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Table 2. Distances (A) and angles (°) in the MoOg and
PO, polyhedra and main TI—O distances

The Mo—O' or P—O' distances are on the diagonal, above it are
the O'—O' distances and under it are the O'—Mo—O angles.

Mo(l)  O(l) 02) 0(3) o) O(5) 0(6)
o(l) 1:66 (1) 2:68 (2) 274 (2) 283 (2) 274 (2) 381 (2
o) 929 (N 2:01 (2) 241(2) 2:77(2) 292(2) 2:80 (2)
o@3) 963 (7) 168:83(6) 2:00 (1) 2-78 (1) 2:92(2) 2-86 (2)
0O4) 98-5 (6) 85-8 (6) 865 (5) 2:06 (1) 406 (2) 2:83(2)
0O(5) 952 (6) 92:7 (6) 92:9 (6) 1662 (5) 2:02 (1) 274 (2)
o) 1758(6) 84:3 (6) 869 (6) 84-4 (6) 819 (6) 215(2)
Mo(2) O(7) o®) 0O(%) 0(10) o(11) 0(12)
o(7) 1:66 (1) 2:73(2) 2:81(2) 2:82(2) 2:70 (2) 383 (2)
0O(8) 939 (N 2:05(2) 246 (2) 2:84 (2) 2:87(2) 274 (2)
0(9) 995(T) 1666 (7) 2:00 (2) 278 (2) 2-84 (2) 2:85(2)
0O(10) 100-8(N 89-2 (6) 885 (6) 1:99 (1) 399 (2) 273 (2)
o(11) 934 (6) 89-5(6) 89:5(6) 1658 (6) 2:03 (D) 2:82(2)
o12) 1740(7) 80-7 (6) 860 (6) 81-7 (6) 84-1 (5) 218 (1)
P(1) o(6) [eTt:) o@") o(13)
0o(6) 1-52 (2) 2:57(2) 2:55(2) 2:52(2)
o8 1159 (9) 1-52(2) 246 (2) 2:53(2)
0% 113:3(9) 107-1 (9 1:54 (2) 2:48 (2)
0o(13) 107-5(8) 1081 (9) 104-2 (8) 1-61 (1)
P(2) 0(4™) o(l1) 0(12%) 0(13)
o(6™) 1-52 (1) 2:47 (2) 248 (2) 2:45(2)
o(11) 1099 (8) 1-50 (1) 2-53(2) 248 (2)

TO(12% 1116 (8) 1163 (9) 1-48 (2) 2:51(2)
O(13) 103-5(8) 1062 (8) 108-5 (8) 1-60 (2)
P3) 029 0o(3%) O(5) 0(10%)
021 1-54 (2) 241 (2) 2:54(2) 2:48(2)
0o(3") 1038 (8) 1-51 2) 2:53(2) 244 (2)
o(5) 1119 (9) 113-3 (8) 1-52 (2) 2-49 (2)
0(10%) 1089 (9) 1079 (9) 110-7 (8) 1:50 (2)
TY(1)—0Q2%) 307 (2) TI(1)—O(13") 357 (2)
T(1)—0(2) 300 (2) TI2—O(1™) 2:84 (1)
TI(1)—03™) 349 (2) TH2)—0(2) 2:96 (2)
TI(1)—04™) 298 (2) TI(2}—0(3") 316 (1)
TI(1)—0) 299 (2) TI2—O(7) 322 (2)
TI1)—O(6™) 305(2) TI(2—0O(8") 2:89 (2)
TI(1—O(10%) 320Q2) TIR)—0(9"™) 2:90 (2)
TI(1)—O(10%) 303 (2) TIR)—O(11™) 3-55(2)
TI(1)—0(12%) 321 (2)

Symmetry code: (i) —x, 1+, f—n ) l—-x1-y —z@(i)l—-x1-p
1=z xi-nz—5 WX 3=y i+z M x—1 2z (V) —x, —»
—g (i) x, pz- @) x—Li-yz-h®1-xy-4i-z

pound exhibits a more symmetrical space group

(P2,/c) identical to that of potassium, whereas the
rubidium and caesium phases are characterized by
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the P2, group. This different behaviour of thallium
compared to rubidium in spite of the similar size of
these cations may be due to the presence of the 6s°
lone pair of TI*. Moreover, it is worth pointing out
that one of the thallium ions [TI(1)] is significantly
displaced from the positions observed for potassium.

The Mo—O interatomic distances in the MoOg
octahedra are characteristic of MoY with one
abnormally short Mo—O bond, four intermediate
Mo—O distances and a very long one (Table 2). The
P(3)—O distances are close to those observed for a
monophosphate, i.e. four almost equal distances.
The P(1)>—O and P(2y—O distances correspond to
those observed in diphosphate groups, i.e. one long
distance and three medium ones (Table 2). TI(1) is
surrounded by ten O atoms with TI—O distances
ranging from 298 (2) to 3-57(2) A and TI(2) is
linked to seven O atoms with 2:84 (1) < TI-O <
3-55 (2) A (Table 2).
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KVPO,, an Intersecting Tunnel Structure Closely Related to the
Hexagonal Tungsten Bronze

By L. BENHAMADA, A. GRANDIN, M. M. BOREL, A. LECLAIRE* AND B. RAVEAU

Laboratoire de Cristallographie et Sciences des Matériaux, CRISMAT-ISMRa,
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Abstract. Potassium vanadium phosphate, M, =
201-01, orthorhombic, Pr2,a, a=12-7640 (8), b=

* To whom correspondence should be addressed.
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10-5153 (9), ¢ = 6-3648 (4) A V=8543(12)A3 Z=
8, D.=313Mgm~3, A/D(Mo Ka)=0-T1073 A,
=2:94mm~"', F000)=776, T=294K, R=0-028,
wR = 0-033 for 1321 independent reflections with 7>
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3o(I). The title compound is isostructural with
KTiPOs described by Masse [Thesis (1974), Univ. of
Grenoble, France]. Its mixed framework is built up
from corner-sharing VOg4 octahedra and PO, tetra-
hedra delimiting tunnels where potassium cations are
located. A new description of the structure is pro-
posed. The host lattice VPOs is built from infinite
chains of octahedra [VOs]., belonging to the
hexagonal tungsten bronze structure, running along
[011] and [011]. Connection between the octahedral
chains is ensured by single PO, tetrahedra.

Introduction. The association of MO octahedra of
transition elements with PO, tetrahedra allows a
great number of tunnel structures to be built, whose
host lattices are often closely related to those of pure
octahedral structures. This is true for instance in the
cases of the tungsten and niobium phosphate bronzes
(Borel, Goreaud, Grandin, Labbe, Leclaire &
Raveau, 1991), which are derived from perovskite,
tetragonal tungsten bronzes and hexagonal tungsten
bronzes (Magneli, 1949, 1953). In this respect, vana-
dium seems to exhibit a different behaviour.
Although the two vanadium phosphates K,V;P, 0,
(Leclaire, Chahboun, Groult & Raveau, 1988) and
Cs,V3P,0,; (Lii & Wang, 1989) possess a tunnel
structure, they do not show close relationships with
pure octahedral oxides. During investigation of the
system K-V-P-O, a new vanadium(IV) phosphate,
KVPO;s, was isolated, which we found to be isostruc-
tural with the phosphate KTiPO; described by Masse
(1974). The present paper deals with the structure of
this phase and with the study of its relationships with
the hexagonal tungsten bronze (HTB).

Experimental. Dark blue crystals of KVPOs crystal-
lized as a minor product in a mixture of composition
‘K;VgPsO,,’ in the following way: firstly a mixture of
H(NH,),PO,, V,0;s and K,CO; in appropriate ratios
was heated in a platinum crucible for 2 h at 653 K to
decompose the phosphate and carbonate; secondly
the appropriate amount of vanadium was added.
The product was grown and heated in an evacuated
silica ampoule for 7d at 923 K. Crystal 0-084
% 0-072 x 0-048 mm. Enraf-Nonius CAD-4 diffrac-
tometer. Unit cell: least squares on 25 reflections,
=26, 18 <26 < 22°. Intensity measurement by w—6
of (1 +0-35tan)° scan, and (1 + tand) mm counter
aperture slit determined by a study of some reflec-
tions in the w—@ plane. Scanning speed adjusted to
obtain o(/)/I <0-018 or to approach it in a time
limited to 60s. Three standards for count every
3000 s; no appreciable trends. 0 < 0<45% 0<h<
15, 0=<k<20, —12=</<0. 3181 reflections meas-
ured, 1321 with I/o(I) =3 used to solve and refine
the structure. No correction made for extinction or
absorption.  Structure solved by heavy-atom
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Table 1. Positional parameters with e.s.d.’s in paren-

theses

x y z B(A?
V(1) 012417 (5) 0-250 —0-0038 (1) 0326 (8)
V(2) 0-24842 (7) 0-49719 (9) 0-2750 (1) 0-328 (8)
P(1) 018046 (9) 02337 (1) 0-4976 (2) 0-38 (1)
P(2) —0-0028 (1) 0-4879 (1) 0-1681 (2) 0-33 (1)
K(l) 0-3806 (1) 0-4332 (1) 0-7812 (2) 1-54 (2)
K(2) 0-3971 (1) 0-1794 (2) 0-2057 (2) 1-46 (2)
o(l) 01119 (3) 0-2051 (3) 0:3054 (5) 0-62 (5)
0Q2) 01104 (3) 0-2622 (4) —0-3134 (5) 0-70 (5)
o03) 0-0092 (3) 0-3683 (3) 0-0278 (6) 0-59 (6)
0(4) 00182 (3) 0-1021 (4) —0-0232 (6) 0-76 (6)
0O(5) 0-2272 (3) 0-1032 (4) -0-0395 (6) 063 (6)
0(6) 0-2202 (3) 0-3538 (4) 0-0334 (6) 0-73 (6)
o 03991 (3) 0-4666 (3) 0-1950 (5) 0-53 (5)
0O(8) 0-2474 (3) 0-6177 (3) 0-0373 (5) 0-59 (5)
09) 00931 (3) 0-5047 (4) 0-3109 (5) 062 (5)
0(10) 0-2557 (3) 0-3449 (3) 0-4521 (6) 0-68 (5)

Anisotropically refined atoms are given in the form of the iso-
tropic equivalent displacement parameter defined as: 4/3)[a*B(1,1)
+5B(2,2) + B(3,3) + ab(cosy)B(1,2) + ac(cosB)B(1,3) +
be(cosa)B(2,3)).

methods. Refinement on F. All subsequent calcula-
tions on a MicroVAXII with the SDP system (B. A.
Frentz & Associates, Inc., 1982); all atoms refined
anisotropically. Atomic scattering factors from Inter-
national Tables for X-ray Crystallography (1974, Vol.
IV), (4/0)max =0-005, 4p<0-7eA™3 R=0028,
wR=0-033, w=/f(sin/A). Atomic parameters in
Table 1,* bond distances and angles in Table 2.

Discussion. The ‘VPOs’ framework is built up from
corner-sharing VOg octahedra and PO, tetrahedra
(Figs. 1 and 2). One observes [VPOy]., chains where
one octahedron alternates with one tetrahedron. Half
of these chains run along a and half of them run
along ¢. Two chains running along ¢ are linked via a
chain running along a and vice versa.

Each PO, shares its corners with four VO, octahe-
dra whereas each VO octahedron shares its corners
with four PO, tetrahedra and two VO, octahedra.

This framework delimits two sorts of six-sided
tunnels running along a and ¢, respectively. The first
type of tunnel (Fig. 1) is formed of rings of four VO,
octahedra sharing their corners with two PO, tetra-
hedra, whereas the second type of tunnel (Fig. 2),
which exhibits rings of three VO octahedra sharing
their corners with three PO, tetrahedra, is very simi-
lar to those observed in the hexagonal tungsten
bronze structure (HTB) described by Magneli (1953).
In fact the projection of the structure onto (100)
(Fig. 1) shows the existence of infinite [VO5],, chains

* Lists of structure factors and anisotropic thermal parameters
have been deposited with the British Library Document Supply
Centre as Supplementary Publication No. SUP 53849 (10 pp.).
Copies may be obtained through The Technical Editor, Interna-
tional Union of Crystallography, 5 Abbey Square, Chester CH1
2HU, England.
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Table 2. Distances (A) and angles (°) in the VOs and
PO, polyhedra and main K—O distances
The V—O(i) or P—O(i) distances are on the diagonal, above it are

the O(i)—O() distances, and under it are the O@iy—V—0()
angles.

V(i)  oQ) o2 00) 0@) o5)  06)
O(1) 2030 (4) 3-984(5) 27901 (6) 2:642(6) 2:852(6) 2712(6)
O(2) 16639 (2) 1982(4) 27762(6) 2763 (6) 2838 (6) 2786 (6)
O(3) 8943(2) 8969(2) 1934(4) 2:821(5) 3962(7) 2:697(7)
O(4) 8033 (2) 8608(2) 89:64(2) 2:065(4) 2:670(7) 3713(7)
O(5) 8896(2) 8973(2) 17076 (2) 8L12(2) 2040 (4) 2678 (6)
0(6) 9412(2) 9947(2) 9702(2) 171:32()) 9217(2) 1658 (4)
V(2) osh) O(6) o 0(8) 0%) 0(10)
O(5) 1653 (4) 3836(6) 2741(6) 2717(6) 2:691(6) 2725(6)
0O(6) 17827(2) 2:183(5) 2771(6) 2797(6) 2:875(6) 2705(7)
O(7) 9621(2) 8250(2) 2015(4) 2:698(6) 3995(5) 2769 (6)
O(8) 9665(2) 8440(2) 8513(2) 1973 (4) 2:885(6) 3-900(5)
O(9) 9450 (2) 86:80(2) 16928(2) 9320(2) 1:997(4) 2817()
O(10) 9752 (2) '81-31 (2} 8828 (2) 16494 (2) 9076 (2) 1960 (4)
P(1) o(1) 0Q2) O(8") 0(10)
o(1) 1-534 (4) 2:500 (5) 2-500 (6) 2:530 (6)
0Q2) 10942 (2) 1-528 (4) 2-550 (6) 2:534 (6)
O(8") 108:39 (2) 111-96 (2) 1548 (4) 2-450 (5)
0(10) 110-74 (2) 111:29 (2) 104-94 (2) 1-541 (4)
PQ2) 0(3) 04" o(m™) 0(9)
03) 1-550 (4) 2483 (5) 2.482 (6) 2-540 (6)
0O(4%) 107-60 (2) 1-526 (5) 2:522 (6) 2-534 (6)
o(7) 10675 (2) 110-57 (3) 1-541 (4) 2:509 (5)
009) 110-82 (3) 11173 (3) 109-26 (2) 1-534 (4)
K(1)—O(1) 2:865 (4) K@2)—0(3") 2-798 (5)
K(1)—0(3") 2-651 (5) KQ2)—0(4") 2:670 (5)
K(1)—0(4) 2:928 (5) K(2)—O(5) 2:790 (5)
K(1)—O(5) 3-042 (5) K(2—0(6) 3-109 (5)
K(1)—O(6) 2732 (5) K(Q2)—0(7) 3-021 (4)
K(1)—O(7) 2-668 (4) K(2—O(8") 2877 (5)
K(1)—O(8) 3052 (5) K(2)—0(9") 3115 (4)
K(1)—0(10) 2791 (5) K(2)—0(10) 2:958 (5)
K()—0(1" 2755 (5)

Symmetry codes: (i) 1 —x, 1+, T4z (i) i-x —3+y 1+z
i) i—x, 4+y, —z (V) —3+x, p, 4-z W) 1+x p 175
(Vi)%_xy _§l+y7 —%'}‘Z.

of corner-sharing octahedra running along the [011]
and [017] directions. The great similarity of this
structure with HTB’s is better seen by considering
one layer of polyhedra parallel to (011) (Fig. 2). Such
a layer is indeed built up from HTB-[VO;]., chains
running along [01T] linked via single PO, tetrahedra
and via [VPOg].. chains. The VOg octahedra of the
VPO chains in fact belong to HTB-[VO;]., chains,
which run along the [011] direction in a layer of
polyhedra parallel to (011); the geometry of the latter
is absolutely identical to that of the (011) layer.
Moreover, two successive [VOs]., chains are linked
via single PO, tetrahedra in the direction orthogonal
to the (011) or (01T) plane. Thus the [VPOs].
framework can be described as the assemblage of
infinite [VO;}., HTB chains linked via single PO,
tetrahedra. Along ¢, two successive chains are paral-
lel, ie. both parallel to [011] or to [01T] (Fig. 1),

POTASSIUM VANADIUM PHOSPHATE

whereas along a the successive [VO;]. chains are
parallel to [011] alternately.

The PO, tetrahedra have the classical geometry
observed for monophosphates, with four almost
equal distances (Table 2). The VOs octahedra are
characterized by one abnormally short V—O bond
(1:65 A), four intermediate V—O bonds (193 to
2:06 A) which correspond generally to the oxygens
linked to phosphorus, and one longer V—O bond
(2:04-218 A). It is worth pointing out that in the
[VO;].. HTB chains, the short V—O bond alternates

' HTB

. HTB |
[vogle

[vozle:

Fig. 2. The (011) layer built up of HTB-[VO;]. chains and
[VPOg).. chains linked one to the other by PO, tetrahedra.

E[VPOB]m '
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with a long one as in K,V;P,0,; (Leclaire et al.,
1988). Moreover it must also be emphasized that the
apex corresponding to the shortest V—O bond is not
free, contrary to the Mo" phosphates, which are
always described as molybdenyl compounds.

The d' configuration of V'Y suggests the possibility
of particular electron transport properties due to the
one-dimensional character of [VOs],, chains. In the
same way, the existence of intersecting tunnels
indicates possible mobility of the K™ cations, leading
to ion exchange properties and ionic conductivity.

Acta Cryst. (1991). C47, 1141-1143
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Abstract. Diantimony-tellurium, Sb,Te, M, = 371-1,
trigonal, P3ml, a=4272(1), c=17633 3)A, V=
278:6 (2) A®, Z =13, D, = 6:63 Mg m 3, A(Mo Ka) =
0-7107 A, wp=22-11mm~', FO000)=462, T=
294 K, final R = 0-035 for 245 independent observed
reflections. The structure of Sb,Te consists of nine
layers stacked along the ¢ axis and presents the
combination of five-layer stacks of Sb,Te; and two-
layer stacks of Sb..

Introduction. The layered compounds of the Sb—Te
system, such as Sb,Tes, SbTe and Sb,Te, are impor-
tant for industrial applications owing to the strong
anisotropy in their electronic properties. These com-
pounds, as well as the phases of the Bi-Te and Bi-Se
systems, have trigonal or rhombohedral symmetries

0108-2701/91/061141-03$03.00

with a similar @ parameter while the ¢ parameter
depends on the number of layers, which is itself
connected to the chemical composition (Imamov &
Semiletov, 1971). The crystal structures of Sb,Te,
(Semiletov, 1956; Anderson & Krause, 1974) and
SbTe (Stasova & Karpinskii, 1967) are already
known. In this paper, the results of the Sb,Te crystal
structure determination are reported.

Experimental, Single crystals of Sb,Te were obtained
by slow cooling a molten stoichiometric (2:1) mixture
of Sb and Te. A platelet-like crystal (0-38 x 0-07 x
0-02 mm) with well defined faces was chosen. Enraf—
Nonius CAD-4 diffractometer; lattice parameters
determined from 25 reflections having 8-87°< @ <
19-87°, 6-20 scan technique; 0-049 < (sin@)/A <

© 1991 International Union of Crystallography



