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POROSITY IN POLYWLSESQUIOXANE XEROGELS “ w~; ~
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ABSTRACT
Polymerization of organotrialkoxysikmes is a convenient method for introducing organic
fimctionality into hybrid organic-inorganic materials. However, not much is known about the
effects of the organic substituent on the porosity of the resulting xerogels. In this study, we
prepared a series of polysilsesquioxane xerogels from organotrialkoxysilanes, RSi(OR’)3, with
different organic groups (R= H, Me, Et dodecyl, hexadecyl, octadecyl, vinyl, chloromethyl, (p-
chloromethyl)phenyl, cyanoethyl). Polymerizations of the monomers were carried out under a
variety of conditions, varying monomer concentratio~ type of cataly~ and alkoxide substituent.
The effect of the organic substituent on the sol-gel process was ofteri dramatic. In many cases,
gels were formed only at very high monomer concentration and/or with only one type of catalyst.
All of the gels were processed as xerogels ~d characterized by scanning electron microscopy
and nitrogen sorption porosimetry to evaluate their pore structure.

INTRODUCTION
Organotrialkoxysikmes RSi(OR’)3, have been extensively used as coupling agents for “

composites or surface treatments for materials [1]. Polysilsesquioxanes, &i01.5]n, are prepared
by the hydrolysis and condensation of organotrialko@kmes (Scheme 1) [2].

n R-Si(OR’)3 + 1.5n H20 H+m C)H-
4-15]. + 3nROH

Scheme 1. Hydrolysis and condensation of trialkoxysilanes to give polysilsesquioxane gels.
R’ = OMe: R = H, methyl, n-hexadecyl, n-octadecyl, vinyl, chloromethyl, (p-
chloromethyl)phenyl. R’ = OEt: R = H, methyl, ethyl, n-hexadecyl, ,n-octadecyl, vinyl,
chloromethyl, cyanoethyl.

These polymers have become increasingly popular for generating specialty coatings such
as low k dielectric materials for microelectronic applications [3]. While there is extensive
information on the formation of polysilsesquioxanes [2], there has not been a survey of the
ability of organotrialkoxysikmes to form gels until recently [4,5]. The formation of
polysilsesquioxanes gels has been shown to be very sensitive to the riature of the organic group.
Many monomers will only form soluble oligomers or polymers upon hydrolysis and
condensatio~ even when the reaction is conducted solvent-free with neat monomer and aqueous
catalyst. Furthermore, there is little information on the influence of the organic group, & on the
porosity of the polysilsesquioxanes gels that are formed [6]. In this paper we describe the
preparation of polysilsesquioxane gels where R = H, methyl, ethyl, cyanoethyl, vinyl, dodecyl,
hexadecyl, octadecyl, chloromethyl, and chloromethylphenyl and the characterization of the
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porosity of the respective xerogels. Gels were prepared from the hydrolysis and condensation of
orghotrimethoxysilanes, RSi(OMe)3, and organotrietho~silanes, RSi(OEt)3.

EXPERIMENT
General Methods. Anhydrous methanol was purchased from Aldrich. Ethanol was distilled

from magnesium before use. lH nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker AM400 (400 MHz) using CGDGor CDC13as solvent. Triethoxysilane, trimethoxysikme,
methyltrimethoxysihme, methyltriethoxysilane, vinyltrimethoxysilane, ethyltrietho~silane,
cyanoethyltriethoxy silane, vinyltriethoxysilane, chloro.methyltrimetho~e,
chlorotriethoxy silane, chloromethylphenyl-trimethoxysilane hexadecyltrimethoxysilane,
hexadecyltriethoxysilane and n-octadecyltiimethoxysilane were purchased from Aldrich.
Monomer purities were checked by GC, 13Cand 29SiNMR and the monomers were distilled if
necessary until purities greater than 96% (GC) were achieved.

Polymerizations. Monomers were generally polymerized with 1.5 equivalents of water in
triplicate at lM concentration in the appropriate alcohol (methanol for trimethoxysilanes; ethanol
for triethoxysilanes). Aqueous HC1 (lN) and NaOH (lN) were m“ed as catalysts (2.7 mol%
catalyst relative to monomer concentration). If gels were obtained, the monomer was then
polymerized at lower concentrations to determine where the practical gelation threshold lies. If
the monomer did not gel in’within 7-14 days, it was polymerized at as high a concentration as
possible (based on the molecular weight and density of the monomer). Gels were described as
either colloidal (opaque white), translucent (blue tinted) or transparent.

RESULTS AND DISCUSSION
Table I lists the monomers that formed gels? the conditions under which they formed, and a

brief description of the gel before drying. The main difference between the polymerization of
organotrimethoxysilanes and organotriethoxysilanes was the greater reactivity of the former to
hydrolysis and condensation reactions. While this often did not translate to f~ter gelation times,
the heightened reactivity of the organotrimethoxysilanes relative to the organotriethoxysilanes
formed gels under not only acid and base conditions, but deionized water (pH 7) as well.
Another consequence of these polymerizations, particularly with neat monomer, was the rapid
exotherm during mixing associated with the acid-catalyzed hydrolysis of the
organotrimethoxy silane. For example, the polymerization reaction of neat
methyltrimethoxysilane with aqueous acid rapidly came to a boil and sprayed from the reaction
vessel.

Many of the polysilsesquioxane gels were opaque white and colloidal in appearmce before
drying. Transparent or translucent gels were only obtained from the trialkoxysikmes,
methyltria’lkoxysilanes, and chloromethyltrialkoxysikmes. Once formed, the gels with R = H,
methyl, ethyl, cyanoethyl, vinyl, chloromethyl, and chloromethylphenyl were not thermo-
reversible; with the exception of the chloromethylphenylsilsesquioxane gel (apparently an
oligomer) prepared with water from neat metho~ monomer, the xerogels did not revert to
solutions with heat. Under the same conditions, tetramethoxysilane and tetraethoxysilane form
transparent or translucent silica gels. Upon aqueous work-up, the gels were all opaque white
materials. These xerogels were insoluble, non-swelling materials.

While both trimethoxy- and triethoxysilane (R = H) reacted exothennically under basic
conditions to quantitatively give “silica [9], xerogels prepared under neutral conditions were
found (by solid state 29SiNMR) to be a mixture of silica and HSi01.5. The’organic groups on the
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remaining monomers proved to be stable under sol-gel conditions. The only organic groups that
could potentially be chemically modified are the chloromethyl and p-chloromethylphenyl
groups. These groups might be expected to undergo nucleophilic substitution reactions with
hydroxide ions present under basic conditions. However, under the sol-gel conditions used in
these experiments the chloride- substitutents’ in the chloromethyltrialko~silanes [10] and
chloromethylphenyl-trimethoxysilane did not reac~ even when basic catalysts were used. Both
29Si NMR and chlorine elemental analysis showed that little, if any, of the chlorine was lost
during the sol-gel process.

Unlike other xerogels, polysilsesquioxaue xerogels prepared from the dodecyl, hexadecyl,
and octadecyl-substituted monomers melted” between 45 ‘C and 75 ‘C. (This prevented
porosirnetry data from being obtained because the samples need to be dried before the isotherm
is measured, typically at 100 ‘C under vacuum.) Gels of poly(octadecylsilsesquioxane) were
recently reported by Shimojima et. al. [7]. Gelation was attributed to self-organization of the
long chain aliphatic organic groups. Scanning and transmission electron micrographs of these
materials were consistent with non-porous materials, but revealed no ordered supramolecular
architectures. Interestingly, we found that the gels (before drying) of these monomers were
thermoreversible. Solutions of the materials in hot benzene (80 ‘C) were cooled and converted
into transparent monolithic gels. Characterization of these materials is in progress.

Table L Organotrialkoxysilanes that formed gels at concentrations ranging from O.lM to neat
monomer. Polymerizations with 1.5 equivalents water and 2.7 mol% catalyst in methanol (for
RSi(OMe)3) or ethanol (for RSi(OEt)3). Gels are described as transparent (transp.), translucent
(transl.) or opaque.

RSi(OMe)3 Rsi(OEt)3

R -w oH- HzO m OH- “ H20

H transl. transl. transl. transp. Transp. ---

CH3 opaque transl. --- trausl. Opaque ---

.CH3CHZ --- –- --- -- Opaque “ ---

Dodecyl --- --- --- opaque Opaque –-

Hexadecyl opaque opaque opaque opaque Opaque ---

Octadecyl opaque opaque opaque --- —- ---

vinyl opaque opaque --- transl. ‘ Opaque ---

C1CH2 “transl. . opaque transp. --- Opaque transp.

(p-ClCH2)phenyl --- opaque grey --- --- –-

CNCH2CH2 --- --- --- --- Opaque ---

Porosity in xerogels is routinely evaluated by nitrogen sorption porosimetry to obtain surface
areas and mesopore size distributions (20-500 ~) [8] and with scanning electron microscopy to
evaluate por~s larger than 500 A. Surface area and. mean pore diameter measurements for
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xerogels prepared from organotrimetho~silanes are shown in Table II. Measurements for the
xerogels prepared from org~otriethoxysilanes are included in Table III. Values for silica gels
prepared under the same conditions are also included:

Table II. Surface areas and mean pore diameters for different R groups in RSi(OMe)~ based
polysilsesquioxane xerogels. (a) Gels were obtained at 1.0 M monomer concentration. (b)
Monomer reacts violently, boiling the solution. (c) Gels were obtained at neat monomer
concentration.

Surface Area (m2/g)/@ore Diameter(~))

Catalyst OMe “H Me vinyl C1CH2 ClCH2Ph

H+ 246 (22)= 617 (67)a
Non- Non- Non- Non-

porous porousc porousc porousc

H20 342 (50)a 393 (45)a NO Gels No Gels 28 (380)a Non-
porous

OH- “212(65)= Reactsb 566 (45)= 70 (467)’ 20 (750)” Non-
porous

Table III. Surface areas and mean pore diameters for, different R groups in RSi(OEt)3 based
polysilsesquioxane xerogels. (a) Gels were obtained at 1.0 M monomer concentration. (b)
Monomer reacts violently, boiling the solution. (c) Gels were obtained at neat monomer
concentration.

Surface Area (m2/g)/Pore Diameter (~)
\

Catalyst OEt H Me I vinyl CICH2 NCEt

‘H+ No Gels” 766 (40)= 226 (56)C
Non- Non-

No Gels
porousc porousc

H20 637 (84)= 662 (41)= No Gels NO Gels 51 (240)’ NO Gels

OH- No Gels Reactsb
281 140

63 (478)=
Non-

(214)= (338)= porous’

Xerogels with R = H.or Me exhibited the highest surface areas (>500 m2/g) and pores in ~
the lower mesopore range (<100 ~). Most of the polysilsesquioxanes with organic groups had
lower surface areas and larger pores than the polysilsesquioxanes with R = H, or were non-
porous completely. Xerogels prepared under acidic conditions were often non-porous, whereas
those prepared under basic conditions were generally porous. Exceptions to this were the
chloromethylphenyl substituted polysilsesquioxane xerogels which were non-porous regardless
of the experimented conditions used in their preparation. Xerogels prepared from sol-gel
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polymerizations run at higher monomer concentration generally possessed lower stiace areas or
were non-porous.

Scanning electron microscopy (Figure 1) supplements porosimetry data by providing
information regarding macropores [(mean pore dian.ieter >500~) that can not be evaluated using
nitrogen soprtion techniques.] For instance, the polysilsesquioxane xerogel prepared from
HSi(OMe)3 under acidic conditions was determined to have a surface area of 667 m2/g and a
mean pore diameter of 67 ~ by nitrogen sorption. The SEM of the material (Figure 1; upper
left) reveals no. macroporosity. In contrast the polysilsesquioxane xerogels prepared from
methyltriethoxysilane (Figure 1; upper right) exhibits significant macroporosity in addition to
the mesopores observed by nitrogen sorption. The xerogel prepared from
chloromethylphenyltrimethoxysilane is non-porous by nitiogen sorption and has no visible
macroporosity by SEM (Figure 1; bottom left). Because the hexadecyltrietho~silsesquioxane
xerogel melts between 45 “C and 75 “C, it has not beeri possible to obtain porosity
measurements. However, the SEM (Figure 1; lower right) reveals no macroporosity.

Figure 1.

CONCLUSIONS
Polysilsesquioxane

Scanning electron micrographk of polysilsesquioxane xerogels.

xerogels were prepared .by the sol-gel polymerization of
organotrialkoxysilanes, RSi(OR’)3, with R’ = Me: R = H, Me, vinyl, chloromethyl,
chloromethylphenyl, hexadecyl, and octadecyl and R’ = Et: R = H, Me, Et, cyanoethyl,
chloromethyl, vinyl, dodecyl, and hexadecyl. The majority of the gels were opaque and colloidal
in appearance. The gels with R = H, Me, and chl.oromethyl were the most transparent. The
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porosity of the xerogels was characterized by nitrogen porosimetry and scanning electron
microscopy. Xerogels prepared from trimethoxysilane and triethoxysilane had the highest
surface areas. Many of the remaining organotrialkoxysilanes formed porous polymeric gels, but
the surface areas were lower and the mean pore sizes larger. Some xerogels, especially those
prepared under acidic conditions, were non-porous.
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