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CS~.~~MOO~ crystallizes in themonoclinic system, space groupP2,,, with unit cell dimensions a = 6.425, b = 7.543, 
c = 8.169, j = 96”30’. Its structure was determined from two-dimensional Patterson projections and refined by 
three-dimensional Fourier methods and also by least squares. It has a layer structure built up from subunits of 
six distorted octahedra sharing edges; the subunits are joined by corners to form layers. Cesium ions occupy 
irregular eight-coordinated interlayer sites. The bronze structure is compared with those of the related bronzes 
K,.,MoOland K,,J~MoO~. 

Introduction 

In a recent review of oxide bronzes, Banks and 
Wold (2) discussed the preparative methods and the 
structural chemistry of the majority of transition- 
metal bronzes. For the preparation of many of these 
compounds they placed particular emphasis on 
electrolytic reduction, the method which was used 
by Wold et al. (2) to make the two first-known 
molybdenum bronzes. These were the red potassium 
molybdenum bronze K0.26M003 and the blue 
potassium molybdenum bronze K0.28M003, the 
structures of which were described by Graham, 
Stephenson, and Wadsley (3, 4). Both contained 
clusters of Moo6 octahedra in a frame-work that 
allowed the accommodation of K+ ions by a reduc- 
tion in the net valency of the MO atoms. 

In a recent study, electrolysis of molten titanate, 
molybdate, and vanadate melts has been used by 
Reid and Watts (5) to prepare single crystals of 
various new oxide phases. The present structural 
investigation shows that the product of electrolysis 
in the Cs,Mo04-Moo3 system is a new cesium 
molybdenum bronze Cs,MoO, (x M 0.25). Its 
relationship to the structures of the red and blue 
potassium molybdenum bronzes is described. 

Experimental 

A detailed description of the apparatus used for 
the preparation of this phase has been given else- 
where (5). Briefly, CS~.~~MOO~ was obtained by the 
electrolysis of a 30 mol ‘A Cs2Mo04-70 mol % 

MOO, melt at 530°C. Small well-shaped copper 
coloured crystals were separated from the melt by 
treatment with dilute acid. Only a small amount of 
the phase (< 10 mg) could be isolated so that 
accurate chemical analysis was not possible, and the 
chemical composition has been derived from this 
structural investigation. Qualitative analysis of a 
small sample of 15 pg did indicate the presence of 
cesium. 

The unit cell data listed in Table I were obtained 
using a Guinier-type focusing camera. Potassium 
chloride was used as an internal standard, and final 
parameters were obtained by a least-squares treat- 
ment of the powder data given in Table II. 

The crystals examined were in the form of thin 
plates. X-ray data for the diffraction levels with 
k=O, 1 . . . 6, and the one additional layer Ok1 were 

TABLE I 

CRYSTALLOGRAPHICDATAFOR CQ.~~MOO~ 

Symmetry: Monoclinic 
Unit cell: a = 6.425 (+ 0.005) A 

b = 7.543 (& 0.005) A 
c = 8.169 (k 0.005) A 
/3 = 96.50 (k 0.05)” 

Absent reflections: OkO, k # 2n 

Possible space groups: P2,, P2,,, 
D, = 4.49 gm/cm3 

~=675cm-i 

16 
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TABLE II 

X-RAY POWDER DIFFRACTION 
DATA FOR CS,,.~~MOO~ 

Sill2 o,,,, Sin2 0 ca*c hkl 
- 

0.01454 0.01456 100 
0.05074 0.0507 1 021 
0.05818 0.05823 200 
0.06202 0.06205 201 
0.09152 0.09149 013 
0.10370 0.10376 221 
0.17494 0.17491 033 
0.20285 0.20286 042 
0.30015 0.30013 412 

obtained by the multiple film technique from a 
crystal measuring 0.05 x 0.05 x 0.02 mm. The 
integrated equiinclination method was used with 
CuKa,,z radiation. Intensities were estimated 

visually against a standard scale, and the reduction 
to structure amplitudes and all subsequent comput- 
ing was made with an Elliott 803 computer using the 
computing system devised by Daly, Stephens, and 
Wheatley (6). A total of 475 nonsymmetry-related 
reflections were recorded around b and the observed 
data, scaled by comparison with the structure 
factors calculated for the final model, are given in 
Table III. 

The systematically absent reflections defined 
the space group alternatives as P2, and P2,/m. It 
was assumed that the centro-symmetric space group 
P2,/m was the more probable, a choice which was 
later confirmed by the satisfactory solution and 
refinement of the structure. 

Structure Determination 

At the outset of the structure determination the 
composition of the crystals was unknown. However 
their bronze-like appearance, and the 7.6 8, repeat 

TABLE III 

5 F,HKL EHKL F,HKL 

-V 6 3 64 6 : :: 
596 4 -5 
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TABLE III-continued 

distance along b, a distance characteristic of Moo6 
octahedra joined by corners into vertical strings, 
led us to anticipate that the phase was a cesium 
molybdenum bronze. 

Oxide compounds of molybdenum contain Moo6 
octahedra sharing corners and edges in a variety 
of differing configurations. In such structures, the 
usual molybdenum-oxygen distance of approxi- 
mately 2.0 A leads to strong MO-MO vectors 
appearing within a distance of 4 A from the origin 
in the Patterson functions. Patterson projections 
P(u,w) and P(u, W) for the present compound are 
shown in Fig. l(a) and (b). The strong peaks marked 
A and 3 in these projections were consistent with a 
group of four corner shared Moo6 octahedra 
arranged with their MO atoms almost at the corners 
of a square and lying close to y = 0 and 3 in the 
general positions 4(f). A further strong peak 

1115 
-512 

i 4 

marked C in the projection P(u, W) could then be 
interpreted as an MO-MO interaction caused by an 
additional Moo6 octahedron, edge sharing with 
these groups of four, with the molybdenum atom 
lying alternatively on either side of the groups at 
y = $ and 2 in the position 2(e). 

On this basis approximate coordinates for the 
octahedrally coordinated oxygen atoms were de- 
rived, two in the general positions 4(f), four in the 
twofold position 2(e) and one in the twofold 
position 2(u) at the origin. As this resulted in unit 
cell contents of Mo601 8, the further peak marked D 
in Fig. I(a) was regarded as a possible Cs-MO vector 
that located the cesium atom in the twofold site 2(e). 
If this site was partially occupied, the overall 
stoichiometry would then be Cs,MoOJ by analogy 
with the chemical composition of the potassium 
molybdenum bronzes. 
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FIG. 1. (a) Patterson function, P(u,w); (b) Patterson 
function, P(u,v). 

The contents of the unit cell are defined as 
CS,MO,O,~ when the sites are fully occupied. While 
the empirical formula was not known, it was felt 
that a partial occupancy factor for Cs close to that 

found satisfactory for the potassium molybdenum 
bronzes (3, 4) would be suitable for the initial 
structure factor calculations. The atomic scattering 
curve for cesium was scaled down to three-quarters 
of its normal value, giving a statistical distribution of 
l+ atoms over two positions, in accord with a 
formula of CS~.~~MOO~. 

A three dimensional Fourier synthesis confirmed 
this structure, and was used to obtain more accurate 
atomic positions. In repeated Fourier syntheses, the 
Cs (atomic number 55) peak was always of the same 
intensity as that for MO (atomic number 42), 
confirming the 0.75 occupancy originally chosen. 
Refinement was continued for several least-squares 
cycles. The block diagonal approximation was used, 
and the observed data were weighted by Cruick- 
shank’s method (7). Individual isotropic temperature 
factors were varied for each atom, and refinement 
proceeded smoothly to give a final R value of 12.5. 
Refinement was stopped when the shift of each 
variable was less than one-quarter of its standard 
deviation. No attempt was made to reduce the 
symmetry to P2,. 

Atomic parameters, the temperature factors and 
their e.s.d.‘s are given in Table IV. We had no 
facility in our computing procedures to vary the 
occupancy factor during the refinement of the 
structure. However, the temperature factor for the 
cesium atom behaved normally, and this was taken 
as strong evidence that the partial occupancy factor 
chosen originally was reasonably close to the correct 
value. The structure is shown in [OlO] projection in 
Fig. 2. 

TABLE IV 

FRACTIONALATOMICCOORDINATESANDTHERMALPARAMETERS 
(e.s.d.‘s are given in brackets.) 

Point 
Atom Position x Y z BW 

$ cs 
MO (1) 
MO (2) 
0 (1) 
0 (2 
0 (3) 
0 (4) 
0 (5) 
0 (6) 
0 (7) 

2 (e) 
2 (e) 
4(f) 
2 (e) 
2 (e) 
2 (e) 
2(e) 
2(e) 
4(f) 
4(f) 

0.1785 (8) 
0.3482 (8) 
0.2715 (5) 

0 
0.2991 (65) 
0.3043 (82) 
0.4635 (77) 
0.0942 (93) 
0.3970 (53) 
0.2218 (54) 

+ 
* 

0.0047 (5) 
0 
t 
t 
$ 
t 

0.0085 (52) 
0.0397 (68) 

0.6113 (6) 
0.7753 (7) 
0.1060 (4) 

0 
0.0405 (55) 
0.0927 (68) 
0.5958 (61) 
0.7214 (76) 
0.8542 (47) 
0.3032 (46) 

1.25 (8) 
I .74 (9) 
1.71 (6) 
4.54 (95) 
1.22 (76) 
2.76 (1.03) 
1.79 (91) 
3.22 (1.13j 
2.02 (65) 
2.57 (73) 



a 

c 

FIG. 2. (a) Ball and spoke representation of the structure 
of CS~.~~MOO~ projected onto (010). Small circles are molyb- 
denum atoms; large open circles are oxygen atoms; large 
stippled circles are cesium atoms; light markings indicate 
atoms near y = 0; medium markings indicate atoms at y = 
4, 5; heavy markings indicate atoms near y = 3. (b) The 
structure of CS,,.~~MOO~ as an assemblage of octahedra, 
projected down (010). Stippled circles are cesium ions. 

Description 

The structure is composed of pairs of octahedra 
centred about each of the levels y = 4 and 9. These 
pairs form groups of six by additional edge sharing 
[fig. 3(a)]. The groups then join up with similar 
groups above and below by corner sharing, and 
extend through the structure in the [OlO] direction. 
These infinite linear strings are linked together by 
additional corner sharing to form infinite two 
dimensional sheets centred about (100) [Fig. 2(b) 
and 3(b)]. Finally, the layers are joined together by 
the large cesium ions that have an irregular eightfold 
coordination. The inter-atomic distances are sum- 
marised in Table V. 

FIG. 3. (a) The group of six idealized octahedra forming 
the basis of the octahedral structure; (b) the groups of Fig. 
3(a) join by common corners to give the sheets in the structure 
of Cs0.2sMoO+ 

Both of the molybdenum-oxygen octahedra are 
irregular. There are four MO(~)-0 distances between 

1.59 and 1.99 A, with two of 2.16 and 2.55 A, and 
three MO(~)-0 bonds ranging from 1.64 to 1.96 A 
with three further bonds between 2.14 and 2.19 A in 

\ I length. These large distortions of the octahedra are 

MUMME AND WATTS 
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TABLE V 

BOND LENGTHS (e.s.d.‘s in brackets) 

MO(~)-O(4) 
-O(5) 
-O(3) 
-O(2) 
-O(6) 

0(6)-O(4) 2 x 2.81 (5) 
-O(5) 2 x 2.95 (6) 
-O(3) 2 x 2.72 (6) 
4x2) 2 x 2.44 (5) 

ow0(5) 3.00 (6) 
0(4)-O(5) 2.52 (6) 
0(3)--O(4) 3.04 (6) 
0(2)-o(4) 3.70 (5) 

MO(~)-O(7) 
-O(l) 
4%) 
-O(6) 
4x2) 
-O(3) 

0(2)-O(6)’ 
-O(6) 
-O(7) 
-O(l) 

0(3)-O(6) 
4861 
-O(7) 
-O(l) 

G-O(6) 
-O(7) 
-O(7)’ 
-O(4)’ 
-O(5) 

1.59 (4) 
1.73 (5) 
2.55 (4) 
2.16 (3) 
2 x 1.99(4) 

1.64 (4) 
2.01 (7) 
2.19 (4) 
2.15 (4) 
1.96 (3) 
1.96 (4) 

2.44 (5) 
2.95 (5) 
2.69 (5) 
2.75 (8) 
2.80 (6) 
2.72 (6) 
2.83 (6) 
2.88 (8) 

2 x 3.19 (4) 
2 x 3.34 (4) 
2 x 3.07 (4) 
2.76 (4) 
3.34 (5) 

O(6)‘-O(6) 2.80 (5) 
O(6)‘-O(1) 2.74 (8) 
0(0-O(7) 2.96 (8) 
0(7)-O(6) 2.71 (6) 

caused by the repulsion ofthe highly charged molyb- 
denum atoms. Any adjacent pair of molybdenum 
atoms in a group of edge-shared octahedra would be 
separated by a distance of 2.7 A if the octahedra were 
perfectly regular. In the present case, the nearest 
neighbour MO-MO distances vary between 3.29 and 
3.90 A. The molybdenum atoms evidently prefer 
positions as far as possible from each other. The 
metal-oxygen distances are similar to those found 
in MoOJ (8) where the octahedral distances vary 
between 1.67 and 2.33 A, while the MO-MO 
distances are in good agreement with the values for 
all other reduced molybdenum oxides with oxidation 
numbers between 5.5 and 6 (9). The MO-MO and 
MO-O distances for this compound are compared 

with those of the two potassium molybdenum 
bronzes and the sodium molybdenum bronze 
NaO.,MobOl, (IO) in Table VI. It is seen that the 
tendency for the MO(~) atom in CS,,~,MOO~ to 
adopt a tetrahedral coordination is less marked than 
it is in the red potassium molybdenum bronze, and 
distortions in the MOO, octahedra are more com- 
parable with those in the blue potassium molyb- 
denum bronze. This can be ascribed to the stepping 
of the MO(~) octahedra on alternate sides of the 
group of four MO(~) octahedra, an arrangement 
which gives each MO(~) atom only four near neigh- 
bour MO(~) atoms. In the red potassium molyb- 
denum bronze, because the inter level octahedra 

n O(4) @ 

“\ 
\“a o(6) 

FIG. 4. (a) The eightfold coordination of Cs; (b) zigzag 
chains of Cs-0 polyhedra. 
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TABLE VI 

COMPARISON OF INTERATOMIC DISTANCES IN MOLYBDENUM BRONZES” 

Nearest Neighbour MO-Oxygen 
MO-MO Distances Distances 

Alkali Metal- 
Oxygen Distances 

- 

Csm~MoO~ 

Red molybdenum 
bronze, K0.26M003. 

Blue molybdenum 
bronze, K0.28M003 

3.29-3.90 
Mo(1) -t 

1.82 (4) 
2.35 (2) 3.16 (8) 

Mo(2) 1 
1.89 (4) 
2.17 (2) 

3.20-3.88 (1.89 (4) 
M0(1)12.48 (2) 2.81 (8) 

Mo(2) -I 
1.91 (4) 
2.16 (2) 

3.18-3.85 Mod;; ;;; 2.84 (7) 
3.02 (10) 

MO(~){ ;‘;; ;; ; ;; 

3.764.30 
(corner sharing only) MO(~){ ;‘;; I;; 2.56 (12) 

M”(2) -I 
1:87 (3) 
2.00 (3) 

MO(~){;‘;; I;; 

p Figures in brackets refer to the number of bonds included in the mean. 

are arranged in pairs, an additional repulsion is 
introduced; for example, each MO(~) is repelled by a 
near neighbour MO(~), as well as by four MO(~). 

The cesium ions lie in interlayer positions and 
are each bonded to eight oxygen atoms, six at the 
corners of a trigonal prism with Cs-0 separations 
of 3.20 (2), 3.34(2), and 3.08(2) A, with two further 
oxygen atoms situated through the centres of the 
two prism faces at distances of 3.34 and 2.74 A 
(Fig. 4). These polyhedra unite with a common edge 
to form zigzag chains similar to the coordination of 
potassium in the red potassium molybdenum 
bronze. 

Discussion 

The structure of the bronze described in this paper 
is similar in some respects to both of the potassium 
molybdenum bronzes, K0.26M003 and K0.28M003. 
The red potassium bronze has as a basic unit a 
cluster of six distorted Moo6 octahedra [Fig. 5(a)], 
interlocked by edge sharing to give Mo60Z2 stoichio- 
metry. Two K+ ions are associated with each cluster 
and two valence electrons per cluster have been 
incorporated into the structure. The basic unit of 
the blue bronze is a cluster of ten distorted MOO, 
octahedra made up of two groups of five [Fig. 5(b)] 

that are interlocked by edge sharing to give a 
Mo,~O~~ unit. There are three IS+ ions and hence 
three valence electrons incorporated per cluster. 
In both the red and the blue potassium bronzes, 
clusters are connected by corner sharing of octa- 
hedra through oxygens. However, CS,,.~,MOO~ is 
more closely related to the red potassium bronze, 
differing from it only in the manner in which the 
Mo( 1) octahedra are stepped on alternate sides of the 
groups of four MO(~) octahedra. This difference 
between the structures of the red potassium bronze 
and CSO.B Moo3 probably is the result of the larger 
Cs+ ion requiring more room in which to fit. 

FIG. 5. (a) Cluster of octahedra in K0.26M003; (b) cluster 
of octahedra in K0.Z8Mo0,. 
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In CS,,~~MOO~, as in other bronzes, a fraction ot 
the Mo6+ ions are reduced to give in the host frame- 
work electrons which provide charge compensation 
for the Cs+ ions, and thus allow the formation of a 
neutral crystal. It is probable that the electrons are 
not localized on any one MoS+ ion, but are free to 
move within the host framework. Furthermore, 
because of the extended edge sharing along [OlO] due 
to the alternate stepping of the MO(~) octahedron 
[Figure 3(b)], we feel that the compound may have a 
particularly high electrical conductivity in this [OlO] 
direction. We would expect the conductivity to be 
higher than in the potassium molybdenum bronzes 
where clusters are joined by corners only and there 
is no direction in which edge sharing is infinitely 
continued. Its conductivity may well approach that 
of the metallic-like MoOz (II), which has ex- 
tended edge sharing as a predominant feature of 
its structure. 

Stephenson and Wadsley (4) have already intro- 
duced the idea that large anions similar to the sub- 
unit of six octahedra, (Mo~O~~)~-, found to be 
common to both the discrete anions in the octa- and 
hepta- molybdates of the isopolyacids of molyb- 
denum might be present in the fused salt system 
K,Mo04-MOO, under reducing conditions. These 
polyanions would incorporate K+ ions into the 
lattice upon crystallisation from the melt. The 
formation of similar types of polyanionic species 
during the formation of the bronze KjT,,O,, from 
alkali titanate melts has also been suggested (12). 
The general similarities of the basic units of 
MOO, octahedra in the three bronzes K,,26M003, 
Ko.zsMo03, and CS,.~,MOO~ reinforces the idea 

that large anions may exist in the melts from which 
they crystallise. However, detailed differences 
between them are presumably determined by the 
conditions of electrolysis and the activity of the 
charged species in the melts. 
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