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The crystal structure of CsV(MoO& was determined from single-crystal X-ray diffraction data. It 
crystallizes in the trigonal space group P&l (No. 164) with a = 5.662(3), c = 7.976(2) A, Z = 1. The 
structure contains layers of vanadium molybdate with the cesium cations between the layers. Each 
layer is built up from comer-sharing V06 octahedra and Moo4 tetrahedra. The structural relationship 
between the title compound, KAl(SO&, KV(SO&, and a high-temperature form of Zr(MoO& is 
discussed. 0 1989 Academic Press, Inc. 

Introduction 

Our recent work on the system M-Mo- 
P-O (M = metal cation) containing MO in 
oxidation states less than +6 has led to a 
great number of new structures (see, e.g., 
(I)). In these compounds, Moo6 octahedra 
and PO4 tetrahedra are essential building 
blocks. As part of a research project de- 
voted to discovering novel mixed frame- 
works built up from corner-sharing octahe- 
dra and tetrahedra, we have turned our 
attention to the system vanadium molyb- 
dates. 

The compound VMoOs was found to be 
isostructural with MoOPOd and accordingly 
was formulated as VOMo04 (2). From a 
structural viewpoint the discovery of 
0022-4596189 $3.00 144 
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VOMo04 suggests the presence of new 
structures in the system M-V-MO-O, 
which are composed of corner-sharing V06 
octahedra and Moo4 tetrahedra. Thus, we 
initiated a synthetic program to explore 
novel compounds in the system vanadium 
molybdates. We report here on a V(II1) mo- 
lybdate CsV(MoO& which exhibits a layer 
structure. 

Experimental 

Synthesis 

Black, hexagonal, plate crystals of 
CsV(MoO& grew as a minor product by 
heating Cs2Mo04, Mo03, and V203 (mole 
ratio 1 : 3 : 1) in an evacuated fused silica 
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tube at 700°C for 30 hr followed by slow 
cooling. The compound showed a brownish 
streak when it was ground into powder. A 
powdered sample of manually selected 
crystals of CsV(MoO& from the melt was 
examined by differential thermal analysis in 
flowing nitrogen gas at a heating rate of 5”C/ 
min. The DTA curve revealed two endo- 
thermic peaks at 547 and 575°C suggesting 
that the material did not melt congruently. 
Polycrystalline CsV(MoO& could be ob- 
tained as a major product by heating a mix- 
ture of proper amounts of the starting mate- 
rials at 520°C for 48 hr. However, powder 
X-ray diffraction patterns showed that the 
products were always contaminated with a 
small amount of unidentified phases. The 
strongest reflection of the impurities was 
less than 4% of that of the major product. 

Single-Crystal X-Ray Structure 
Determination 

A black plate having the dimensions 0.12 
x 0.10 x 0.06 mm was selected for indexing 
and intensity data collection on an Enraf- 
Nonius CAD4 diffractometer. The orienta- 
tion matrix and unit cell parameters were 
determined at room temperature by least- 
squares fit of 25 peak maxima with 13” < 28 
< 30”. The intensity data were corrected for 
absorption, Lorentz, and polarization ef- 
fects. Corrections for absorption effects 
were based on I/J scans of a few suitable 
reflections with x values close to 90”. An 
examination of the intensity data showed 
Trn Laue symmetry and no systematic ab- 
sences, which led to P321, P3m1, or PTml 
space group. Based on the statistical analy- 
sis of intensity distribution and successful 
solution and refinement of the structure, 
the space group was determined to be Pjml 
(No. 164). The structure was solved by di- 
rect methods using SHELXTL PLUS pro- 
gram and refined by full-matrix least- 
squares refinement based on F values. The 
multiplicities for the Cs, V, and MO atoms 
were allowed to refine but did not deviate 

significantly from full occupancy. Crystal 
data, intensity measurement, and structure 
refinement parameters are collected in Ta- 
ble I. Table II contains the final atomic co- 
ordinates and thermal parameters. Selected 
bond distances and bond angles are given in 
Table III. 

Description of the Structure and 
Discussion 

As shown in Fig. 1, the most prominent 
structural feature of CsV(MoO)z is the lay- 
ers of vanadium molybdate with the cesium 
atoms between the layers. Each layer is 
built up from corner-sharing VO6 octahedra 

TABLE I 

SUMMARYOFCRYSTALDATA,INTENSITY 
MEASUREMENT,ANDREFINEMENTPARAMETERSFOR 

CsV(MoO& 

Crystal data 
Space group Phzl (No. 164) 
Cell constants a = 5.662(3), c = 

7.976(2) A 
V = 221.4(3) A3 

Z 1 
Density (calcd) 3.111 g/cm3 
Abs. coeff. (MO&) 77.6 cm-r 

Intensity measurement 
A (MoKo) 0.70930 A 
Scan mode IN20 
Scan rate 5.5”/min 
Scan width 0.65” f  0.35” tan 6 
Maximum 28 60 
Standard reflections three measured every 1 

hr (no decay) 
Unique reflections mea- 279 

sured 

Structure solution and refinement 
Reflections included 254 with I > 2.5 u(Z) 
Parameters refined 18 
Agreement factors R = O.O32,R, = 0.034 
GOF 2.02 
&~)rnax; &h,n 2.90, -2.33 e/A3 

(peak max. is at a 
distance of 0.78 A 
from Cs) 
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TABLE II 

FRACTIONAL ATOMIC COORDINATESANDTHERMAL 
PARAMETERS@~ x 103)~o~ CsV(MoO& 

Site 
Atom Site symmetry x Y z 

CS la 3m 0 0 0 
V lb 5m 0 0 1 

2d 
!G) 6i 

3m ’ 
b. 1627(4) 

% 0.28729(7) 

O(2) 2d Yrn # 
-0.1627 O&445(4) 

I 0.0735(S) 

Atom UII u22 u33 u23 UlJ (112 u,qa 

cs 20.3(4) 20.3 16X4) 0 0 10.2(2) 19.0(3) 
V 4.2(5) 4.2 13.0(7) 0 0 2.1(2) 7.1(4) 

6.1X3) 6.6 12.1(4) 0 
E;, 30(l) 30 

3.3(2) 8.4(3) 
272) 4.4(6) -40.4 23(2) 26W 

O(2) 24(2) 24 17(2) 0 0 W) 2N2) 

a U,, is defined as one-third of the orthogonalized U,, ten- 
sor. 

and Moo4 tetrahedra. A view of a layer ap- 
proximately parallel to the c-axis clearly 
shows how the polyhedra are connected 
(Fig. 2). Each VO6 octahedron shares its six 
comers with six Moo4 tetrahedra. Each 
Moo4 tetrahedron shares three corners 
with three VO6 octahedra in the a&plane 
with the fourth comer being coordinated to 
a Cs atom. Alternatively, the structure can 
be described as hexagonal close-packed 
Moo4 groups with the octahedral sites filled 
with V and Cs atoms. In other words, 
Moo4 groups replace As atoms, and V and 
Cs atoms take the place of Ni atoms in the 
NiAs structure. 

TABLE III 

BOND DISTANCES (A) AND ANGLES (“) FOR 
CSV(MOO~)~ 

Distances Angles 

cs-O( 1) 3.254(4) (6x) O(l)-MO-O(~) 110.9(l) 
cs-O(2) 3.321(2) (6x) O(l)-MO-O(~) 108.0(l) 
V-O(l) 1.969(3) (6x) 0(1)-V-O(1) 89.2(l) 
MO-O( 1) 1.759(2) (3 x ) 90.8(l) 
MO-O(~) 1.705(6) (lx) MO-0(1)-V 162.2(2) 

FIG. 1. A view of the structure of CsV(MoO& in a 
direction approximately parallel to the a-axis. 

The V3+ cation with point symmetry Trn 
has six 0( 1) atom neighbors at a distance of 
1.969(3) A, which is a little shorter than the 
distance of 2.00 A predicted from Shan- 
non’s effective ionic radii (3). The VOs oc- 
tahedron is nearly regular as shown by the 
O-O distances (2.803(6) (6~) and 2.764(2) 
A (6x)). The Mo6+ cation with point sym- 
metry 3m is in a slightly distorted tetrahe- 
dral arrangement (d(O-0) = 2.898(2) (3 x), 

2.804(6) A (3x)). One oxygen O(2) is 
bonded to molybdenum while the other 
three oxygen atoms (O(1)) are each shared 
by one vanadium atom and one molybde- 
num atom. As a consequence, there are two 
types of MO-O distances: one short Mo- 
O(2) distance of 1.705(6) A and three longer 
distances of 1.759( 1) A. The longer distance 
is in agreement with the distance of 1.77 A 
predicted from Shannon’s radii. The Cs+ 



BRIEF COMMUNICATION 147 

FIG. 2. A view of a layer in CsV(MoO&. 

cation, which is situated at (0, 0, 0), is in a 
6 + 6 oxygen coordination, formed by an 
elongated trigonal antiprism of O(1) atoms 
with equatorial corrugated hexagon of O(2) 
atoms. Each Cs+ cation is surrounded by 
six O(1) atoms at a distance of 3.254(4) A 
and six more (O(2)) at 3.321(2) 8, with an 
average value of 3.288 A for a predicted 
distance of 3.26 A. An assessment of the 
valence of the V and MO atoms using the 
bond-length bond-strength formula for 
V3+-0 and Mo6+-0 bonds (4) yields +3.26 
for V and +6.20 for MO. 

There is a close structural relationship 
between CsV(MoO&, KV(SO& (5), and 
KAl(SO& (6). All three structures contain 
layers of composition [M(XO&], (M = V 
or Al, X = MO or S) with the alkali metal 
cations between the layers. As discussed 
earlier CsV(MoO& can be regarded as 
h.c.p. arrangement of molybdate anions, in 
which the entire layers of octahedral sites 
are occupied by V3+ and these alternate 
with layers of Cs+ cations. The stacking 
sequence is . . . (A)(V)(B)(Cs)(A) . . . , 
where (A) and (B) label the layers of molyb- 
date anions. In KAl(SO& the sulfate an- 
ions are also hexagonal close packed, but 

the coordination of AP+ is trigonal pris- 
matic (Fig. 3). The structure of KV(SO& 
can be described as a c.c.p. arrangement of 
sulfate anions with layers of octahedral 
sites alternately occupied by K+ and V3+ 
cations, giving rise to a six-layer repeat of 
sulfate anions (. . . (A)(V)(B)(K)(C)(V)(A) 
(K)(B)(V)(C)(K)(A) . . .). Figure 4 is a view 
of a layer of [V(SO&], along the c-axis, 
showing that the M3+-0(1)-X6+ bond angle 

FIG. 3. A layer in KAl(SO&. 
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0 

FIG. 4. A layer in KV(SO&. 

in KV(SO.& (136”) is considerably smaller 
than the corresponding angle in CsV 
(MOO& (162”). As pointed out by Fehr- 
mann et al. (5) one determining factor for 
the different structures may be the different 
ratio of the metal atom ionic radii. The ratio 
of r(V3+) to r(Cs+) using Shannon’s effec- 
tive ionic radii is 0.34 which is close to 
that for KAl(SO& (r(A13+)lr(K+) = 0.33). 
The structural relationship between CsV 
(MOO& and KAl(SO& 1s close. The 
change from space group P3ml to P321 es- 
sentially retains all the atomic coordinates 
except O(l), thus changing the coordination 
of M3+ from octahedral V3+ to trigonal pris- 
matic AP+. 

CsV(MoO& is also closely related to 
high-temperature (HT) Zr(MoO& (7), 
which can be described as hexagonal close- 
oacked MoOi-. anions with half of the octa- 
hedral sites occupied by Zr4+ cations. In 

HT Zr(Mo04)2, entire layers of octahedral 
sites are occupied and these alternate with 
layers of empty sites. The stacking se- 
quence in the zirconium compound is . . . 
(A)(Zr)(B)(A’)(Zr)(B’)(A) . . . , where (A), 
(B), (A’), and (B’) label the layers of molyb- 
date ions. The orientation of the MOO!- tet- 
rahedra in (A) (or (B)) is different from that 
in (A’) (or (B’)), which leads to a four-layer 
repeat of molybdate anions. 
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