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Sol-gel processing of bis(triethoxysily1)alkylenes and 
-arylenes produces alkyl- and aryl-bridged polysilsesqui- 
oxanes, a new family of hybrid amorphous materials 
(Figure 1). Thesematerialspossessextremely highsurface 
areas with narrow pore distributions confined to a range 
of 100 A or lower." The average pore size is controlled 
bythe choiceof molecular building blockand by processing 
conditions. We now report that these microporous xerogels 
can serveasaconfinement matrix for the controlledgrowth 
of quantum-sized semiconductor particles.'~'5 The av- 
erage size of the semiconductor particle may be determined 
by the choice of polysilsesquioxane confinement matrix. 
Furthermore, the mild sol-gel conditions used to prepare 
these xerogels are compatible with incorporation of sol- 
gel processable zerovalent transition metal derivatives. 
Subsequent thermal treatment of the dried xerogels 
produces quantum-sized metal clusters162o by a novel 
internal doping mechanism. Doping of these xerogels to 
produce two different quantum-sized cadmium sulfide 
particles and the in situ formation of microcrystalline 
chromium particles serve to illustrate both approaches. 

The synthesis of microporous polyphenylene silsesqui- 
oxane (X-1) xerogels from 1,4-bis(triethoxysilyl)benzene 
(M-1) has been described previ~usly. '*~*~ Materials used 
in the present study had a BET surface area of 531 m2/g 
and a relatively narrow distribution of pores with an 
average diameter of 34 A (BJH theory).21,22 
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gel synthesis and doping 

The CdS doping was performed on dried xerogels ( 1 W  
250-pm particle size) by first soaking for two days in 0.05 
M CdC19 (EtOH/H20,1:4), fdtering and washing with water 
followed by treatment with a 0.1 M solution of Na2S. A 
pale yellow color appeared immediately. The material 
was filtered, washed with water, then dried (vacuum oven, 
24 h, 25 "C). In contrast to the featureless nondoped 
materials, transmission electron microscopy (TEM) images 
of doped M-1 showed xerogel particles that were distrib- 
uted with spots of an average diameter of 58 12A (Figure 
2). Energy-dispersivex-ray analysis (EDAX) of individual 
spots revealed they contained Cd and S. Further char- 
acterization of the spots was obtained from the electron 
diffraction pattern which indicated the spots to be 
polycrystalline CdSin thep form. Independent evaluation 
of CdS particle size was obtained by analysis of the 
quantum-size effect of the UV absorption band edge 
following the method of B r ~ s . ~ ~  Representative samples 
were found by the UV method to have a calculated CdS 
particle diameter of 56 A, in close agreement with the 
TEM micrographs.% 

The family of bridged polysilsesquioxanes provide a 
range of materials with 'engineered" microporosity.l" 
Utilizationof this flexibility is demonstrated by the growth 
of CdS particles in a hexamethylene bridged polysilses- 
quioxane X-2, a material prepared by sol-gel processing 
of 1,6-bis(triethoxysilyl)hexane (M-Z).' This dried xerogel 
has a BET surface area of 533 m2/g with an average pore 
diameter of 43 A. Utilizing doping techniques identical 
to those of the previous example, microcrystalline CdS 
particles were producedwith an average particle diameter 
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unknow at present but preliminary results from X-ray and neutron 
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growth of polymer chains. Loy, D. A,; Schsefer, D. W.; Beaucage. G.; 
Shea, K. J., unpublished results. 
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Figure 2. HRTEM image of xerogel X-I .  The dark spots 
(average diameter 58 A), which are absent in undoped samples, 
are microcrystalline CdS particles. The sample contains ap- 
proximately 1 w t %  CdS. Figure 4. HRTEM image of a xerogel particle in X-3. The dark 

spot irregular regions of approximate dimensions 25-100 A (see 
arrows), are microcrystalline Cr particles. 

dures did not produce CdS particles of any size in the 
materials. Only bulk CdS precipitate on the exterior of 
the particles which could be mechanically removed to 
reveal a cadmium sulfide-free polysilsesquioxane was 
observed. 

These results establish that microporous polysilsesqui- 
oxanes can be used as a confinement matrix for the growth 
of quantum-sized semiconductor particles and that the 
morphology of the individual xerogel “controls” the size 
of the resulting quantum-sized  particle^.^' Since optically 

Figure 3. HRTEM image of a xerogel X-2. The dark spots 
within the fragment (average diameter90A) are microcrystalline 
CdS particles. CdS comprises approximately 2% of the sample. 

of90* 16AasmeasureddirectlyfromTEMimages (Figure 
3) and from analysis of the shift in the UV hand edge. The 
identity of the CdS spots observed in the TEM images 
wasconfirmedinX-2 by EDAXand theelectrondiffraction 
pattern. In contrast to the two previous examples, when 
nonporous xerogels were empl~yed?~ the doping proce- 

transparent monoliths with nominal pore sizes that range 
from 5 to >lo0 A are available by this technique, a wide 
range of semiconductor particle sizes may he prepared. 

The mild methods for preparing alkyl- and aryl-bridged 
polysilsesquioxanes (dilute aqueous acid or base) are 
compatible with many sol-gel processable organometallic 
compounds that can serve as metal atom precursors. 
Following sol-gel processing and drying, the microporous 
xerogel can be heated or photolyzed to liberate metal 
atoms. Subsequent migration and aggregation of metal 
atoms, a process confined by the microporous matrix, can 
allow for preparation of quantum-sized metal (or bime- 
tallic) cluster compounds imbedded in a microporous 
polysilsesquioxane. 

The first demonstration of this approach is illustrated 
by preparing a polysilsesquioxane xerogel doped with 
microcrystalline chromium particles. A microporous 
xerogel (X-3), prepared from chromium tricarbonyl mono- 
mer M-3 and 1,4-bis(trietho~ysilyl)henzene~ (298). 0.2 
M concentration of triethoxysilyl monomers, NHdOH 

(25) Nonpo~ous~eragelseanbeprodueedathghmonomerandeatalyst 
concentrations. Theirehemid composition is otherwise identical to the 
microporous materials.’ 
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catalyst, H20, THF, produced, after drying, a pale green 
xerogel (surface area 983 m2/g). The xerogels were heated 
at < lo3  Torr at 60 "C for 24 h. TEM images (Figure 4) 
revealed the appearance of irregularly shaped dark features 
that ranged in size from 25 to 100 A. Focusing on these 
new dark features, the EDAX and the electron diffraction 
pattern confirmed their elemental composition and mi- 
crocrystallinity of the chromium clusters. The particle 
shape and other features of these internally doped 
microporous materials may reveal structural information 
of the internal porosity. This result demonstrates the novel 
approach of "internal doping" and matrix confinement of 

(26) This compound gave elemental and spectroscopic propertiea 
consistent with ita assigned structure. 
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the developing metal clusters within a microporous 
material. 

The extension of this approach to the preparation of 
highly active metal cluster catalysts and a combination of 
both methodologies for preparation of transition metal 
"coated" semiconductor particles is underway. 
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