probability level.

Experimental

The title compound was prepared by reaction of BaS, V,
V105, and S (molar ratios 20:8:1:20) for four days at 1198 K,
cooling at 1° min~' to room temperature in an evacuated silica
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BagV40sS,

ampoule. The black single crystals represented approximately

10% of the product mixture.

Crystal data

BagV40sS1

M, = 1460.46
Orthorhombic
Pnma .
a=232581(13) A
b =13.8504 (6) A
c=175293(5) A
V=242542) A®
Z=4

D, = 4.000 Mg m—3
D,, not measured

Data collection
Enraf CAD-4 diffractometer
w20 scans
Absorption correction:
1 scans (SHELXL93;
Sheldrick, 1993)
Tmin = 0.163, Trax = 0.319
2218 measured reflections
2218 independent reflections

Refinement

Refinement on F>
RIF? > 20(F%)] = 0.039
wR(F?) = 0.102
S =1.061
2218 reflections
131 parameters
w = U[aX(F?) + (0.057P)?
+ 40.081P]
where P = (F2 + 2F)/3
(A/0)max = —0.001

Mo Ka radiation

A=071073 A

Cell parameters from 25
reflections

6 = 17.9-24.6°
= 11992 mm~!
T=293(2) K
Block

0.275 x 0.175 x 0.100 mm
Black

1934 reflections with
F, > 40(F,)

Omax = 24.97°

h=0-—>27

k=-16 -0

1=0—-28

4 standard reflections
every 60 reflections
intensity decay: none

Apmax = 3.55 € A

Apmin = —184 e A3

Extinction correction:
SHELX193

Extinction coefficient:
0.00047 (7)

Scattering factors from
International Tables for
Crystallography (Vol. C)

Table 1. Fractional atomic coordinates and equivalent
isotropic displacement parameters (A?)

ch = (1/3)Ei2jlj’ja,.'aj'a,».aj.

x Z Ueq
Bal 0.34787 (4) 1/4 0.71179 (11) 0.0160 (2)
Ba2 0.07413 (2) 0.01561 (4) 0.70811 (8) 0.0166 (2)
Ba3 0.22405 (2) 0.08120 (4) 1.08003 (8) 0.0176 (2)
Bad 0.54348 (4) 1/4 0.31916 (14) 0.0244 (3)
A2 0.16640 (10) 1/4 0.5816 (4) 0.0171(5)
V2 0.33816 (10) 1/4 1.2010(3) 0.0106 (5)
V3 041933 (7) —0.00525 (11) 0.7059 (2) 0.0101 (4)
S1 0.34559 (10) 0.0390 (2) 0.8638 (3) 0.0154 (5)
S2 0.46186 (10) 0.1173 (2) 0.5884 (3) 0.0173 (5)
S3 0.1714 (2) 1/4 1.3028 (5) 0.0235 (8)
S4 0.0773 (2) 1/4 0.6528 (7) 0.0312 (10)
S5 0.4232(2) 174 1.0926 (5) 0.0244 (9)
S6 0.20828 (12) 0.1232(2) 0.6798 (4) 0.0228 (6)
S7 0.32318(11) 0.1214(2) 0.3589 (3) 0.0155(5)
Ol 0.2900 (4) 1/4 1.0345 (12) 0.009 (2)
02 0.0337 (3) 0.0656 (5) 0.3435 (9) 0.0158 (14)
o3 0.1039 (3) 0.0825 (5) 1.0471 (9)

0.0143 (14)

Table 2. Selected geometric parameters (A, °)

Bal—O1 2.778 (9) Ba3—S7" 3.168 (3)
Bal—S1' 3.139(2) Ba3—S1 3.314(2)
Bal—S1 3.139(2) Ba3—S6™ 3.325(3)
Bal—S7 3.250 (3) Ba3—S7" 3.443 (2)

Bal—S7' 3.250(3) Ba4—02" 2.841 (1)
Bal—S2 3357(3) Bad—02"" 2.841(7)
Bal—s2' 3357(3) Bad—S3* 3.113(4)
Bal—S5 3.360(4) Ba4—S5* 3.276 (4)
Bal—S6 3.699(3) Ba4—S2' 3.330(3)
Bal—s6' 3.699(3) Ba4—S2 3330 3)
Ba2—02" 2.777(6) Bad—S4"! 3639 (5)
Ba2—O03 2.801 (6) V1—S3* 2102 (5)
Ba2—02 2.983(7) V1—Ss6' 2140 (3)
Ba2—S7" 3.255(3) V1—S6 2140 (3)
Ba2—S$4 32739(9)  VI—§4 2140 (5)
Ba2—S1" 3.283(3) v2—0l 1682 (9)
Ba2—S2" 3.339(3) V2S5 2.140 (4)
Ba2—S6 3.464 (3) V2—§7¢ 2.169 (3)
Ba2—S2" 3.506 (3) v2—s7* 2.169 (3)
Ba3—03 2.807 (6) v3—03" 1.693 (7)
Ba3—Ol 2.817(5) v3—02" 1.722(7)
Ba3—S6 3.091 (3) V3—S2 2155 (3)
Ba3—S3 3.127(3) V3—Sl1 2175 (3)
Ba3—S1" 3.156 (3)

$3*—V1—86' 108.66(12)  S5—V2—S7" 110.95 (1)
$3*—V1—S6 108.66(12) ~ S7*—V2—S7* 1104 (2)
S6'—V1—S6 110.3(2) 03" —V3—02" 108.7 (3)
$3*—V1—S4 107.6(2) 03" —V3—§2 110.7 2)
S6—V1—S4 110.75(13)  02%—V3—S§2 109.8 (2)
01—V2—S5 109.4 (3) 03" —V3—sI 108.3 (2)
01—V2—s7* 107.5(2) 02" —V3—SI 107.9(2)
S5—V2—S7 11095 (11)  S2—V3—SI 111.36 (1)
01—Vv2—s7 107.5(2)

Symmetry codes: (i) x, 1 — v,z (il) —x, —y, | =z (i) L —x, =y, L + 2
(V) § —x, =y, 2= LM x— 4, ¥, 3=V x5, y, L+ (viD) S+x,y, L~z
(viii) {+x, L =y, L =z (ix) $+x, ¥, § —z (X)X, 3, 2= L (xD) x, § =y, 1+2.

All crystallographic calculations were performed on a PC
with a 486 DX2/66 processor and 20 Mb of extended mem-
ory. Intensities were corrected for Lorentz and polarization
factors. Systematic absences indicated the centrosymmetric
space group Pnma (No. 62) or the non-centrosymmetric space
group Pn2,a (No. 33), intensity statistics clearly favored the
centrosymmetric case. The SHELXTL (Sheldrick, 1994) pro-
gram package was implemented to confirm the orthorhombic
centrosymmetric space group Pnma, to apply the absorption
correction, and set up the initial files. The structure was de-
termined by direct methods with the successful location of
the fourteen heavy atoms (4 Ba, 3 V, and 7 S). The remain-
ing three O atoms were found from a subsequent difference
Fourier map. Initial refinement of the model, on FZ and o(F2),
proceeded smoothly with all atoms isotropic. All atoms were
refined anisotropically during the final series of cycles. A fi-
nal difference Fourier map revealed rather large peaks, |Ap|
< 3.55¢ A3 within 1.0 A of the heavy atoms.

Data collection: CAD-4 EXPRESS (Enraf-Nonius, 1994).
Cell refinement: CAD-4 EXPRESS. Data reduction: CAD-4
EXPRESS. Program(s) used to solve structure: SHELXS86
(Sheldrick, 1990). Program(s) used to refine structure:
SHELXL93 (Sheldrick, 1993). Molecular graphics: ORTEPII
(Johnson, 1976). Software used to prepare material for publi-
cation: SHELXTL (Sheldrick, 1994).

We acknowledge the National Science Foundation,
Division of Materials Research for financial support of
this work.

Lists of structure factors, anisotropic displacement parameters and
complete geometry have been deposited with the IUCr (Reference:
BR1155). Copies may be obtained through The Managing Editor,
International Union of Crystallography, 5 Abbey Square, Chester CH1
2HU, England.
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Abstract

The crystal structure of dipotassium tungsten tetra-
selenide is based on isolated, slightly distorted WSe,4
tetrahedra joined via K* ions. The compound is isotypic
with the previously reported Rb and Cs analogues and
crystallizes in the 3-K,SO, structure type.

Comment

Ternary alkali metal tungsten chalcogenides A;WQ,
(A = Rb, Cs, NHf; Q = S, Se) have been prepared

© 1997 International Union of Crystallography
Printed in Great Britain — all rights reserved

165

using classical solution chemistry (Miiller & Sievert,
1974; Miiller, Diemann & Heidborn, 1970). The crys-
tal structures of these compounds were reported about
20 years ago. It is interesting to note that these prepa-
ration methods did not lead to the successful synthesis
of the potassium selenide. During our research on the
preparation of new tungsten chalcogenides using the so-
called ‘reactive flux’ method (Sunshine, Kang & Ibers,
1987; Kanatzidis & Sutorik, 1995), the previously un-
known ternary tungsten selenide K, WSe4 was obtained.
It is most likely that conventional preparation methods,
either in aqueous solution or at high temperatures, are
destined to favour the thermodynamically more stable
binary compounds (Kanatzidis, 1990).

The structure of K;WSes consists of slightly dis-
torted WSe?~ tetrahedra located on crystallographic
mirror planes, with W—Se bond lengths ranging
from 2.3050(7) to 2.3266 (9)A and Se—W—Se an-
gles between 107.16(4) and 111.79 (4)°. These data
are within the range reported for other termary tung-
sten tetraselenides (Miiller, Krebs & Beyer 1968). The
K* ions are coordinated by eight and nine Se centres
with K—Se distances between 3.263 (2) and 3.722 (3) A
(Fig. 1). The coordination sphere of K1 (CN = 9) is of

Se3: /
\ ,/
Sel -
Se2, 1|

Wi

Fig. 1. The coordination spheres of Kl and K2 in K,;WSe4.
Displacement ellipsoids are plotted at the 50% probability level.
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