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The crystal structure of Cs(Moyg ¢5W ¢5)70,; has been determined from a single-crystal X-ray diffraction
experiment. The crystal is orthorhombic (space group Pnma), with a = 17.638(5), b = 5.448(1), ¢ =
17.945(7)A, and Z = 4, for a formula unit Cs(Moy ¢sWy 45)70,;. The intensities (I) of 1431 reflections,
for which I > 3¢(I), were considered observed. The structure was solved by direct and Fourier methods
and refined by least squares to a value of 0.019 for the conventional R factor. It is based on the corner
sharing of molybdenum coordination polyhedra, forming chains of five very distorted ‘‘octahedra’ and
two terminal tetrahedra. These chains, similar to those found in the structures of y- and »-Mo,0,;,
pack to form a three-dimensional network, thus generating voids in which the Cs atoms are located

with a coordination number of 12.

1. Introduction

Many transition-metal oxides of the type
MO, _, and so-called bronze oxides of the
type A MO, (A is typically an alkali-metal
atom) show metallic conduction, based on
partial filling of a #* band with a strong
d character derived from the d orbitals
of the transition metal (/). When the
transition metal is molybdenum the con-
ductive features of this class of com-
pounds seem to depend on the effective
charges of the transition-metal atoms
and therefore on the Mo-O distances in
a sensitive way. For this reason accurate
refinements of the crystal structures are
required, when correlations are sought
between those effective charges and the
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conduction properties of these
pounds.

The structures of most molybdenum ox-
ides are based on the linking of oxygen-dis-
torted coordination octahedra and tetrahe-
dra by corner and edge sharing. In the
bronze oxides insertion of metal A may
modify the type of linking. Three basic types
of linking have been found: one essentially
based on edge sharing, as found, e.g., in
MoO; (2), one characteristic of the struc-
tures of compounds of general type Mo,
O,,_,, derived from that of ReO, by crystal-
lographic shearing (3), and a third one based
on corner sharing of octahedra and tetrahe-
dra, found, e.g., in y-Mo,0,, (¢) and in »n-
Mo,O,; (5). The present study started when
a Cs—Mo bronze oxide, prepared by a new

com-
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TABLE I

PosSITIONAL AND ISOTROPIC EQUIVALENT THERMAL PARAMETERS WITH THEIR
ESTIMATED STANDARD DEVIATIONS. MULTIPLICITIES ARE ALSO GIVEN

Atom X Y z B(AY Multiplicity
Cs 0.13276(3) 0.250 0.60728(3) 1.86(1) 0.50
Mol 0.33855(4) 0.250 0.95066(4)  0.69(1) 0.50
Mo2 0.04283(3) 0.250 0.37597(3) 0.48(1) 0.54
Mo3 ~0.04932(4) 0.250 0.76688(4) 0.55(1) 0.50
Mo4 0.43111(3) 0.750 0.59379(3) 0.62(1) 0.54
Mo5 0.35314(3) 0.250 0.47381(4)  0.51(1) 0.50
Moé 0.15876(3) 0.250 0.829153)  0.390(8) 0.63
Mo7 0.27441(4) 0.750 0.74841(4) 0.57(1) 0.50
01 0.2678(3) 0.250 0.8816(3) 1.3(1) 0.50
02 0.2006(3) 0.750 0.5370(3) 1.3(1) 0.50
03 0.1026(2) 0.4849(8)  0.4423(2) 1.18(7) 1.00
04 0.0367(4) 0.750 0.5717(3) 1.5Q1) 0.50
05 -0.0231(2) 0.0028(8)  0.6859(2) 1.39(8) 1.00
06 0.0782(3) 0.250 0.7735(3) 0.9(1) 0.50
07 —0.1433(3) 0.250 0.7510(4) 1.6(1) 0.50
08 —0.0427(2) 0.00138)  0.8360(2) 1.26(7) 1.00
09 0.5152(3) 0.750 0.5466(3) 1.0(1) 0.50
010 0.3778(2) 0.5023(8)  0.5377(2) 1.08(7) 1.00
ol11 0.2572(3) 0.250 0.4792(4) 1.5(1) 0.50
012 0.3624(2) 0.4978(8)  0.3894(2) 1.197) 1.00
013 0.2130(2) 0.4892(8)  0.7561(2) 1.09(7) 1.00
014 0.3219(3) 0.750 0.6632(3) 1.1(1) 0.50
015 0.1603(3) 0.250 0.3208(3) 1.3(1) 0.50

Note. Anisotropically refined atoms are given in the form of the isotropic equivalent

thermal parameter defined as

$1a*B(1, 1) + ¥*B(2,2) + c?B@3,3)

+ abcosyB(l,2) + accos BB(1,3) + b ccosaB(2,3).

method (6), showed a powder diffraction
pattern different from all those expected for
previously determined structures of this

type (1).

2. Experimental

During the preparation of bronze oxides
by a general method (6), based on the heat-
ing in a vacuum of mixtures of a metal ha-
lide, WO,, and a transition-metal oxide, a
small amount of crystals of the title com-
pound was obtained, according to the reac-
tion scheme

xCsCl + x/2 WO, + MoO;,
i CSXMOO3 + x/2 W02C12 T .

WO, was used in the amount necessary
for obtaining a compound with x = 0.25.
The result of this attempt was a partial ex-
change Mo<W (see below) and the forma-
tion of Cs(Mog osWy 5)70,;, With x = 0.14.

The crystal is orthorhombic (space group
Pnma), with a = 17.638(5), b = 5.448(1), ¢
= 17.945(7)A, and Z = 4, for a formula unit
Cs(Mo0yg 95sW,.05)701; -

A total of 4387 reflections were measured
(MoKe) by the w-scan technique on a CAD4
NONIUS X-ray four-circle diffractometer
and were corrected for Lorentz, polariza-
tion, and absorption effects. Out of 2664
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TABLE II
GENERAL TEMPERATURE FACTOR EXPRESSIONS—BS.

Name B{,1) BQ2,2 BG,3 B(d,2 B(,3)  B23)
Cs 2.632)  1752) 1.22Q) 0 0.29(2) 0
Mol  0.75(2) 0.74(2)  0.59(2) 0 0.03(2) 0
Mo2  0.622) 0.452) 0.37(2) 0 0.04(2) 0
Mo3  0.56(2) 0.452) 0.652) 0 —0.06(2) 0
Mo4  0.57(2) 0.87(2) 0.44(2) 0 0.04(2) 0
MoS  0.58(2) 0.392)  0.55(2) 0 ~0.00(2) 0
Mo6  0.392) 0.42(2) 0.36(2) 0 0.02(1) 0
Mo7  0.56(2) 0.61(2) 0.54(2) 0 0.07(2) 0
o1 L1Q) L1 17Q) 0 —0.62) 0
02 1.82) 153 082 0 ~0.32) 0
03 L3 1200 LD —0.1(1) 0.0()  —0.3(1)
04 1.8Q) 120 1.6Q2) 0 0.3Q2) 0
05 LA 112 1620  -022) —0.01)  —0.0Q)
06 082) 092 1.1 0 ~0.2(2) 0
07 102 2203 170 0 ~0.5(2) 0
08 L4 120 120 —0.0(1) 0.2(1) 0.12)
09 142) 072  0.8Q2) 0 0.2(2) 0
010 120 1.4Q)  06(1)  -03(1) —0.11)  —0.0(1)
ol1 0.82) 1.83) 1.9 0 0.0(2) 0
o12 L4 1.42) 0.8 0.1(1)  —0.1(D) 0.2Q2)
013 L0y 1.0 1200 0.0(1)  0.0(1) 0.3Q2)
014 L1Q)  1.4Q) 080 0 0.42) 0
015 152 13Q) 1.2 0 —0.0Q) 0

Note. The form of the anisotropic thermal parameter is

exp[—1% (3B, 1) + BB, 2) + PEBG, 3)

* ¥
+ 2hkabB(1,

independent reflections, 1431 intensities
were found larger than 3o and, on this basis,
were considered observed. The structure
was solved by direct and Fourier methods
and refined by least squares to a value of
0.019 for the conventional R factor.

The atomic fractional coordinates and the
isotropic equivalent thermal parameter val-
ues are given in Table I and the anisotropic
temperature factors in Table II. A list of
observed and calculated structure factors
has been submitted as supplementary ma-
terial.

A projection of the structure along the b
axis is presented in Fig. 1.

At the end of the least-squares refinement
we found for the occupancies of three Mo

2) + 2hiEEB(L, 3) + 2kbEB(2, 3))]

sites (Mo(2), Mo(4), and Mo(6), see Table I)
values larger than 0.5. (This value takes into
account the multiplicity factor due to the
site symmetry). In particular, for Mo(6), the
refinement occupancy parameter is 0.63, a
value very significantly higher than 0.5. This
result can be explained by the statistical
presence of W atoms in this site (see above),
as confirmed by the microprobe analysis of
many crystals belonging to the same batch
of the crystal used in the diffraction experi-
ment, and by the fact that the Mo(6) iso-
tropic thermal parameter (B = 0.39 A2) is
significantly smaller than the others. Unfor-
tunately it was not possible to perform the
microprobe analysis on the particular crys-
tal used in the structural analysis, since it
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F1G. 1. Projection of the structure along the b axis of the orthorhombic unit cell.

was lost soon after the diffraction experi-
ment, while undergoing the preparatory ma-
nipulations in the SEM laboratory.

3. Results

The crystal structure is based on the cor-
ner sharing of molybdenum coordination
polyhedra (tetrahedra and octahedra), form-
ing chains of five octahedraand two terminal
tetrahedra (See Fig. 2, and Table III).

All these polyhedra are distorted and their
approximate symmetry is T, for Mo(1) and
Mo(7), Cs, for Mo(2), Mo(3), Mo(5), and
Mo(6), and C,, for Mo(4), the distortion be-
ing much more severe in the case of the five
octahedra.

The chains of polyhedra are linked in cou-
ples by corner sharing of four octahedra and
the couples are bound to each other by the
coordination tetrahedra of Mo(1) and Mo(7)

(hereafter the coordination polyhedron of
Mo(n) will be referred to as the Mo(n) poly-
hedron) (Fig. 2).

The Mo(1) tetrahedron bridges the Mo(2)
and the Mo(6) octahedra and the Mo(7) tet-
rahedron shares corners with the latter two
octahedra and with the Mo(4) octahedron.

The couples of chains, due to the periodic-
ity along the b axis, generate infinite slabs
whose inner cores have a very distorted
ReO; type of structure (Fig. 3). As shown in
Fig. 1, the resulting three-dimensional net-
work of coordination polyhedra creates
voids in which the Cs atoms are located with
a coordination number (C.N.) = 12,

4. Discussion

The structure of the title compound may
be related to those of y-Mo,0,; (4), and -
Mo,0,; (5), these oxides being also formed
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c

a‘

F1G. 2. Projection along the b axis of a couple of
chains of coordination polyhedra with labeling of the
Mo atoms.

by chains of corner-sharing polyhedra (six
octahedra and two final tetrahedra). Indeed
the similarity between the three structures
is strong and the following matrix notation
fairly accurately represents the transforma-
tion from the unit cell of y-Mo,0,, or from
that of the strictly related n phase (5) to that
of the present crystal.

a' 172 0 -2 [a
bl =] 01 0 b
¢’ 12 0 2| |ec

The similarity is not only formal, since
also in y-Mo,0,; and in 1n-Mo,O,, slabs of
ReOs-type coordination polyhedra run par-
allel to the b axis (b = 5.45 A for the three
crystals). However, in the two oxides the
slabs are not based on couples of chains as
in the title compound. They are based on
sets of parallel chains and have infinite ex-
tension also in the ¢ axis direction, thus con-
stituting layers normal to [100].

Thus the present crystal structure can be
described as a deformed y-Mo,O¢; (or n-
Mo,0,,) structure with wide tunnels running

parallel to the b axis and accommodating
the cesium atoms in sites of C.N. = 12. One
can describe this deformation as a two-step
process (Fig. 4):

(i) the cesium atom, when entering the
structure, is included at the end of a couple
of chains that open like a zip-fastener;

(ii) these deformed couples pack together
in order to obtain the maximum number of
oxygen atoms bridging them and a maxi-
mum coordination number (C.N. = 12) for
Cs.

This possible deformation mechanism,
allowing the insertion of Cs atoms, is in
agreement with the most distinctive feature
of this structure, i.e., the particular bridging
action of one of the two terminal tetrahedra,
linking not only two different chains but also
two octahedra (Mo(2) and Mo(4)) belonging
to the same neighboring chain. In this way
this bridging action favors the formation of
the parenthesis shape characteristic of these
polyhedra chains.

Thus the structure of the title compound
is based on the third type of linking of coor-
dination polyhedra mentioned in the Intro-
duction. This type of linking was never
found in W oxides of similar stoichiometry
and was reported only in structures in which
at least one of the Mo atoms has its oxidation
number in the range 5.0 to 5.8.

In this respect it is interesting to note that
in the hexagonal Cs molybdenum bronze of
similar composition (Cs, ,M00,), also stud-
ied by us (7) and where no Mo atom has an
oxidation number less than 5.85, the struc-
ture is based on both corner and edge-shar-
ing of MoOg octahedra.

Bond strength calculations (8) based on
the formula s = (R/R,)~~, where R, = 1.882
A and N = 6, give for the oxidation num-
bers, v, of the Mo atoms in the asymmetric
unit (a single chain) the values reported in
Table IV. Consideration of this table and
of Table I1I, where the mean square-root
deviation ¢ is taken as an index of deforma-
tion of a coordination polyhedra, suggests a
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TABLE III
COORDINATION DISTANCES

Average M-O
M-0O @&y

Tetrahedron Mo-01 1.758(6) 1.756

Mo(1) Mo-02 1.696(6) (0.042)
Mo-03 x 2 1.785(5)

Octahedron Mo-03 x 2 2.041(4)

Mo(2) Mo-04 1.688(7) 1.945
Mo-05 x 2 1.803(5) (0.223)
Mo-015 2.296(7)

Octahedron Mo-05 x 2 2.034(5)

Mo(3) Mo-06 2.251(6) 1.947
Mo-07 1.683(6) (0.200)
Mo-08 x 2 1.841(5)

Octahedron Mo-08 x 2 1.917(5)

Mo(4) Mo-09 1.708(6) 1.949
Mo-010 x 2 1.928(4) (0.189)
Mo-014 2.293(6)

Octahedron Mo-09 2.351(6)

Mo(5) Mo-010 x 2 1.842(4) 1.965
Mo-011 1.683(6) (0.232)
Mo-012 x 2 2.035(5)

Octahedron Mo-01 2.142(6)

Mo(6) Mo-06 1.738(6) 1.936
Mo-012 x 2 1.788(5) (0.183)
Mo-013 x 2 2.081(4)

Tetrahedron Mo-013 x 2 1.792(4) 1.766

Mo(7) Mo-014 1.744(6) (0.030)
Mo-015 1.736(7)

Polyhedron Cs-02 %X 2 3.2314)

Cs Cs-03 x 2 3.268(5)
Cs-04 x 2 3.271(4) 3.265
Cs-05 x 2 3.371(4) (0.067)
Cs-06 3.134(6)
Cs-011 3.186(7)
Cs=013 x 2 3.291(5)

¢ ¢ is the mean square root deviation, assumed in the text as an
index of distortion of the coordination polyhedra.

correlation between ¢ and v, with the small-
est values found for atom Mo(4) (0.189 and
5.64, respectively) in the middle of the
chain. The apparent violation observed for
Mo(6) (with £ and v values of 0.183 and 5.89)
can possibly be explained by the important
presence of W in this site (See the Experi-
mental section).

Similar structures, based on chains of cor-

ner-sharing polyhedra or on more or less
extended slabs of the ReO; type are given
by the purple bronzes K, Mo0;; (9) and
Lig ¢MocO,; (10), where the basic chain is
formed by four octahedra and one terminal
tetrahedron, and by Dy ooM00O; and 8'-MoO;
studied by neutron diffraction (/7). In all
these structures the oxidation number of at
least one Mo atom is significantly smaller
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FiG. 3. Slab of coordination polyhedra showing the
distorted ReO; type of structure. The vertical direction
is parallel to the b axis.

than 5.8. In the case of the purple bronzes,
the correlation between ¢ and v is also veri-
fied, with the smallest values found in the
middle of the chains. This appears to be a
general rule (See also the cases of y- and 7-
Mo,0,,) (¢, 5) and one may speculate on its
relevance to the well known fact that the
conduction properties of some of these ma-
terials are associated with the low oxidation
numbers of the Mo atoms in the middle of
the slabs formed by polyhedra chains.
Thus, not considering the ‘‘special’’ case
of Mo(6) (see above), the less distorted octa-
hedron in the chain is that of Mo(4), showing
an approximate symmetry C,v. In this re-
spect it is worthwhile to note that the ther-
mal ellipsoid of atom Mo(4) is strongly ani-
sotropic, with its longest axis parallel to b
(B(2, 2) = 0.87 A%, while for all the other
Mo atoms the anisotropic thermal parame-
ters are very close to each other. This fea-
ture may possibly be explained by a ten-
dency of Mo(4) to distribute itself between
two almost tetrahedral sites along a direc-
tion parallel to the b axis, as if it were trying
to leave its “‘regular’’ octahedral position.
This explanation can be proposed if one
takes into account the fact that molybdenum
often shows in oxygen compounds a ten-

dency toward tetrahedral coordination, as
pointed out by Kihlborg (2) and confirmed
by our own results and by those obtained by
others for comparable structures (¢, 5, 8, 9),
where the tetrahedra are much less distorted
than the octahedra.

The average Cs—O distance is 3.265 A
(C.N. = 12) in very good agreement with
the value of 3.269 A found in cesium penta-
molybdate, Cs,Mo50,4 (12), for a compara-
ble coordination number of 10, but signifi-
cantly longer than the value of 3.125 A
(CspsM00;, C.N. = 8) (I3), 3.16 A

FiG. 4. (a) Two parallel chains in a structure similar
to that of n- or y-Mo4O,, with the arrow indicating the
direction along which the two slide relative to each
other before opening like a zip-fastener for accommo-
dating a Cs atom. (b) A Cs Atom inserted at the end of
a couple of chains. (c) Two couples of chains pack
together forming bonds as indicated by the arrows, in
order to maximize the number of bridging oxygen
atoms and the coordination number of cesium (C.N. =
12).
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TABLE IV

COORDINATION BOND STRENGTHS? AND OXIDATION STATES (v)
OF THE Mo AToMS

Mol Mo2 Mo3

Mo4 MoS Mo6 Mo7

01
02
03 x 2
04
05 x 2
06
07
08 x 2
09
010 x 2
011
012 x 2
013 x 2
014
015

v 6.12

1.51
1.87
1.37 0.61
1.92
1.29  0.63
0.34
1.96

1.14

0.30

6.02 5.84

0.46

1.61

0.90
1.79
0.87

0.26
1.14
1.96
0.63 1.36
0.55 1.34
1.58
1.62

5.88

0.31

564 576 5.89

“ Calculated on the basis of the Brown’s formula s; = (R,/Ry) ",
where Ry = 1.882 Aand N = 6 (8). v = Z ;.

(CsgsM00;, C.N. = 8) (I4), and 3.221 A
(Cs,Mo0,0,,, C.N. = 9) (I12) found for
smaller coordination numbers.

5. Conclusions

It is well known that in any MoOg unit
six hybrid metal orbitals overlap with six
orbitals of the oxygen atoms to give a set of
six bonding o and six antibonding o* orbit-
als, while three metal 4d(z,,) orbitals overlap
with three oxygen pm orbitals, forming
bonding 7= and antibonding #* orbitals.
These 7 bonding orbitals are responsible
for the possible formation of localized
Mo-0 double bonds leading to distortion of
the coordination polyhedron from its ‘‘regu-
lar” O, symmetry. When Mo is in a lower
oxidation state this distortion can be partly
relieved by the extra electrons filling the
7* antibonding orbitals and thereby opening
some of the Mo-0 double bonds, giving rise
to a more regular octahedron. This is the

case of the Mo(4) octahedron in which only
one Mo-0O distance is shorter than 1.9 A,
while in all the other MoOg units in the chain
there are three very short Mo—O distances
leading to distorted octahedra of approxi-
mately symmetry C,,.

This is a possibly interesting consider-
ation, giving a physical basis to the observed
correlation (see Discussion) between the
distortion parameter, £, and v, the oxidation
state of a given Mo atom in a MoOq unit. In
this connection it is worthwhile to note that
the electrons in the 7* antibonding orbitals
are also those responsibie for the conduc-
tion properties of some of these materials.
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