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standing, with a simultaneous decrease in the strength of the
8(Zn-H) and »(CO) bands in the IR spectra. These spectra and
the elemental analysis suggest the zert-butoxy groups remained
intact in the solid. This evidence, along with the presence of
metallic copper on the walls of the reaction vessel, implicates a
reduction of the Cu(I) species with the simultaneous release of
carbon monoxide.

Because Tsuda et al.!! had shown that PPh; would displace CO
from [(CH;);COCu(CO)],, we thought that the phosphine com-
plex might not dissociate when combined with the alkoxyzinc
hydride. Hydride transfer had been reported between
[(CH,);COCu(PPh,)], and HZnO(CH,),NMe,.® The reddish
orange copper compound produced from 1 and [(CH,);COCu-
(PPh;)], showed the presence of a hydride and a PPh; in the 'H
NMR spectrum. If similar hydride transfer from zinc to copper
were to have happened with 1 and [(CH;);COCu(CO)],, CO
would be displaced and the resulting alkoxycopper hydride might
undergo an internal redox reaction giving the observed copper
metal and tert-butyl alcohol.

Acknowledgment. We are grateful to the Cornell University
Materials Science Center and the Department of Chemistry for
financial support and to the National Institutes of Health for major
equipment grants (No. DHHSO8SORR02002A) for the NMR
spectrometer and the mass spectrometer (No. RR03520).

Registry No. 1, 119656-28-9; [(CH,);COCu(PPh;)],, 79811-70-4;
[(CH,),COCul,, 60842-00-4; [HCuPPh,]s, 33636-93-0; [(CH,),CO-
Cu(CO)]s, 85479-93-2.

Contribution from the Laboratoire de Chimie Théorique,!
Batiment 490, Université de Paris-Sud,

91405 Orsay, France, and Department of Chemistry,
North Carolina State University,

Raleigh, North Carolina 27695-8204

Crystal Symmetry Governing the Metallic vs Semiconducting
Properties of Cesium Molybdenum Bronzes Cs, MoO; (x =
0.25, 0.33)

Enric Canadell** and Myung-Hwan Whangbo*$

Received November 2, 1988

Alkali-metal molybdenum oxides have three well-characterized
phases:! blue bronzes Ag;M00s;,2 purple bronzes AggMogO;;,’
and red bronzes Aj;3;Mo00;.# At room temperature, the blue and
purple bronzes are metals while the red bronzes are semicon-
ductors. Recent band electronic structure studies>® have shown
that the red bronzes Ag3;;Mo00; (A = Li, K, Rb, Cs, Tl) are
regular semiconductors, which have a band gap as a consequence
of the O-Mo-O bond alternations in their crystal structures.
Cesium molybdenum bronze Csg,sM0oO;’ does not belong to any
of these molybdenum bronze classes but is closely related in
structure to the red bronze Csg33M00;.* However, our band
structure calculations® predict Cs;,sM00Oj; to be a pseudo-one-
dimensional metal. In this note, we report how and why the two
cesium bronzes Csg 33M00; and Csg;5sMoQ; differ in their elec-
tronic structures concerning the metallic vs semiconducting
properties.
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Figure 1. Bottom portion of the t,-block bands calculated for (a) the
MogO; layer 4a of Csg33M00; and (b) the MogO g layer 4b of Csg ys-
MoOQ,. The wave vectors T, ¥, and Z are defined as T = (0, 0), Y =
(6*/2,0), and Z = (0, ¢*/2), where the reciprocal vectors b* and c* are
related to the repeat vectors of the MogO,5 layer defined in 1 and 4.

The crystal structures of Csg 33M00; and Csy ,sM0O; may be
constructed by beginning with the Mo,Qy chain 1, which is made
up of corner-shared MoOg octahedra. The MozO,4 chains 2a
and 2b are obtained by adding extra MoOg octahedra (i.e., the
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views of 2a and 2b along the chain direction, respectively. The
MogOy; layers 4a and 4b are derived from the MogO,, chains 3a

and 3b, respectively, upon sharing the octahedral edges and
corners. [t is the MogO,g layers 4a and 4b that are found in
Csg33M00; and Csg,5M00;, respectively. In both bronzes, the
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MogO ;g layers are separated by the layers of Cs* ions. Thus,
Cs013M00; and Csg,5M00; differ essentially in the way the hump
octahedra (i.e., those shaded in 2-4) are added to the Mo,0, chain
1. The chains 2b of Csy,5sM00; have a symmetry element of 2-fold
screw rotation, while the chains 2a of Csy33;M00; do not.

The bottom portion of the t,,-block bands caiculated for the
MogO 5 layer 4a of Csy33M00,° is shown in Figure 1a, and that
for the MogO,5 layer 4b of Csy,5M00Q; is shown in Figure 1b. In
Figure 1, the ty,-block bands are represented primarily by the
orbitals of the M0,0y chains 1, which are common to 2a and 2b.
A detailed analysis of the nature of such bands in Csg3;M00; and
Lig33M00; has already been given elsewhere.S Note that the
bands of 4b are paired up (Figure 1b), while this is not the case
with the bands of 4a (Figure la). This difference, essential for
the semiconducting properties of Csg33;M00;, originates from the
fact that the chain 2b has a 2-fold screw rotation but the chain
2a does not.

Figure 1 shows that the layer 4a leads to a band gap but the
layer 4b does not. From the viewpoint of the electronic energy
stabilization associated with a band-gap opening, therefore,
Cs33M00; (which has two electrons to fill the ty,-block bands)
would be expected to adopt the layer structure 4a instead of 4b,
as found experimentally. To obtain a cesium bronze Cs,MoO,
having the layer structure 4b, it would be necessary to have less
than two electrons to fill the bands, thereby removing the possibility
of electronic energy stabilization by a band gap opening at the
zone edge. That is, a cesium bronze Cs,MoO; with the layer
structure 4b would be more accessible for x smaller than !/;. This
is consistent with the original observation of x = 0.25 by Mumme
and Watts” and may be one of the reasons their phase has not
been reproduced so far.'?

Figure 1b suggests that any cesium molybdenum bronze
Cs,MoO; (x < '/;) consisting of the MogO5 layers 4b would be
a pseudo-one-dimensional metal and hence would exhibit a charge
density wave phenomenon. It will be of interest to characterize
the physical properties of Csgy,5M00;.
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