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Abstract

The partial pyrolysis of poly(dimethyl siloxane) is reported. Pyrolysis is completed in a two step process, inert pyrolysis in a nitrogen
atmosphere followed by oxidative pyrolysis in air. Treatment temperatures were from 300–4008C for the inert processing and 260–3008C for
oxidative treatment. This thermal processing required no solvents or bulky catalysts, whose transport into the matrix is diffusion controlled
and thus limit product uniformity. Therefore, high sample uniformity was achieved. Hybrid materials with reduced carbon and hydrogen
content and an increased oxygen/silicon ratio resulted. These composites were shown to be stronger than composites reported in the literature
with similar elemental compositions, but prepared in such a way as to achieve only limited interphase interaction. At high oxidation
temperatures, microporosity developed in the materials.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polymer composites have an undeniable technical impor-
tance and have been widely investigated and employed [1].
The incorporation of an inorganic phase into an organic
polymer matrix may serve to increase mechanical strength
and provide improvements in other specific properties.
Methods for the preparation of these hybrid systems are
varied. The simplest is the direct mixing of an organic poly-
mer solution with an inorganic filler. The surface of the filler
may be modified to promote good mixing between the two
components [2,3]. To be successfully applied to applica-
tions which require optical clarity and significant enhance-
ments in strength as compared to the base polymer, the
composite systems must be homogeneous. Phase separation
is undesirable in that it can result in a degradation of both
optical and mechanical properties.

Numerous reports have appeared on the preparation of
organic–inorganic hybrid materials via the in situ polymer-
ization of metal alkoxides in organic polymers [4-18]. The
properties of the resultant composites are influenced by the
system pH, amount of water employed in the casting dope,
type of solvent employed, and sample dimensions. Because
polymerization of alkoxides relies on the use of a liquid
catalyst, diffusion of the catalyst to the sample core is a

limiting factor in the preparation of uniform materials.
Additionally, the use of an organic polymer with the ability
to hydrogen bond to the inorganic phase can retard phase
separation and result in homogeneous systems [19].

Alternatively, low molecular weight polymer chains can
be chemically grafted to the alkoxide prior to alkoxide poly-
merization. This results in increased silica in the composite
with an associated increase in material strength while
providing a means of stress dissipation through the presence
of the polymer. Thus, these materials have strengths which
are higher than composites with lower silica contents and
are less brittle than purely ceramic materials. These systems
rely upon the same alkoxide polymerization as those
previously described. Thus, the properties of these materials
are also highly system dependent.

One additional approach utilizes the simultaneous poly-
merization of organic and inorganic molecules [20]. Novak
and coworkers have demonstrated that the simultaneous
polymerization of cyclic alkenyl monomers and tetra-
methyoxysilane can result in a single phase system with
limited shrinkage if the reaction rates of the two components
are well matched [20]. This technique relies upon the
production of simultaneous interpenetrating networks,
wherein both inorganic glass and polymer formation occur
concurrently. Shrinkage issues are minimized by the
complete elimination of solvents from the polymerization
system. Thus, the process is essentially one of bulk
polymerization.
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Each of these techniques relies upon the mixing of an
inorganic and an organic component in such a way as to
maintain homogeneity. While there are certainly reports of
how this might be successfully achieved, by the nature of
the chemicals employed, it is often a thermodynamically
unfavorable operation. In this report, we present an alterna-
tive technique for the formation of hybrid organic/inorganic
materials. A polymeric material with an inorganic backbone
undergoes a partial pyrolysis process which results in a
material whose properties are intermediate between those
of the initial polymer and those of the inorganic component.

This paper details the processes employed during the
partial pyrolysis process and the chemical and mechanical
properties of the resulting materials. Poly(dimethyl silox-
ane) or PDMS has been employed as the model precursor.
PDMS is of interest because it is optically clear, readily film
forming, inexpensive, and a great deal is known about the
thermal and oxidative degradation process of this material
[21-33]. Further, PDMS has been approved by the FDA for
use in humans. Unfortunately, in the virgin state, PDMS is a
rather low-strength rubber and its application is limited by
this fact. This manuscript describes the chemical and
mechanical changes which result upon a partial pyrolysis
process.

2. Experimental

2.1. Materials

Poly(dimethyl siloxane), RTV 615, was obtained from
GEw Plastics. The structure of PDMS is shown in Fig. 1.
This material crosslinks at room temperature following the
combination of a prepolymer and a crosslinking agent. A
weight ratio of 10 parts polymer to one part crosslinking
agent was employed for all films.

Homogeneous PDMS samples were prepared by pouring
a 14.0% by weight silicone rubber/toluene solution into
casting dishes. Casting dishes were placed in a toluene

enriched atmosphere to minimize the rate of evaporation.
Following 48 h drying, the samples were removed from the
casting dishes and the toluene environment. Samples were
dried for an additional 72 h in 258C air and 1 h in a vacuum
oven at 1008C. Following drying, samples thicknesses
ranged from 20 to 150mm.

Toluene (reagent grade, J. T. Baker, 99.99%) was used
for silicone rubber solutions without further purification.
Methanol (reagent grade, Fisher 99.9%) was used for sorp-
tion studies without further purification. Nitrogen (mini-
mum purity 99.9%) was obtained from Air Products and
South East Air Gas and used as received. Air was
compressed from the atmosphere through the use of an oil
primed, ring compressor.

2.2. Partial pyrolysis

Samples were placed on a wire rack and then into a stain-
less steel pyrolysis vessel. This vessel was maintained in an
oven capable of regulating the system temperature to within
^ 0.28C. Nitrogen was purged through the vessel and past
the sample at 5 ml/min. Under nitrogen purge, the oven was
heated from room temperature toTp (purge gas temperature)
at a heating rate of 6.258C/min. Samples were held atTp for
5 h, beginning as the oven was turned on. The oven
temperature was then lowered to the oxidative temperature,
To, and allowed to cool for 1.5 h. At this time, the nitrogen
flow was shut off and air flow was directed through the
pyrolysis vessel. After additional 5 h, the oven was turned
off and allowed to cool to room temperature under air flow.
Experimental parameters can be seen in Table 1.

2.3. NMR

A Bruker DSX-400 was employed for solid state29Si
measurement. A high speed MAS (magic angle spinning)
probe at a rotational frequency of 10 000 Hz was used. A
single pulse29Si excitation frequency of 79.43 MHz was
employed with a pulse length of 3 ms. The peak at
219.5 ppm was referenced as the dimethylsiloxane peak
[12].

2.4. Infrared studies

A Vector 22 infrared system was used for infrared
studies. The modified samples were ground to powder and
formed into pellets with the incorporation of potassium
bromide. Thirty-two scans were averaged to form a single
spectra.

2.5. Mechanical properties

A Seiko DMS 210 was used to measure modulus and
tand of the pyrolyzed silicone rubber samples. Scans
were made at a frequency of 1 Hz over a temperature
range of21408C to 1508C in a nitrogen environment.

Stress–strain measurements of these samples were tested
using an Endura-Tec Microtester. This microtester is
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Fig. 1. Schematic of Poly(dimethyl siloxane).

Table 1
Pyrolysis Experimental Parameters.

Factor Values

Purge Gas Nitrogen
Tp, Purge Gas Temperature (8C) 200, 250, 300, 350, 400
To, Oxidative Temperature (8C) 260, 280, 300
Purge Gas Time 5 h
Air Time 5 h
Gas Flow Rate 5 ml/sec



designed for a maximum load of 50 lbs. The procedure
employed was consistent with ASTM D882. A ruler was
used to measure the initial separation between the grips,
and a thick, aluminum bar was used to measure machine
compliance prior to sample testing.

2.6. Sorption

The gravimetric method was employed to measure both
sorption and desorption of methanol into the partially pyro-
lyzed samples. A Cahn D-200 balance was used for sorption
studies. Sorption was measured at 30.0^ 0.18C. Details of
this equipment have been provided [34]. Sorption and deso-
rption measurements were carried out for a minimum of 20
times the half time.

2.7. Thermal analysis

A Setaram TG-DSC 111 was used for simultaneous ther-
mogravimetric and differential scanning calorimetric analy-
sis. The heating rate and cooling rate of the instrument were
set to 6.258C/min and 3.58C/min, respectively, so as to
mimic the oven behavior during sample preparation. The
mass losses reported were calculated as follows:

MLp � Mi 2 Mp

Mi
× 100% �1�

MLo � Mp 2 Mo

Mp
× 100% �2�

whereMi is the mass loss prior to treatment;Mp is the mass
loss following 5 h of pyrolysis atTp; andMo is the mass loss
following 5 h of oxidation atTo.

3. Results and discussion

The purpose of this research was to explore the possibility
of forming inorganic components which are uniformly
distributed within and covalently bound to an organic
matrix. The use of an in-situ processing technique to form
such composites is explored. Alternative production meth-
ods include the admixing of inorganic fillers in an organic
matrix and the in-situ polymerization of metal alkoxides in

organic polymers. In the following sections, the properties
of the materials produced in the current study will be
detailed. Where appropriate, the properties of the current
materials will be compared to hybrid materials produced
using one of the two techniques described.

3.1. Sample appearance

All samples prepared with an oxidative temperature of
2608C or less were optically clear. Samples prepared with
higher oxidative temperatures ranged from clear to translu-
cent. Some of the samples treated atTo � 3008C formed
brittle films which crumbled into powders under load.
Inspection of the sample fragments indicated that cracks
present in the sample appear to have provided a mechanism
for light diffraction. Samples which were sufficiently small
to be crack free were optically clear.

Within experimental detection capacity, the optical, chemi-
cal and mechanical properties were independent of the loca-
tion within the material sampled or the original material
geometry.

3.2. Changes in chemical composition

Chemical characterization of the PDMS samples was
made before and after the partial pyrolysis process was
completed. Characterization included elemental analysis
of the resultant solids, infrared analysis, and solid state
nuclear magnetic resonance analysis. Further, the mass
loss upon processing was recorded.

Partial pyrolysis followed by oxidative treatment results
in a chemical structure with a decrease in the molecular
level of carbon and hydrogen as is detailed in Table 2. As
the pyrolysis and oxidation temperatures increase, the
carbon content decreases. Although the exact reaction
products were not analyzed in this study, the resultant
composition is consistent with a decrease in the relative
ratio of methyl to –Si–O– groups. Nevertheless, a signifi-
cant fraction of the initial methyl groups remains following
processing at the conditions reported. Thus, the pyrolysis
may be viewed as incomplete, or ‘‘partial’’.

The mass loss of the samples increases with increases in
pyrolysis and oxidation temperature. For the conditions
investigated, the majority of the decomposition occurred
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Table 2
Elemental Analysis of virgin PDMS and partially pyrolyzed PDMS by mass percentage

Mass Losses Elemental Composition (Mass %)

MLp (%) MLo (%) Oxidative reaction
exotherm (J/g)

C (%) H (%) Si (%) O (%)

PDMS (calculated from Fig. 1) N/A N/A N/A 32.4 8.1 37.9 21.6
PDMS (experimental) N/A N/A N/A 30 7.7 — —
Tp � 2008C, To � 2608C , 0.1 2.5 2570 25.4 6.4 36.2 32.0
Tp � 4008C, To � 2608C 22.5 0.1 280 23 5.9 — —
Tp � 4008C, To � 2808C 22.5 1.2 21400 19 5.4 — —
Tp � 4008C, To � 3008C 22.5 3.0 22200 14.0, 11.1 4.4, 4.2 —, 41.6 —, 43.5



during the inert pyrolysis stage. Nevertheless, the reaction
exotherm upon oxidation increased markedly as the
temperature of oxidation increased from 2608C to 2808C.
A smaller increase occurred as the oxidative temperature
was elevated to 3008C.

In order to provide an approximate comparison between
these materials and those prepared by mixing silica and
PDMS phases, the effective silica content in the materials
has been calculated from elemental analysis. These calcula-
tions require that several assumptions be made. The
assumptions made when completing these calculations
include:

1. Carbon contributes only to methyl groups.
2. The number of polymeric chain ends is negligible
3. Oxygen contributes only to siloxane repeat units, silica

repeat units (SiO2), and hydroxyl groups.
4. The siloxane repeat units are separable from the silica

units.

The calculated weight percent of the silica content in the
partially pyrolyzed PDMS samples formed in this study is
between 14%, for samples treated at the lowest temperatures
(Tp � 2008C, To � 2608C), and 42%, for samples treated at
the highest temperatures (Tp � 4008C, To � 2608C).

It is clear from the data presented in Table 2 that some
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Table 3
Analytical fingerprint of polysiloxanes: NMR resonances and FTIR wave-
numbers

NMR peak location of polysiloxanes [36,37]

Notation Chemical Structure Chemical Shift
M (CH3)3SiO0.5 7 to 9 ppm
D (CH3)2Si(O0.5)2 2 19 to 2 23 ppm
Q (CH3)Si(O0.5)3 2 65 to 2 72 ppm
T Si(O0.5)4 2 103 to 2 113 ppm
DOH (CH3)(OH)Si(O0.5)2 2 55 to 2 58 ppm
DOMe (CH3)(OCH3)Si(O0.5)2 2 56 to 2 58 ppm
FTIR: Selected vibrational frequencies for silioxane groups [38,39]
Group Wavenumber (cm21)
O–Si–O Asymmetric Stretch 1130 to 1000
Si–CH3 Symmetric Deformation 1280 to 1240
Si–CH3 Asymmetric Deformation 1460 to 1375
Si–CH3 Asymmetric Rock Si–C Stretch 870 to 750
O–H Due to H2O (free) 3650 to 3580
O–H Due to H2O (H-bonded) 3550 to 3200
Si–OH Stretch 3700 to 3200
Si–O Stretch 1100–830

Fig. 2. Single pulse29Si MAS data for samples treated at a pyrolysis
temperature of 4008C and oxidation temperatures of (a) 3008C, (b) 2808C
and (c) 2608C; (d) untreated PDMS.

Fig. 3. Single pulse29Si MAS data for samples treated at an oxidative
temperature of 2608C and pyrolysis temperatures of (a) 4008C, (b) 3008C
and (c) 2008C; (d) untreated PDMS.



methyl groups are eliminated from the virgin PDMS and
that oxygen is incorporated in the matrix. Insight into the
chemical nature of the final product is provided by solid
state NMR analysis and FTIR analysis. The terminology
commonly associated with the analysis of polysiloxanes
by NMR and their resonances are provided in Table 3 for
reference. Also provided are the wavenumbers for vibra-
tions of interest for FTIR analysis of polysiloxanes. Quan-
titative data from single-pulse MAS29Si spectra (as
measured here) is not reliable, but qualitative analysis is
possible [35]. The numerical concentrations of each compo-
nent have, therefore, not been calculated. A discussion of
the relative presence of the components follows.

NMR spectra for samples partially pyrolyzed at a
temperature of 4008C and oxidized at temperatures of
2608C, 2808C, and 3008C are provided in Fig. 2. As the
oxidation temperature increases, the ratios of tri-substituted
and tetra-substituted silicon groups to the dimethylsiloxane
peak increase. The relative intensity of the D peak

decreases. Therefore, as the oxidation temperature
increases, the number of methyl groups attached to the sili-
con–oxygen backbone decreases and the amount of cross-
linking, as exhibited by the increase in Q and T groups,
increases.

The change in peak intensities is not as dramatic for
samples treated at a constant oxidation temperature of
2608C and purge gas temperatures of 2008C, 3008C, and
4008C as detailed in Fig. 3. At the lowest treatment tempera-
ture (2008C), (CH3)Si(O0.5)3 bonding is observed (peaks
appear at256 and268 ppm). The relative content of the
tetra-substituted silicon (2110 ppm) increases as the pyro-
lysis temperature increases. Nevertheless, the D peak
[(CH3)2Si(O0.5)2, at223 ppm] remains dominant, indicating
that few methyl groups are lost. This, when compared to
Fig. 2, demonstrates that the majority of chemical changes
occur at greater oxidation temperatures.

Infrared spectra of modified samples are shown in Figs. 4
and 5. All show the anticipated peak for the O–Si–O
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Fig. 4. IR of modified samples treated at varying purge gas temperatures and an oxidative temperature of 2608C.



asymmetric stretch from 1200 to 1000 cm21. Additionally,
methyl groups contribute in the peaks at about 2950 cm21,
800 cm21, 1280 cm21, and 1430 cm21.

There are not dramatic differences in the IR spectra of
samples treated over the entire range of conditions evalu-
ated here. All samples indicate the presence of O–Si–O and
–CH3 groups. Thus, while NMR has confirmed that the
relative presence of the Q, T, and D peaks changes with
processing conditions, IR indicates that all conditions result
in the same types of bonding, just to a different extent.

The shoulder at approximately2 56 ppm in Fig. 2 could
represent either DOH or DOMe. The hydroxyl side group has
been shown to be an oxidative product of silicone rubber

and is the likely source of this peak. IR spectra indicate the
presence of a broad band from 3800 to 3300 cm21. This is
clearly demonstrated in Fig. 6, which details the high wave-
number portion of the spectrum for theTp � 4008C, To �
3008C sample as an illutrative example. The broad band,
which is indicative of hydroxyl bonding, occurs at wave-
numbers that are greater than those expected for water.
Thus, one can infer that Si–OH groups are present in the
modified samples [38]. The shoulder, present at 850 cm21,
is characteristic of Si–OH groups and adds weight to this
conclusion. Regardless, these shoulders are quite small and
are not expected to play a major role in the material
behavior.
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Figure 5. IR of modified samples treated at a purge gas temperature of 4008C and varying oxidative temperatures.



3.3. Mechanical properties

As crosslinking increases, polymer segments lose mobi-
lity and transition temperatures increase. Crosslinking
effects are seen using dynamic mechanical analysis, or,
more precisely, by viewing the loss factor, tand , as a func-
tion of temperature. The loss factor shows a sharp peak for
amorphous, unoriented material and a broad, flat peak for
crystalline, highly crosslinked, or oriented material [40]. As
crosslinking increases and segments lose mobility, the
magnitude of tand decreases and peaks broaden.

Results of tand measurements of the samples are
summarized in Table 4. Samples prepared withTp greater
than 3008C were too brittle for measurement. As purge gas
temperatures increase, the intensity of the tand peaks
decrease and the peaks shift to higher onset temperatures,
representing a loss in sample mobility.

The trends observed are consistent with the results
achieved when silicone rubber was added to tetraethoxysi-
lane (TEOS) prior to a sol-gel processing [10]. As the
concentration of silica (formed from the condensation of
TEOS) increased, tand peaks broadened and shortened,
and the transition temperature shifted to a higher value.
Storage modulus also increased as the percent TEOS was
increased [10]. Storage moduli for the partially pyrolyzed
PDMS samples considered here appeared to follow this

trend. All materials had storage moduli which were statis-
tically equivalent. All values of moduli at the low tempera-
ture plateau (21508C) fell within the range of 9× 109–
1.7 × 1010 Pa.

The elastic moduli follow the same trend of increasing
strength with increasing pyrolysis temperatures (see Table
5). Also provided in Table 5, the moduli of the present
materials are compared to those of materials prepared by
(a) admixing silica particles with PDMS, (b) the condensa-
tion of TEOS in a PDMS matrix, and (c) the incorporation of
PDMS in a TEOS matrix.

At approximately equivalent silica contents, the compo-
sites of the present study are an order of magnitude stronger
than those prepared by the admixing of silica particles with
PDMS. Composites prepared by the in situ consolidation of
TEOS in a PDMS matrix are slightly stronger than those
prepared by simple admixing. This increase in strength is
believed to be due to a reduction in the particle size of the
inorganic phase (TEOS particles are smaller than admixed
silica). Nevertheless, PDMS composites prepared by admix-
ing silica or by TEOS consolidation are known to have
limited compatibility and do not readily dissipate energy
at phase interfaces [17]. When these systems are compared
to the hybrid materials prepared in the present study, it is
clear that at equivalent silica loadings, the materials prepared
by partial pyrolysis are significantly stronger. This supports
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Fig. 6. Enhancement of IR spectrum of sample treated at an inert gas temperature of 4008C and an oxidative temperature of 3008C.

Table 4
Dynamic mechanical behavior of partially pyrolyzed PDMS; tand transitions.

Material Peak 1
(8C)

Magnitude
of Peak

Peak Width at
1/2 Height(8C)

Peak 2
(8C)

Magnitude
of Peak

Peak Width at
1/2 Height (8C)

Silicone Rubber 2116(Tg) 0.39 19 248(Tm) 0.20 8
Tp � 2008C, To � 2608C 285 0.20 88a — — —
Tp � 2508C, To � 2608C 289 0.17 54 245 0.16 94
Tp � 3008C, To � 2608C 254 0.16 92 231 0.17 82

a All samples, except that pyrolyzed at 2008C, showed two maxima in the tand plots. Originally, the peak at the lower temperature resulted from the glass
transition and the peak at the higher temperature resulted from crystal melting. The location of these peaks in the virgin PDMS is in good agreement with prior
reports [41].



the physical picture of an inorganic phase covalently bound
to an organic matrix which readily dissipates stresses.

Finally, the elastic moduli of the partially pyrolyzed
materials are approximately an order of magnitude lower
than those prepared by the incorporation of PDMS in a
TEOS matrix. While these latter materials may also be
phase separated [42], the dramatic increase in silica content
results in a higher moduli value.

3.4. Morphology changes resulting from the formation of
organic/inorganic material

The change in material characteristics can also be seen by

changes in the manner in which the material sorbs vapors.
Rubbers and ceramics show different behaviors: rubbers
tend to absorb and follow Henry’s Law at low concentra-
tions of sorbant, while ceramics tend to adsorb resulting in a
Langmuir isotherm. If a sample exhibits both rubbery and
ceramic behavior, a combination of the two isotherms
results and sorptive behavior will follow the dual-mode
sorption model:

c� kDp 1
c0Hbp

1 1 bp
�3�

wherec is the concentration of sorbant in the sample;kD is
the Henry’s law constant;p is the pressure of the sorbant in
the material;c0H is the ‘hole saturation’ constant; andb is the
‘hole affinity’ constant [43]. We have fit the data for sorp-
tion of methanol into microporous materials using this equa-
tion.

Sorption of methanol into the treated samples demon-
strates a change in material morphology as is detailed in
Fig. 7. As the treatment temperature increases, sorption
isotherms no longer follow Henry’s law, but begin to follow
the dual-mode mechanism. The dual-mode constants for the
samples presented in Fig. 7(a) are reported in Table 6. A
magnified view of the data at very low activities is shown in
Fig. 7(b). Analysis of this figure indicates that the materials
oxidized at 2808C and 3008C exhibit dual-mode type beha-
vior. In contrast, the material oxidized at 2608C and the pure
PDMS material are best fit using only the first term of Eq.
(3). Thus, these materials are characterized by a Henry’s law
type sorption only. The change in sorption isotherms repre-
sents the partial transition of material morphology from a
rubbery material towards that of a microporous ceramic.

Analysis of the data presented in Table 6 and Fig. 7
indicates that a transformation from a purely rubbery
morphology to one of a mixed matrix form takes place in
these materials upon partial pyrolysis. The data presented in
Table 6 fall in two categories. The PDMS material and the
material oxidized at 2608C have hole affinity constants near
zero. Therefore, they behave as if they have no microvoids
present in the matrix and are well described by a Henry’s
Law type isotherm. In contrast, the materials oxidized at
2808C and 3008C have hole affinity constants and hole
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Table 5
Comparison of mechanical properties of samples formed in this study and those formed in previous studies

Sample Weight% Silica Elastic Modulus (N/mm2) Reference

Silicone Rubber 0 0.481 4
Silica Filled Silicone 10 0.62 11
Silica Filled Silicone 20 0.85 11
Silicone Filled via TEOS
Precipitation

14.6 3.99 4

Tp � 2008C, To � 2608C 14 11^ 1
Tp � 2508C, To � 2608C 14.5^ 0.1
Tp � 3508C, To � 2608C 21–26 20̂ 1
TEOS Modified with PDMS 72 192 42

Fig. 7. Sorption of methanol at 308C into PDMS and partially pyrolyzed
PDMS.



saturation constants which are non-zero. Thus, these mate-
rials exhibit some microporous-type behavior. Further
analysis indicates that the Henry’s law constant,kD,
increases as the pyrolysis and oxidation temperature
increase. The value increases significantly when pure
PDMS is treated at a pyrolysis temperature of 4008C and
an oxidation temperature of 2608C. Further increases in the
oxidation temperature continue to increase this value.

The behavior demonstrated by these materials can be
rationalized with the following physical picture. Pure
PDMS is an hydrophobic, rubbery polymer. This material
has a moderate affinity for methanol vapors [34]. Yet, the
hydrophobic nature of the polymer backbone limits the
amount of methanol which is sorbed. Following pyrolysis
at Tp� 4008C andTo� 2608C, the relative concentration of
hydrophobic methyl groups in the polymer matrix is
reduced (see Table 2). This reduction in methyl groups is
associated with an increase in the equilibrium sorption of
methanol in the polymer because of a reduction in the
hydrophobicity of the material. Further increases in the
oxidation temperature results in (i) a reduction the methyl
group concentration (and an associated reduction in the
hydrophobicity of the polymer matrix and an increase in
the methanol Henry’s law constant), and (ii) the production
of a microporous material with significant increase in the
equilibrium sorption because of a non-zero contribution
from sorption in holes.

The presence of microporosity in these samples has been
confirmed by BET measurements and by evaluation of the
mechanism of transport of gases through the matrix. BET
analysis indicated that pores with an average diameter of
less than 40 A˚ resulted from pyrolysis at 4008C and oxida-
tion at 3008C. Analysis of the transport of gases though the
matrix has been reported [44]. Transport analysis indicates
that samples pyrolyzed with an oxidation temperature of
2608C and a pyrolysis temperature of# 3808C were
nonporous in nature. Samples prepared with pyrolysis
temperatures of 3808C or 4008C and an oxidation tempera-
ture of 2808C or 3008C were porous with surface diffusion
control [44], indicative of pores of less than 40 A˚ diameter.

4. Conclusions

Composites have been formed from the partial pyrolysis
and subsequent oxidation of silicone rubber. Pyrolysis is
accompanied by weight loss of up to 25%. Elemental

analysis indicates that this loss is predominantly due to
the loss of carbon and hydrogen. Oxygen has been shown
to be incorporated into the matrix upon oxidative treatment.
Consequently, the relative oxygen/silicon ratio increases as
does the oxidation state of the silicon (as shown by NMR).
Change in oxidation temperature has the most dramatic
impact on the amount of crosslinking. Dynamic mechanical
analysis shows that as the pyrolysis temperature increases,
tand peaks show that crosslinking increases and storage
modulus increases.

This oxidative ‘‘crosslinking’’ provides covalent bond
formation between regions of high –Si–O– concentration
and regions of the virgin PDMS. This covalent bonding
results in an increase in mechanical properties with an
increase in both pyrolysis and oxidation temperatures. The
elastic moduli of the current materials are markedly higher
than those of organic/inorganic composites prepared either
by the admixing of silica particles in PDMS or the consoli-
dation of TEOS in PMDS at equivalent silica loadings.

A marked difference between the hybrid organic/inor-
ganic materials produced here and those reported in the
literature is that pores are created in the present materials
through the partial pyrolysis and oxidation process. Porosity
is not a necessary outcome of any of the alternative tech-
nologies and has not been reported for those systems.
Controlled porosity may be beneficial for applications of
silicones as sensors or as membranes. Indeed, we are exam-
ining the potential applicability of these materials for the
above applications.

Partial pyrolysis may offer an easily processable alterna-
tive to a silica filled silicone rubber. Further, the treatments
employed are bulk, thermal processes. They require no addi-
tional solvents or catalysts to achieve desirable properties.
Therefore, sample homogeneity should be high.
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Table 6
Dual-mode constants for the partially pyrolyzed samples. Calculated by fitting sorption isotherms shown in Fig. 7 with Eq. (3)

Sample kD(cm3(STP)/cm3 polymer atm) c0H (cm3(STP)/cm3 polymer) b (atm21)

PDMS 26 — —
Tp � 400,To � 260 175 0.3 0.001
Tp � 400,To � 280 270 17 0.166
Tp � 400,To � 300 301 18 0.032
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