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Polymers doped with small semiconductor and con-
ductor clusters represent a new class of materials with
novel combinations of properties. Cadmium sulfide (CdS)
and copper sulfide (CuS) are two metal sulfides that show
such useful properties as photoconductivity and nonlinear
optical response.? However, in many practical applica-
tions, the ability to form films and fibers is an important
requirement. This is most easily achieved by forming
composites in which the sulfide clusters are embedded in
a processable polymeric matrix.? A further advantage of
synthesizing such composites is that the polymer matrix
will physically prevent the agglomeration of the clusters—a
persistent problem in size-selective cluster synthesis.

The synthesis of polymer-trapped metal sulfides gen-
erally begins with discrete, soluble, precursor compounds
that act as sources for the metal ion and the sulfide ion.?
A synthetic procedure that directly uses the elements
would, however, eliminate the need for the preparation of
the precursor compounds and would, therefore, be of sig-
nificant practical advantage. Herein, we report the syn-
thesis of poly(4-vinylpyridine)-trapped CdS and CuS
clusters starting directly from the respective metallic el-
ement and sulfur. Additionally, the structure of the in-
termediate CdS precursor is described.
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Figure 1. X-ray powder diffraction pattern obtained for CdS
formed by the decomposition of the precursor complex in the solid
state at 160 °C.

The sequence of steps involved in the synthesis of the
polymer-trapped metal sulfide clusters is outlined in
Scheme I. In a typical reaction, 6 mmol of Cu or Cd
(100-200 mesh), 6 mmol of sulfur, and 30 mmol of N-
methylimidazole were added to a methanolic solution
containing 1.0 g of poly(4-vinylpyridine) (Polysciences,
MW = 300000). After this was stirred at 25 °C for several
hours under an inert atmosphere, most of the metal and
the sulfur had dissolved. Following centrifugation to re-
move unreacted metal and some precipitated metal sulfide,
the solution was used to cast films. The films were sub-
sequently thermally cured by gradually heating them to
100 °C for CuS and 160 °C for CdS, for 12 h under an inert
atmosphere. The function of N-methylimidazole was to
facilitate the dissolution of the metal to form N-methyl-
imidazole-coordinated metal polysulfide species, as has
been described by Rauchfuss.* During thermal curing,
N-methylimidazole, as well as excess sulfur, was extruded
to generate the corresponding metal sulfide. While the
formation of the CuS clusters occurred during thermal
curing at 100 °C, the Cd-containing films were further
heated to 160 °C to complete the formation of CdS.

To confirm that crystalline CdS was formed at the rather
low temperature of 160 °C, a solution synthesis was per-
formed. The reaction conditions used for the solution
synthesis were identical to those reported above except
that 0.76 g of pyridine was employed in place of poly(4-
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Figure 2. Structure of [Cd(N-methylimidazole)g}[Cd(S,)z])-(N-
methylimidazole) containing two crystallographically independent,
chemically similar, half-occupancy cations. Thermal ellipsoids
are drawn at the 35% probability level.

vinylpyridine). After 18 h of stirring at 25 °C, the resultant
dark yellow solution was filtered to remove unreacted
metal. Long bright yellow crystals could then be isolated
from the filtrate by removing the solvent slowly under
vacuum (yield 82% based on sulfur). Upon heating under
vacuum to 160 °C for 12 h the yellow crystals were con-
verted to a yellow-brown powder. X-ray powder diffraction
experiments showed this powder to be crystalline CdS in
predominantly the wurtzite form (Figure 1). Elemental
analysis of the powder revealed the presence of small
amounts of carbon (3.75%), hydrogen (<0.5%), and ni-
trogen (0.80%). Crystalline CdS was also formed when
the precursor species was decomposed in a solution of
either N-methylimidazole or in pyridine at 160 °C.

The structure of the intermediate, soluble, CdS pre-
cursor obtained from the above synthesis was determined
by single-crystal X-ray diffraction.’ As shown in Figure
2, it is an ionic compound consisting of a Cd(N-methyl-
imidazole)s?* cation and a Cd(S,),> anion. The crystal-
lographic asymmetric unit contains two half-occupancy
cations each located on an inversion center, one anion on
a general site, and a molecule of uncomplexed N-
methylimidazole. There are no significant interionic or
molecular contacts in the lattice. All the bond lengths and
angles are unexceptional.

The metal sulfide doped poly(4-vinylpyridine) formed
transparent free-standing films upon curing. The CdS
containing films were golden yellow, whereas those con-
taining CuS were dark green. The weight percentages of
the dopant levels in the films, as obtained by elemental
analysis were 1.4% Cd, 1.5% S, and 4.6% Cu, 6.7% S,
respectively. The excess sulfur (over that required by
stoichiometry for the metal sulfide) was extruded from the
metal polysulfide precursor during conversion to the cor-
responding metal sulfide.* Note that the S/Cd molar ratio
of 4.0 in the doped films was close to that observed for the
precursor complex. Likewise, the S/Cu molar ratio of 2.9
found for the CuS-doped polymer was similar to the value
of 2.5 observed for the N-methylimidazole-coordinated
copper polysulfide species isolated by Rauchfuss.%

X-ray powder diffraction studies were performed to
ascertain the structures of the metal sulfides present in
the films. The 20 measurements confirmed that CuS was
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Figure 3. UV-visible spectrum of a CdS-doped poly(4-vinyl-
pyridine) film.

present in the form of covellite. However, no diffraction
pattern was seen in the case of the CdS-containing films.
One explanation for this observation is that the size of the
CdS crystallites were significantly smaller than those of
CuS and, in fact, were too small to give rise to a sharp
X-ray diffraction pattern.® Additionally, a poor signal-
to-noise ratio was expected due to the low concentration
of CdS in the polymeric matrix.

The above supposition was confirmed by measurement
of the UV-vis spectra of the doped polymers. For the
CuS-doped films, a broad featureless absorption corre-
sponding to bulk conducting CuS was obtained. In the
case of CdS-doped films, an absorption edge that was
significantly blue-shifted from that of bulk CdS was ob-
served (Figure 3).” In addition, prominent fine structures
were observed at 332 and 362 nm. According to Brus,
Wang, and others, the fine structures are due to discrete
exciton transitions, most likely the first and second tran-
sitions in the same cluster.! Note that only the presence
of a narrow cluster size distribution allows the observation
of these spectral features. By comparing the position of
the absorption edge for the CdS-doped polymers with the
calibration curves found in the literature, the average size
of the CdS clusters was determined to be 20-30 A.8 After
heating to 190 °C, the UV-vis spectrum of the these films
corresponded to that of bulk CdS, thereby indicating that
thermally induced agglomeration of the CdS clusters had
occurred. The spectral changes corresponding to precursor
to nanocluster to bulk CdS conversion in the polymer
matrix were also observed in solution when the precursor
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Figure 4. Transmission electron micrograph of a CdS-doped
poly(4-vinylpyridine) film. The dark shadows represent micro-
toming effects and are not part of the composite material.

complex was heated in N-methylimidazole at 160 °C. As
expected, the rate of particle growth in solution was di-
rectly related to the precursor concentration. These ob-
servations suggest that the in situ decomposition of the
precursor in the polymer followed closely that observed
in solution. The only significant difference was that be-
cause of “site isolation™ (vide infra) formation of bulk CdS
through nanocluster agglomeration was not observed in the
polymer matrix except at significantly higher temperatures.

The cluster sizes inferred from UV-vis apectmacopy
were confirmed by transmission electron mlcroscopy
(TEM). For CuS-doped films, particles with sizes ranging
from 100 to 450 A were observed. For films containing
CdS, 20-30-A clusters were observed (Figure 4). Fur-
thermore, these sulfide clusters were distributed uniformly
throughout the bulk and the surface of the polymeric films.
The latter was confirmed by energy dispersive X-ray
analysis of the film surfaces. In addition to the sulfide
clusters, large islands (100-1000 A in size) of elemental
sulfur were observed by TEM in CuS-doped samples.
These were judged to be composed of amorphous sulfur
(as opposed to crystalline CuS) due to the absence of any
electron diffraction pattern.

The difference in size between the CuS and CdS clusters
is intriguing. This may simply be due to the inherent
differences between CuS and CdS. Alternatively, it may
be related to the temperature at which the formation of
the metal sulfide occurred. The nitrogens on N-methyl-
imidazole or poly(4-vinylpyridine) may be expected to
coordinate to the metal ions on the surface of the sulfide
clusters. The formation of CuS from the corresponding
polysulfide species occurred at the same temperature at
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which the film was cured. At that point, a significant
quantity of the high-boiling N-methylimidazole was
present which would act both as a plasticizer and as a
coordinating ligand, thereby allowing the CuS clusters to
migrate and agglomerate. On the other hand, CdS was
formed at 160 °C, after the film was fully cured. At that
point N-methylimidazole was no longer present and, as a
result, the mobility of CdS clusters, as well as the poly-
sulfide precursors, was very limited due to their coordi-
nation solely to the pendant pyridine groups on poly(4-
vinylpyridine). Thus, the size of the CdS clusters may be
defined by the original precursor species and by their in-
ability to migrate. A narrow size distribution may there-
fore be expected.

The coordination of the nitrogens of poly(4-vinyl-
pyridine) to the surface metal ions of the sulfide clusters
in the fully cured doped polymer samples was supported
by glass transition temperature (T,) measurements. If such
a coordination was present, a ahght increase in T, would
be expected since the sulfide clusters would act as weak
intermolecular cross-linking agents. Indeed, the T, values
observed for pure poly(4-vinylpyridine) and the CuS- and
CdS-doped poly(4-vinylpyridine) samples were 65, 82, and
87 °C, respectively.

The coordination of the ligating atoms on the polymer
to the sulfide clusters resulted in the stabilization of the
latter. Thus, there was no discernible change in either the
UV-vis spectra or the X-ray powder diffraction pattern
after the doped polymers were stored in air for 4-6 months.

In conclusion, we have demonstrated that it is possible
to synthesize polymer-trapped metal sulfides starting di-
rectly from the respective elements, thus dispensing with
the need to independently synthesize the precursor ma-
terials. Additionally, under “site-isolation” conditions,! it
is possible to generate metal sulfide nanoclusters with a
relatively narrow size distribution. Such nanoclusters
represent a new class of materials with novel properties
that are different from those of discrete molecules, as well
as bulk solid-state materials.'®
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