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Introduction
Bridged polysilsesquioxanes are a c[ass of hybrid organic-inorganic

materials that permit molecular engineering of bulk properties including
porosity. 12 prepared by sol-gelpolymerization of monomers with two or

more trialkoxysilyl groups, the materials are highly cross-linked amorphous
polymers that are readily obtained as gels. The bridging configuration of the
hydrocarbon group insures that network polymers are readily formed and that
the organic functionality is homogeneously distributed throughout the
polymeric scaffolding at the molecular level. This permits the bulk
properties, including surface area, pore size, and dielectric constant to be
engineered through the selection of the bridging organic group. Numerous
bridging groups have been incorporated. This presentation will focus on the
effects that the length, flexibility, and substitution geometry of the
hydrocarbon bridging groups have on the properties of the resulting bridged
polysilsesquioxanes Details of the preparation, characterization, and some
stmcture property relationships of these bridged polysilsesquioxanes will be
given.

(EtO)3S-Si(OEt)3

are retarding the growlh of polymeric networks capable of forming gels. The
gels are generally brittle, but vary from completely transparent to opaque,
depending on the nature of the bridging group. The gels can slowly be air
dried to afford monoliths (Figure 1). A great deal of volume (up to 95%) is
lost during the drying process. Aftematively, the gels can be worked up by
crushing them in water and filtering to give a granular or powdery xerogel
with only minor loss of surface area when compared to the monoliths.
Aerogels with reduced shrinkage have been prepared by exchanging the
polymerization solvent (alcohoI or tetmhydroftrrart) with supercritical carbon
dioxide and then S1OWIYventing the supercritical solvent! Characterization of
the final gels is cartied out by solid state “C and *9SiCP MAS NM~ infkared
spectrometry, nitrogen sorption porosimetry, and elemental analyses.

I Figure 1. Monolithic bridged poIysilsesquioxane xerogels and aerogels.
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Scheme 1. Sol-gel formation of bridged polysifsesquioxartes. .

Experimental
Sol-gel polymerizations of various alkylene-bridged systems are carried

out at O4 M monomer concentration in ethanoI (or tetrahydrofrrran) with at
least 3 equivalents of water.’ Wc keep as many experimental parameters as
possible the same to permit the effects of the bridging groups on the sol-gel
process and the final gel structure and propetiies to be compared. Both acid
(5.4 mol% HCI) and base (5.4 mol% NaOH) are routinely used to catalyze the
hydrolysis and condensation of the monomers. Tetrabutylamnroniumfluoride
can also be used.z At these concentrations gels generalIy form within a few
hours. Longer gel times usually indicate that cyclic monomers and oligomers

Results and Discussion
Gelafiorr. One of the most striking characteristics of bridged
po[ysilsesquioxarresis that the facili~ with which gels can be obtained. Most
bridged monomers (0.4 M in ethanol) form gels within a few hours, many
within minutes. In contrssL only a small number of organotrialkoxysilanes, m
which the organic group is a pendent functionality, are capable of forming
gels at all; and these gelations occur at higher concentrations and generally
afford colloidal and fragile polysilsesquioxane gels.’.sThe explanation for this
ease in forming bridged polysilsesquioxane gels probably lies in both the
higher level of functionality (six ethoxide groups versus three) and the
substitution geometry that favors internrolecukwcondensations. Trifimctional
organotrialkoxysilanes generate more condensed, hydrophobic oligomers and
polymers that phase separate before the network is extensive enough for
gelation. The importance of forming extended networks to gelation is
exemplified by polysilsesquioxanes in which the bridging group is flexible
and 24 carbons in length.c” Under acidic conditions, we have shown that
cyclization reactions can slow gelation from minutes to months. Formation
of cyclic monomers and dimers with reduced and less reactive ethoxide
groups significantly SIOWSpoIymer growth under these conditions.
Engineering Bulk Properties. Because the organic group bridges two silicon
atoms in the monomers, the resulting network polymers have organic bridging
groups as integral parts of the polymeric scaffolding making up the gel. This
intimate mixing of the organic and inorganic components at the molecular
Ievel permits engineering of the bulk properties in an amorphous material.
Some properties, such as thermal stabi[ity or chemical resistance are
dependent on the chemical nature of the bridging group and the lability of the
silicon-carbon bonds. For example, arylene-bridged polysilsesquioxanes are
thermally stable to 500 “C (by thermal gravimetric analysis)*”9and are
surprisingly resistant to swelling in refluxing benzene, boiling aqueous 1N
sodium hydroxide and 0.1 N hydrochloric acid. On the “otherhand, acetylene-
bridged poIysilsesquioxanes decompose readily at 100 “C and can degrade to
silica even under sol-gel conditions.a”’o Similarly, ethylene-bridged
polysilsesquioxanesthermally decompose at 250 “C. The rest of the alkylene-
bridged polysilsesquioxanesare stable to 500 “C in nitrogen or air.”

Considering only hydrocarbon groups, it is possible to evaluate the
effects of flexibility, length and substitution geometry of the bridging group
on the bulk properties of the resulting xerogels. Rigid spacers such as arylene,
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acetyiene, and ethenylene’> groups give rise to mostly microporous bridged
polysilsesquioxanes (Figure 2). There does not appear to be any correlation
between the length of the rigid spacers and the size of the pores? What is
remarkable is that in many cases the width of the pore size distribution for the
arylene- and ethenylene-bridged polysilsesquioxane xerogels is as narrow as
those observed for surfactant templated mesoporous silicas.
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Figure 2. Isotherm for micmporous phenylene-bridged polysilsesquioxane

Bridged polysilsesquioxanes with flexible bridging groups show a
greater tendency for collapse of porosity during drying, leaving non-porous
xerogeis. ” For example, dipropylenecarbonate-bridged polysilsesquioxanes
are non-porous when prepared with acidic or basic catalysts and even when
processed with supercritical carbon dioxide.’3 We studied the effect of
systematically changing the length of the flexible bridge with linear
alkylene’s. For gels prepared under acidic conditions, only the ethylene-
bndged polysilsesquioxane xerogel was porous; longer bridging groups led to
collapse of pores during drying. Under basic conditions. presumably due to
lower compliance in the network from the higher degree of condensation at
the silicon, the xerogels were porous up to the decylene-bridging group,
Furthermore, the porous alkylene-bridged polysilsesquioxanes do show a
direct dependence of the pore size on the length of the bridging group.
Figure 3 shows pore size distribution plots for the hexylene-, octylene- and
decylene-bridgedpolysilsesquioxanes.

Bridged polysilsesquioxanes provide a versatile class of thermally stable
materials whose porosity and other bulk characteristics can be tailored to fit
different applications through selection of the organic bridging group. The
flexibility of the bridging group is one of the important parameters in selection
of a material. Rigid spacers allow the formation of high surface area, mostly
microporous materials with narrow pore size distributions, More flexible
spacers give rise to mesoporous materials whose pore size is dependent on
the length of the spacer. And finally, very flexible spacers afford non-porous
xerogels. This accumulated structure-property relations provides a molecular
engineering tool-kit with which to approach problems in preparing low K
dielectrics, membranes, catalyst supports, and sensors. Current efforts are
looking at bridging groups bearing additional chemical functionalities and
those which can be chemically altered to prepare materials inaccessible
directly through sol-gel chemisty.
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Figure 3. Pore size distributions for hexylene-, octylene-,
bridged polysilsesquioxanexerogels.”
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represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by
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