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Molecular Growth Pathways in Silicz Sol-Gel Polymerization

Sangeeta D. Ramamurthi Final Seminar January 9, 1989

Ebelmen first synthesized Si(OCZH )H and prepared a variety of materials including
. fibers, moncliths and composites Trom silicon alkoxides [1]. Later, the process
was also utilized in fabricating materials such as microspheres [2] and filme I3].

F Silica sol-gel polymerization had its begining in the early 1440's when J. J.

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

- 8i — OMe + H20 —— — Si —OH + MeOH (1)

Me = methyl or other alkyl group

| | | |
—~S{—OR +=—5i ~ 0 —» —8i—0—8i=—+ ROH (2)

R = H or alkyl group

The physical properties of gilica sols and gels obtained in this fashion are very
sensitive to reaction conditions such as water concentration, silicate concentra-
tion, solvent and solution pH [4]. The aim of the research project was to undzsr-
gtand the microscopic relationship between the physical properties of the
materials and the reaction conditions employed.

The study of the molecular growth pathways in silica sol-gel polymerization
necessitates the identification of individual polysilicate intermediates in ths
silicate =olution. In this context, a model system with sub-stoichiometric
amounts of water (i.e. HEO/Si(OR)u < 1) was developed and the reaction conditicns
were optimized such that >90% of total silicon was present as low molecular welght
polysilicates (1 £ x £ 6 in S1,0,(0CH;),). An znalytical protocol invo%vin gzs
chromatography (GC), gas chromztdgraphy-mass spectrometry (GCMS), and o Si{'H} NMR
Spectroscopy, was developed to structurally characterize the polysilicate interme-
diates formed during silica col-gel polymerization. This protocol allowed the
ftructural identifiecation of mono- through hexasilicate species (1 € x £ 6 in
[SixO ](OCH3) ) formed during partial hydrolysis and condensation of tetramethyl-
orthsilicate ﬁS] {see Figure below).

The analytical protocol employing capillary gas chromztography was applisZ
(6] to monitor the stoichiometry, structures and abundances of low molecular
Weight polysilicates (1 € x € & in [SiXO J{OCH,!.) formed during partial nydrclyv-
88 of methanolic tetramethylor:hosilicage und®r acidiec (HCl) and basic (XOH)
fonditions., The same procedur:z was applied to s-udy the redistribution of
Methanolic hexametnyldisilicate and octametnyltrisilicate under similar reactica
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Si{OMely (3M) + H,0[LBM) + HCI(0.05M) « MeOH(14M) =2 [Si,0, KOMel,(OH),
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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 conditiona, the molecular size distributions
showed maxima near the number average degree of polymerization, and diminigshed at
higher and lower degree of polymerization. Under bhasic conditions, on the other
hand, the distributions had their maxima at the monomer percent and extended to
very high molecular weights, yielding digtributions 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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Thege features were found to be in agreament with the covalent network theories of
E;llca gelation (Flory-Stockmayer theory) [7]. Weight frazction distributions of
QiihtYpe observed under acidic conditicns werz characterisiic of linear polymers
a8 low degree of crosslinking. Weight frzction distributions observed under
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basic conditions were characteristic of branched polymers with a high degres of |
erosslinking. The low degree of crosslinking obtazined under acidic conditions was

observed to arise from steric c¢rowding that discouraged branching in polyesilicate i
etructures., Finally, the physieal properties of the resultant materials such as

bulk and skeletal den=ities were explained in terms of the obferved molscular

weight distributions and their characteristies,
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