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Molecular Growth Pathway: in Silica Sol-Gel Polymeri zation 

Sangeeta D. Ramamurthi Final Seminar Januar y 9, 1989 

Silica sol-gel polymerization had its begi~ing in the early 1840's when J . J. 
Ebelmen first synthesized Si(OC2H5 ) 4 and prepared a variety of materials including 
fibers, monoliths and composites from silicon alkoxides [1]. Later , the process 
was also utilized in fabricating materials such as mi crospheres [2] and film~ ~3]. 

Silica sol-gel polymerization normally involves hydrolysis and condensation 
of silicon alkoxides in alcoholic media [l] (equations 1 and 2). 

- Si - OMe + H20 - - Si - OH + MeOH 
I I 

( i ) 

Me methyl or other alkyl group 

I 
- S i - OR + - Si - OH - - Si - 0 - Si - + ROH (2) 

I I I I 
R ~ H or alkyl group 

The physical properties of silica sol s and gels obtained in thi s fashion are very 
sensitive to reaction conditions such as water concentration, s ilicate concent r a
t i on, solvent and solution pH [4]. The aim of the research project was to und~r
stand the mi cr oscopic relation:hip between the physical properties of the 
mat erials and the reaction conditions employed. 

The s tudy of t he mol ecular growth pa thways in silica sol-gel polymerization 
necessitates t he identification of i ndividual polys ili cate intermediates in th~ 
si licate solution. In t his context, a model system with sub-stoi ch iometric 
amounts of water (i.e . H20/Si(OR) 4 < 1) was developed and the reaction conditi~ns 
were optimized s uch that >90% of total s ilicon ~as present as low molecular we:ght 
pol ysil icate: (1 S x S 6 in SixOy(OCH )a). An analytical protocol i nvo~vinf gas 
chromatogr aphy (GC), gas chromatograp~y-m~~ spectrometry (GCMS), and 2 Si{ Hj ~MR 
spectroscopy, wa: developed to structurally characterize the polysilicate inte~~e
diates formed dur ing sil ica ::>ol- gel polymerization . This protocol allowed the 
structural identification of mono- through hexasilicate species (1 S x S 6 in 
[SixOy](OcH3 \~) formed duri ng partial hydrolysis and condensation of tetrameth::l
orths1li cate LS] (see Figure below). 

The analytical protocol employing capillary gas chromatogr aphy wa: appli e~ 
[6] to monitor t he stoichiometry, structures an~ abundance: of low molecular 
W~i ght polysil ica:es (1 S x S 6 i n [SixO ] (OCH

3
)a) f ormed during ~c.r t ial hydrc:.y-

31s of methanolic tetramethylorthosi l icate under acidi c (HCl ) and basic (KOH) 
condi t ions . The ~ame pr ocedure was appl i ed to ~~udy the redi~tributi on of 
methanolic hexamet~yldi s ilicat e and octamethylt~isilicate under similar react~ :~ 
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Si(0Me)4 (3M) .. H20{L8M) + HCl(0.05M) .. MeOH(l4M) ~ [Si 0 j(OMe) {OH) 
R. T. x , a b 

conditions. The polysilicate molecular weight distributions obtained were ex
pressed in terms of mole percent of total silicon present as a function of degree 
of polymerization. Under acidic conditions, the molecular size distributions 
showed maxima near the number average degree of polymerization, and dimini~hed at 
higher and lower degree of polymerization. Under basic conditions, on the other 
hand, the distribution~ had their maxima at the monomer percent and extended to 
very high molecular weights, yielding distributions far broader than the ones 
observed under acidic conditions (see Figure below). 
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Polysilicate distributions for all species in the disilicate solutions 
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These features were found to be in agreement ·..;ith the covalent network theories of 
Silica gelation (Flory-Stock~ayer theory) [7], Weight fr2ction diPtributions of 
the type observed under acidic conditions were characteristic of linear polymers 
With a low degree of crosslinking. Weight fraction distri:mtion: obser'ved under 
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basic condi tions were charact eristic of bra~ched polymers with a high degree of 
crosslinKing. The low degree of crossl inki~g obtained under acidic cond itions was 
observed to arise from steric crowding tha~ discouraged branching in polysilicate 
s tructures . Finally, the physical propert ~es of the r esultant materials such as 
bulk and Rkeletal densities were explained in terms of the observed molecular 
weight distributions and their characteristics . 
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