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°C) in 46% yield.® The analogous gallium compound
[Me,Ga(u-Sb-t-Buy)]; (2) has been prepared in 74% yield
by a virtually identical procedure.’

X-ray analysis® revealed that 1 and 2 are both trimeric
in the solid state. The six-membered rings of both com-
pounds adopt a distorted twist-boat conformation that is
devoid of symmetry. The structure of 1 is illustrated in
Figure 1. Atoms In(1), Sh(2), Sb(3), and In(3) of 1 are
approximately planar, and In(2) and Sb(1) lie 0.494 and
1.243 A out of the idealized plane respectively. As ex-
pected, there is a significant variation in the endocyclic
bond angles, particularly at antimony. The average en-
docyclic bond angles at In and Sb are 106.94 (5)° and
121.64 (6)°, respectively, in 1. The In-Sb bond lengths in
1 vary from 2.822 (1) to 2.889 (1) A. The average In—-Sb
bond length of 2.855 (2) A compares with that of 2.844 (1)
A in [(¢-Bu,Sb)(Cl)In(u-Sb-t-Buy,)],, the only other struc-
turally authenticated organometallic indium stibinide.*
Both values are close to the sum of covalent radii for In
and Sb (2.84 A) and somewhat larger than the bond dis-
tance in InSb (2.805 A).

Films of InSb have been grown on Si(100) wafers from
precursor 1 in a horizontal hot-wall reactor.” The tem-
peratures of the saturator and deposition zones were 125
and 450 °C respectively, and H, (10 Torr) was employed
as the carrier gas. Growth rates were ~1.0 um/h. The
films were characterized by X-ray photoelectron spec-
troscopy after etching with ionized argon. The corrected
In(4d) and Sb(4d) signals at 18.5 and 33.5 eV, respectively,
compare well with the literature values of 19.0 and 34-35
eV.2 Moreover, the XPS experiments established an In:Sb
stoichiometry of 1:1 and indicated that the carbon impurity
level was barely above the limit of detectability by this
technique (~1000 ppm). Examination of the films by
X-ray diffraction indicated that they are polycrystalline.
Preliminary experiments indicate that 2 is a useful pre-
cursor for the formation of GaSb.
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During the last decade sol-gel-derived materials have
attracted increasing attention from the chemical, materials
science, and physics communities due to their demon-
strated as well as potential value for the development of
advanced structural® and electronic ceramics.? Vanadium
oxide xerogels in particular are unique among sol-gel-de-
rived materials® because they posses a porous layered
structure with an interlayer distance of 11.55 A* and they
are capable of host—guest intercalation chemistry with a
variety of species (i.e., alkali-metal ions,® alkylamines,®
alcohols,® sulfoxides,? tetrathiafulvalene” (T'TF), benzidine,’
etc). The driving force for this intercalation chemistry
depends on the guest species and can involve cation ex-
change, acid—base, or redox chemistry. V,05;nH,0 xerogels
(n ~ 1.6-2.0) are strongly oxidizing and amenable to redox
intercalation chemistry. It is well-known that organic
molecules such as aniline, pyrrole and thiophene yield,
upon chemical or electrochemical oxidation, technologically

tMichigan State University.

t Northwestern University.
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Figure 1. Typical X-ray diffraction diagram taken from films
of (CsH4Sz)0.“V205'0.54H20.

promising, robust, electrically conductive polymers.®?
Progress in elucidating the structure of these materials is
hampered by their invariably amorphous nature. The lack
of structural data inhibits to a certain degree the devel-
opment of accurate theoretical models aimed at under-
standing charge transport in these materials.!® Further-
more, owing to their limited processability, oriented
specimens for important anisotropic studies are rare or
lacking. Intercalation of these conducting polymers in
layered materials may be a viable approach to obtaining
oriented, structurally better defined polymers with a
minimal degree of cross-linking and thus improved
charge-transport properties. Furthermore, such laminated
conducting polymer/layered inorganic materials are in-
teresting because they feature alternating monolayers of
electrically active but chemically diverse components with
potentially novel properties. This class of materials can
be viewed as polymer bronzes by analogy to alkali-metal!!
or molecular® bronzes. It has been implied that in mo-
lecular-scale organic/inorganic composites, the otherwise
independent band structures of each component can in-
teract/overlap, thus giving rise to a new set of properties
not possible from either component separately.!? It has
been shown that pyrrole and 2,2’-bithiophene intercala-
tively polymerize in FeOCI® to yield conductive polymer

(8) (a) For a recent review of the field see: Proceedings of the Inter-
national Conference on Science and Technology of Synthetic Metals
(ICSM'88). Aldissi, M., ed., Synth. Met. 1989, 27-29, references therein.
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A 1985, 314, 145-158. Also, see: Day, P., in ref 1, pp 117-131.
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intercalation compounds in microcrystalline form.
Three-dimensional matrices such as zeolites have been
used to encapsulate polyaniline and polypyrrole.!* Re-
cently we reported the polymerization of aniline in
V.0;-nH,0 xerogels.!* Here we report the successful in
situ intercalation/polymerization of 2,2’-bithiophene in
layered V,05;:nH,0 xerogels to yield films of a conducting
polymer /layered oxide bronze with good electrical p-type
conductivity.

The reaction of 30 mL of 0.04 mM acetonitrile solution
of 2,2"-bithiophene with films of V,0,nH,0* (approximate
thickness 25-35 um) was carried out at reflux temperature
for 24 h. Color change from dark red to black occurs
followed by the appearance of metallic luster. The re-
sulting product analyzes for (CgH,S5)o.44V2050.54H,01 (I).
This is a redox reaction in which the 2,2’-bithiophene
monomer is oxidatively polymerized and the V,0; layers
are reduced, generating V** centers. Thiophene itself,
which is more difficult to oxidize, does not react with the
V,05nH,0 xerogel. X-ray diffraction data (see Figure 1)
reveal that (CgH,S,)0.44V2050.54H,0 is layered with an
interlaying spacing of 14.70 A. The observed 3.15-A new
layer expansion represents the removal of a water layer
from the intralamellar space followed by the insertion of
a monolayer of polythiophene. Therefore the actual gallery
height is 5.95 A. The remaining H,0 in I is probably
co-intercalated with polythiophene in the V,0; intrala-
mellar space, being either hydrogen bonded to layer oxygen
atoms or coordinated to V5*/4* centers. Thermal gravi-
metric analysis (TGA) experiments under flowing oxygen
show that after an initial loss of water, a thermally resistant
component exists with no appreciable volatility up to 230
°C. As in the pristine xerogel no (hkl) or (hk0) reflections
are observed in I, confirming the turbostratic nature of the
V,0; slabs perpendicular to the stacking axis.* Although
the exact thickness of the V,0;nH,0 layers is not known,
the contribution of the guest species to the interlayer
distance in I is estimated at ~5.95 A, not too different
from that found in (polyaniline)g 4, V;05;nH,0 and (po-
lypyrrole),o;FeOCL® The polymers in these materials were
proposed to be oriented with their aromatic rings per-
pendicular to the layers according to the model shown in
Scheme 1.

Infrared spectroscopy of I clearly shows the presence of
polythiophene with no evidence of free 2,2’-bithiophene
(the characteristic intense peaks at 823 and 809 em™ are
absent). The intercalated polythiophene can indeed be
isolated from I by dissolving the V,05 skeleton in either
1 M HCI or 2% NaOH solutions and identified by its
infrared spectrum.!0%17

(14) (a) Bein, T.; Enzel, P. Synth. Met. 1989, 29, E163-E168. (b)
Enzel, P.; Bein, T. J. Phys. Chem. 1989, 93, 6270-6272.
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J. Am. Chem. Soc. 1989, 111, 4139-4141. (b) C.-G. Wu, M. G. Kanatzidis,
H. O. Marcy, D. C. DeGroot, C. R. Kannewurf NATO-ASI Lower-Di-
mensional Systems and Molecular Devices; Metzger, R. M., Ed.; Plenum
Press: New York, in press.

(16) Anal. Caled for (CgH,S5) 4, V2050.54H,0 (Galbraith Laborator-
ies, Knoxville, TN): C, 16.01; H, 1.07; S, 10.67; V, 38.65. Found: C, 14.98;
H, 1.25; S, 8.12; V, 36.48. Percent V,05 by TGA (in oxygen): Caled:
68.97; Found: 69.10.
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Figure 2. Top. curve (A): Four-probe variable-temperature
electrical conductivity data of free-standing films of (CgH,-
S5)044V2050.54H,0 (I). Curve (B): pristine V,051.6H,0 xerogel.
Bottom. Variable-temperature thermoelectric power data for
(CsH4Sz)O.“V205'O-54H20.

Electron paramagnetic resonance, EPR, spectra (re-
corded at 273 and 77 K) of I show a broad signal observed
at g ~ 1.963, which arises from interacting V4* centers.
The typical signal observed from polythiophene is absent
suggesting the presence of antiferromagnetic exchange
between the unpaired density on the polymer backbone
and that in V,0;. The EPR signal of polythiophenes is
observed only after the polymer is separated by dissolving
the host matrix. These data show that in I phase sepa-
ration to a polymer and a V,05 phase does not occur. The
EPR signal observed for I resembles that of Nagz,V,05
rnH,0'° and supports the proposed reduction of the V,0;
network in L.

As expected, free standing films of I show a dramatic
increase in electrical conductivity by 4 orders of magnitude

(17) KBr pellets. The following peaks are observed (cm™): 1478, 1388,
1323, 1196, 1105, 1020, 781, 717, 668, 626. (a) Inoue, M. B.; Velasquez,
E. F.; Inoue, M. Synth. Met. 1988, 24, 223-229. (b) Moraes, F.; Schafer,
H.; Kobayashi, M.; Heeger, A. J.; Wudl, F. Phys. Rev. B 1984, 30,
2948-2950.

(18) (a) Scharli, M.; Kiess, H.; Harbeke, G.; Berlinger, W.; Blazey, K.
W.; Miiller, K. A. Synth. Met. 1988, 22, 317-336.

(19) We have prepared a series of Na,V,0snH;0 (x < 1) phases in
order to study the properties of the [V,05nH,01* network without in-
terference from the intercalated polymer. The preparation of these
compounds was accomplished by reducing V,0;nH,0 xerogels with
acetonitrile solutions of Nal in various ratios. The dark green or blue
products (depending on x) were analyzed by atomic absorption (AA)
spectrometry. Wu, C.-G.; Kanatzidis, M. G.; Marcy, H. O.; DeGroot, D.
C.; Kannewurf, C. R., unpublished results.
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with respect to pristine xerogel with a room temperature
value of ~0.1 Q! cm-!. Variable-temperature measure-
ments (from 5 to 300 K) show a corresponding decrease
in conductivity with falling temperature, characteristic of
thermally activated behavior, similar to that observed for
the bulk polythiophene polymer? (Figure 2). At room
temperature the conductivity perpendicular to the films
is at least 10 times lower than that parallel to them, in-
dicating their anisotropic nature. Variable temperature
thermoelectric power (TP) measurements show unusual
behavior. At 350 K the Seebeck coefficient, S, is relatively
small, ~-1 uV/K, and negative but quickly becomes
positive (with a minimum at ~280 K) as the temperature
falls and remains small and positive (<10 uV/K) down to
100 K, the lowest temperature studied. The TP data
suggest that at room temperature I is a p-type conductor
with the predominant charge carriers being holes. The
switch in conductivity above 340 K may suggest a change
in the charge-transport mechanism with the majority
carriers being electrons and the vanadium oxide layers
assuming a more active role in the charge transport. The
curious nonlinear temperature dependence of the TP, the
carrier sign reversal, and the presence of the minimum at
~280 K currently are not understood. Thus far this
phenomenon is unique to I and has not been observed
previously in conductive polymer systems??? or V,0;
xerogels.!%% It may be due to possible electronic inter-
actions between the polythiophene polymer chains and the
V505 layers or a hitherto unidentified phase transition.
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