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Using the sol-gel process,z solid oxide ceramic materials 
can be formed that exhibit numerous technologically im- 
portant optical, mechanical, and electronic proper tie^.^ 
Composite materials containing small metal particles 
dispersed in an oxide matrix have recently attracted much 
interest for ceramic modification3 and for the study of 
small metal colloidal  catalyst^.^ Here we report a trialk- 
oxysilane-promoted method for the homogeneous depos- 
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ition of metal(0) species into sol-gel-derived materials at 
ambient temperatures during the sol formation process to 
generate metal particles approximately 15 A in size. This 
method for metal(0) deposition should prove to have nu- 
merous applications including (1) ceramic modification, 
(2) supported heterogeneous catalyst preparation, and (3) 
third-order ( ~ ( ~ 9  nonlinear optical (NLO) enhancement 
of conjugated organic molecules in monolithic xerogels 
(precalcinated material) by surface plasmon enhanced 
Raman ~cattering.~ 

Metal(0) incorporation into sol-gel-derived ceramic ox- 
ides normally involves a four-step sequence including 
dissolution of the metal salt and Si(OR)4 in an aque- 
ous/organic solvent (ph < 3 or > 9) to allow for the gel 
formation, drying of the gel to form the xerogel, calcination 
in air (1500 "C), and reduction of the metal salt to metal(0) 
in a hydrogen atmosphere at 300-900 OC?,' The complete 
reduction of the metal is imperative to ensure homogeneity 
of the metal(0) species rather than regions of unreduced 
metal salts. Since reduction takes place after calcination, 
reduction occurs in the solid (or inhomogeneous melt), and 
homogeneity of the metal(@ can be difficult to obtain. 
With solid-phase reactions, metal surface reduction can 
occur without the uniform reduction of the entire particle.' 
Though this classical process is sufficient for many ceramic 
needs, the high temperatures required for both calcination 
and reduction to the metal(0) make the development of 
a milder approach desirable for the synthesis of xerogels 
containing 

One distinct advantage in preparing xerogels (rather 
than calcinated materials) containing metal(0) lies in the 
ability to prepare novel metal(O), oxide-supported, het- 
erogeneous catalysts. Supported metal catalysts that allow 
simple separation from the reaction products as well as 
repeated recycling are the most widely used catalytic 
systems, and the support is definitely instrumental in 
modifying the activity of the catalytic metal(0).4b These 
are most often prepared by the deposition of metals onto 
oxide supports followed by calcination and reduction, but 
the calcinated oxide material may be far less permeable 
to reactant molecules than the original xer0gel.~8 For 
heterogeneous catalysis, metal(0) in the xerogel would allow 
the support to remain permeable to organic substrates, and 
unique catalytic activities should be observable. Accord- 
ingly, we recently demonstrated the excellent ability of this 
palladium-containing gel to act as a chemo- and stereo- 
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Figure 1. Transmission electron micrograph of Pd(0) containing xerogel. (150 OOOx, picture enlarged 3X). 

selective hydrogenation catalyst. It showed far more se- 
lectivity than simply palladium(0) deposited on silica gel? 

In the approach described here, treatment of palladi- 
um(I1) acetate (0.05 mmol) in a mixture of THF (5 mL) 
and water (1 mL) with triethoxysilane (2.50 mmol) in- 
stantly afforded a black solution with the rapid evolution 
of gas.1° Both the silane and the hydrogen generated in 
situ can serve as the reducing source for the palladium." 
When the reaction was carried out using tetraethoxysilane 
instead of triethoxysilane, no rapid gas evolution was ob- 
served and the solution never darkened to afford the black 
material. Likewise, in the absence of palladium(I1) acetate, 
the triethoxysilane solutions remained clear. Removal of 
the solvent in vacuo for 2 days afforded a glossy black 
xerogel containing palladium(0). An analogous reaction 
was carried out in water as the only solvent; however, 
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Figure 2. Pd particle size distribution in xerogel. 

precipitation of the gel occurred within minutes, and hence 
homogeneous dispersion of the metal(0) species was not 
as likely to occur as in the THF/water mixtures. 

Mass spectrometric analysis of the vapor above the re- 
action was monitored during the reaction process. This 
confirmed that the rapid gaseous evolution was from 
molecular hydrogen. The elemental (%) composition of 
the vacuum dried black material is as follows: C, 1.43; H, 
1.92; Pd, 0.15; Si, 41.21; 0, 55.29. FTIR analysis showed 
bands at  3479 (0-H, from SiO-H or H20, s), 2267 (Si-H, 
w), 1639 (w), 1084 (Si-0-Si, s), 958 (w), 881 (Si-OH, m), 
796 (w) cm-l. Nearly all of the Si-H residue could be 
consumed, by FTIR analysis, if the reaction were carried 
out in the presence of an alkyne resulting in reduction of 
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Finally, in an effort to form sol-gel-derived material 
containing palladium(0) with no Si-H residue, we have 
developed a method involving the use of palladium(I1) 
acetate (0.05 equiv), triethoxysilane (0.25 equiv), and 
tetraethoxysilane (2.5 equiv) in THF/water to afford 
xerogels that are free from any residual Si-H moiety by 
FTIR analysis. This is complementary to our system using 
triethoxysilane and an alkyne for removal of the Si-H 
residue as discussed previously. 

Analysis of the porosity and metal surface area as well 
as further use of this method for heterogeneous catalyst 
preparation is being done. Use of this method for the 
deposition of other metals and mixed-metal composites is 
currently under investigation for x ( ~ )  NLO enhancements 
on monolithic xerogels containing conjugated organic 
oligomers. 
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This review covers the syntheses and characterization of ladder polymers exhibiting significant r-electron 
conjugation. Special emphasis is placed upon discussion of electrical, magnetic, and optical properties 
and upon the difficulties associated with the synthesis of highly defined structures. Insight is provided 
into overcoming the problem of polymer solubility that has plagued early research involving ladder polymers. 

Introduction the observation of metallic conductivities for polyacetylene 
samples doped with electron donors or acceptors, r-elec- 
tron polymers have been the focus of an impressive re- 
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It is well-known that polymers with extensive r-electron 
conjugation exhibit unusual physical properties.192 Since 
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