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The crystal of the titte compound 1s hexagonal, space group P6./m, with a = 10.62009), ¢ = 3.722(2)
A, and Z = 6. Couples of MoOQ; distorted octahedra, linked by edges, constitute, by repetitive edge
sharing along the ¢ axis, ribbons kept together in bundles by lateral corner sharing. These bundles,
by being packed together, generate tunnels where delocalized Cs atoms are inserted. The results
confirmed the previously found correlation between the Mo oxidation state and the distortion of the
coordination ‘‘octahedra’ and allow one to extend the correlation to the possible conduction properties

of the title compound and to those of structurally related oxides and bronzes.

Introduction

It 1s well known that in most molybdenum
oxides (and bronzes)} the oxygen coordina-
tion polyhedra are more or less distorted
octahedra and tetrahedra linked to each
other by corner and edge sharing (/-3).

In our previous paper (4) on the crystal
structure of bronze CsiMoy ¢cW 45),0, (1)
we found a correlation between v, the oxida-
tion state of the Mo atoms in that structure,
and £, the mean square root deviation of the
Mo-0O bond lengths, indicating the distor-
tion of the corresponding coordination octa-
hedra. The physical meaning of that correla-
tion is identified by the fact that extra
electrons from the alkali metal may occupy
the m* (Mo d(t,,)—O p) antibonding orbit-
als, thus destabilizing the Mo-0O double
bonds, increasing the corresponding bond
lengths, and reducing the distortions of the
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coordination *‘octahedra,”” while decreas-
ing the value of v.

The present study was prompted by the
observation that the title compound, al-
though having a composition very close to
that of 1 and having been prepared following
the same chemical route (see below), had
a powder diffraction pattern quite different
from that of 1.

Experimental

Two molybdenum bronzes with approxi-
mately the same Cs content have been re-
cently prepared by us: Cs(Moy W 45)-0;
() and Cs, ,MoO; (IT), the object of the
present work.

According to the method of Ref. (5), the
reaction leading to the generic cesium mo-
lybdenum bronze, Cs,MoO,, is
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xCsCl + (x/2) WO, + MoO, —
Cs,MoO; + (x/2) WO,CL,.

WO, is used as a reactant which limits the
coefficient x in the bronze, while CsCl is
used in excess (typically 30% to 50% in
€XCess).

In the case of I, the amount of W(}, used
was that necessary for obtaining a com-
pound with x = 0.25. However, a not-well-
defined Mo © W exchange reaction occur-
red and the obtained bronze shows a smaller
x-value, i.e., exactly x = 1/7,

In the present work a mixture of MoQ;,
CsCl] (in excess), and WO,, in the amount
necessary for obtaining x = 0.14, was heated
in a silica vial in a vacuum (10~* mbar) at
560°C for 6 days. The product, a mixture of
little dark blue crystals of bronze II and
white CsCl crystals was washed several
times with water to remove CsCl and then
dried. No tungsten was observed in the
bronze by electron microprobe. In order to
determine the value of x, an accurately
weighted sample of bronze {about 0.13 g)
was melted with a mixture of 0.5 g 99.999%
Alfa Ventron KNO; and 0.5 g99.9999% Alfa
Ventron K,CQO,. Then, after cooling, the
solidified mass was dissolved in water and
the resulting solution analysed by using
atomic absorption spectroscopy. The Cs
content was found to correspond to x =
0.14.

The diffraction experiment was carried
out on an Enraf-Nonius CAIM diffracto-
meter at room temperature, using graphite-
monochrgmated MoKa radiation (A =
0.71073 A). The intensities of 243 indepen-
dent reflections, obtained by averaging over
the measured 742 intensities {f > 3o), were
corrected for Lorentz, polarization, and ab-
sorption (¢ = 82.86 cm ™!, empirical correc-
tion) (6} and for extinction (g = 2.34 X 10~7).
Scattering factors for all the atomic species
and anomalous dispersions corrections for
scattering factors of nonhydrogen atoms
were taken from Ref. (7). The structure was
refined by full-matrix least squares. All the
calculations were performed on a PDP11/
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F1G. 1. Fourier difference map with F calculated on
the basis of the Mo and O atoms only. Section aty =
0. Electron density p is given as a function of x and z.
The continuous distribution clearly shows cylindrical
symmetry with respect to the 7 axis.

73 computer using the SPD-Plus Structure
Determination Package (8).

The structure, with the exception of the
cesium atom, was solved by direct and Fou-
rier methods and refined by least squares,
using an anisotropic model for the thermal
motion.

Results

The crystal is hexagonal (space group
P6,/m), with a = 10.620(9), ¢ = 3.722(2) A,
and Z = 6 for the formula unit Csy |, MoO;.
The @ and ¢ parameters were refined using
as observations the 26 positions of 25 Bragg
reflections measured on the diffractometer.
However they were originally determined
by taking long-exposure zero- and first-layer
precession photographs of three different
crystals. No extra spots or incommensurate
reflections were detected and no evidence
of a superlattice or of a modulated structure
was found.

The cesium atom clearly appeared delo-
calized in a Fourier difference map, whose
coefficients were calculated on the basis of
a model containing only Mo and O atoms
and with the electron density showing cylin-
drical symmetry about the ¢ axis (Fig. I).
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No convergence was obtained by refining
this model based only on those two atomic
species. In order to refine the structure by
least squares, we derived two models in
terms of a *‘localized’ Cs atom, since the
Fourier difference map showed that the con-
tinuous clectron density distribution along
the ¢ axis had, in fact, two very broad and
ill-defined maxima, the larger one (20 elec-
trons/A%) at (0, 0, }) (Wyckoff position 2a)
and the smaller one (18 electrons/A?) at (0,
0, 0y (Wyckoff position 2b).

While the procedure of refining these “‘lo-
calized cesium models’” was performed with
the aim of improving the precision of the
location of the Mo and O atoms, one should
keep in mind that, for both models, the re-
finement of the Cs atomic and thermal pa-
rameters (especially B(3, 3)) is only a useful
artifact and that here the reality is given
by the Fourier difference map showing the
continuous electron distribution due to the
“*delocalized’’ cesium atom. Thus, within
the stated meanings and limitations, two
models containing a ‘‘localized” Cs atom
were refined according to the indications of
the Fourier difference map. In Model A the
Cs atom was located at (0, 0, 1), while in
Model B it was set at (0, 0, 0). In both medels
an occupancy parameter for Cs was refined
from a starting value of 0.07, corresponding
to x = (0.14. A third model with the Cs atom
distributed between the two sites did not
converge, showing very heavy correlations
between thermal and occupancy parame-
ters. The final values of the conventional R
factor are about the same (0.047 and 0.045)
for the two models, while, more important,
the “*error of fit,”’ the estimated standard
deviation of an observation of unit weight, is
2.3 and 3.1 for A and B respectively. These
values for the error of fit clearly indicate
Model A as the ‘*best model,” in the sense
that it better represents the reality shown
by the Fourier difference map. It is interest-
ing to note that the Cesium 8(33) parameter
failed to refine in Model B (its value was
kept fixed at a value of 1.5 in the last least-
squares cycles), while it converged to a high
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value of 0.8 in A. In this connection one
should also note that in Model A the Cs
coordination number (C.N.) is 9, while in
Model B the C.N. has a less probable value
of 6. For model A the atomic fractional coor-
dinates and the isotropic equivalent thermal
parameters B are given in Table I and the
anisotropic temperature factors in Table II.
Here and in what follows, for the meaning
of the term ‘*delocalized’” and for the defi-
nition of the “‘localized Model A,”” one
should keep in mind the above considera-
tions and the parameters in Table I. In
Model A the Cs occupancy refined from the
starting value of 0.070 to 0.065(1), which
obviously correlates with the high value of
B, (= 16 A7), meaning that the true value
of the occupancy of site (0, 0, §) is proba-
bly smaller.

A list of the observed and calculated
structure factors for Model A has been sub-
mitted as supplementary material.

Discussion

A projection of the structure along the ¢
axis shows a close similarity with that of the
well-known hexagonal tungsten bronzes.
However, the linkage of the MoO, units of
approximate octahedral geometry is quite
different here (see Fig. 2). Couples of MoQ,
“*octahedra,’’ related to each other by inver-
sion centers and linked by edges, constitute,

TABLE 1

PosITIONAL AND ISOTRGPIC EQUIVALENT THERMAL
PARAMETERS (WITH ESTIMATED STANDARD DEvIa-
TIONS)

Atom X y F4 B(AY)
Cs 0 0 0.25 16(2)
Mo 0.64480(9) 0.10547(9) 0.75 0.30(D
Oy 0.504(7)  —02175(7) 025 0.7()
0O(2) 0.4198(8) —0.0789(7) 0.75 0.5(1)
03)  0.7339(8) 0.01108) 075  0.7(1)

Note. The refined Cs occupancy parameter is
0.065(1). Anisotropically refined atoms are given in the
form of the isotropic equivalent thermal parameter.
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TABLE IT
ANISOTROPIC TEMPERATURE FACTORS (IN ,342)

Atom B(1, 1) B(2, 2  B(@,3) B(l, 2) B(1,3) B2, 3
Cs 1.10(6)  B(l, I}  44(6) —B(1, )R 0 0
Mo 0.220)  B{U, 1) 02155 -—B(1, D2 0 0
oy 0.3(1) B(l,1) 133  -B(, H2 0 0
oy 0.1 B(l, 1) 103 B, D2 0 0
o3y 0.201) B(1,1) l&&  —Bd, D2 0 0

by repetitive edge sharing along the c-axis,
ribbons kept together in bundles by lateral
corner sharing. Within the ribbons the coor-
dinating Mo atoms form chains of trans con-
formation with Mo-Mo distances of
3.324(1) A. The bundles, by packing to-
gether, generate tunnels where the delocal-
ized Cs atoms are inserted, so that a continu-
ous clectron density distribution is present
in them. In Model A nine oxygen atoms are
coordinated by a Cs atom, three at z = 1
(R, = 2.886(5) A), three at z = %, and three
at z = —31 (R, = 3.434(5) A). The oxidation
number v of Cs is 1.21, which can be com-

Fic. 2. A view of the structure along the c axis,
showing both corner and edge sharing of the dis-
torted Mo-coordination octahedra. The Cs atoms
are “‘delocalized” inside tunnels of hexagonal sym-
metry.

pared with the corresponding value of 1.15
(C.N. = 10) found in I and with that of 1.08
which can be calculated for the cesium mo-
lybdate Cs,;Mo;0,, (9). While the discrep-
ancy from the expected value of 1 may in
part be due to the semiquantitative nature
of the parameters R and N used in Brown’s
formula s = (R/R,)"V, where R, = 1.882 A
and N = 6, it may also reflect the ‘‘uneasi-
ness’” suffered by the Cs atoms in Model
A where the position (0, 0, §) has three O
neighbors at a distance of only 2.886 A (see
above). This *‘uneasiness’” may well be the
cause of the observed delocalization of Cs
in the structure.

The Mo-Meo and Mo-0O crystallographi-
cally independent distances are given, for
Model A, in Table IIl, together with the
relevant values of the corresponding bond
strengths calculated on the basis of Brown’s
formula (/0). In the crystallographically in-
dependent ‘‘octahedron’ two Mo-0 dis-
tances are very large (>2.2 A) and, in fact,
the coordination geometry can also be de-
scribed by a tetrahedron. In Fig. 3 a couple
of edge sharing “*octahedra’ are shown with
the outlines of the corresponding tetra-
hedra.

Bond strength calculations (/0) give for
the oxidation number, v, of the Mo atom
the value reported in Table II1. These results
confirm the previously found (#) correlation
between the valency state v and £, the mean
square-root deviation, assumed as an index
of distortion of the coordination polyhedra.
In fact in 11 there is an additional cause of
distortion, this being the relative shift, de-
termined by repulsion, of the two Mo atoms
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TABLE III

MoODEL A: Mo—Mo aND Mo-0 INTERATOMIC DISTANCES (R IN A) AND
Mo-0O BoND STRENGTHS (5)°

R 5

Mo-Mo’ (repeat distance along the ¢ axis) 3.722(2)
Mo-Mo” {through edge sharing) 3.324(1)
Mo-Mo™ (through corner sharing in the ab plane) 4.005(2}
Mo-0(1} 2.372(6) 0.249
Mo-0(1") 1.707(5} 1.796
Mo-0(2) 2.205(6) 0,388
Mo-0(2) =2 1.955(2) 1.592  (0.786 x 2)
Mo-0{3} 1.689(6) 1.8
{(Mo-0j,, = 1.981

£ =0.270 v=2Zs5= 592

“5 = (RIR,)"™ R, = 1882, N = 6 (I0).

belonging to adjacent edge-sharing *‘octahe-
dra” (Fig. 3). Indeed the crystallographi-
cally independent ‘‘octahedron” in 11 is sig-
nificantly more distorted than the five
independent “*octahedra’ in I. In Fig. 4 the
distortion values £ vs. the oxidation number
v are reported for the mentioned ‘*octahe-
dra> of I and II as well as for those of

Fi16. 3. Two edge-sharing ““octahedra’ with the out-
lines of the corresponding tetrahedra of the shortest
Mo-0 distances.

v-Mo,0,, (/1) and those of the K- and
Rb-Mo blue bronzes (12, 13). It may be
interesting to note that, in the figure, points
a, d, and h, corresponding to ‘‘octahedra”
directly linked to tetrahedra by corners are

0.30 T
n
¢
0.20+
g
0.10 v Blue Bronzes
o y-Moys0py
°c » Bronze (I) and
Bronze (1I) (point n}
0'09.00 5.20 5.40 5.60 5.80 6.00
v

F1G. 4. Distortion values £ (see text) vs Mo oxidation
number v for coordination octahedra in y-Mo,0,, {11]
{points a, b, ¢), in I (points d, ¢, f, g, h), and in K-
and Rb-Mo blue bronzes (73} (points i, I, m). The
point corresponding to the Mo octahedron of the title
compound is indicated by the letter n. The coefficient
of correlation R = 0.931 is obtained for the solid line
when points a, d, and h are excluded from the regres-
sion procedure. The R value for the dashed line, where
all the points are used in the regression, is 0.776.
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outlyers, showing the largest deviations
from the “*best-fit”’ straight line through the
reported points. Indeed the value of the co-
efficient of correlation is R = 0.776 for the
12 points reported in the plot, while the coef-
ficient increases to R = (.931 when points
a, d, and h are excluded from the regres-
sion procedure.

The Mo-O distance (1.955 A) in the chain
along the ¢ axis (Table III) is very close to
the critical overlap distance (smaller values
allow Mo (d,,) —O (p7) overlap) found {/2,
13) for the K blue bronze, thus indicating
that, through this route, only small conduc-
tion, if any, is possible. In the ab plane no
conduction is possible, based on Mo-0O
bonds, since in that plane one can see only
sequences of short and very long (>2.2 A)
distances. The shortest Mo-Mo distance
(3.324 A, through the edge shared by two
adjacent coordination ‘‘octahedra’) is too
large for any significant metal-metal inter-
action. In conclusion, only a small one-
dimensional conduction in the Mo-O-Mo-
O- chain along the ¢ axis seems possible in
the title compound on the basis of its
structure.

Conclusions

It is well known that metallic conduction
in these materials can be attributed to the
presence of electrons in the 7* antibonding
orbitals (/) and therefore the correlation be-
tween € and v can be extended to the con-
duction properties. Indeed the smallest dis-
tortions are shown by y-Mo,Oy,, a well-
known bidimensional metallic conductor
(11), while the blue bronzes are known to
be quasi-one-dimensional conductors show-
ing a transition to a semiconductor state (12,
13). In the latter materials most of the Mo
4d electrons are located in two Mo sites,
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those corresponding to points 1 and m in
Fig. 4, while only a smali portion of those
electrons are located at the third crystallo-
graphically independent Mo site, corre-
sponding to the highly distorted “‘octahe-
dron” represented by point i. Point n,
corresponding to the Mo coordination *‘oc-
tahedron™ of the title compound, is even
more distorted and characterized by a
higher value of v.
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