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distribution.

o Excess hydrogen bonds from the base
polymer with v-PDMS eliminates
porosity.

o
=
b2
=
S
o
=
5}
5
2
3
>
o=
o0
8
%
]
S
2
5]
R

Increasing Vinyl Content

ARTICLE INFO

ABSTRACT

Article history:

Received 7 December 2017
Received in revised form

21 January 2018

Accepted 30 January 2018
Available online 3 February 2018

Keywords:

Silicon oxycarbide
Polymer-derived ceramics
Porosity

Phase separation

Vinyl bond

The influence of vinyl bonds on the phase separation and decomposition of polydimethylsiloxane (PDMS)
was investigated for a saturated PDMS (s-PDMS) and an unsaturated poly(dimethylsiloxane-co-vinyl-
methylsiloxane) (v-PDMS) with the same molecular weight, and the resulting pore sizes were investi-
gated for two base polymer systems, one with an excess of hydrogen bonds (PHMS,
polyhydromethylsoloxane) and one with stoichiometric hydrogen to vinyl bonds (PSO, polysiloxane). For
PHMS, the samples with s-PDMS have lower ceramic yield and higher total porosity, while the samples
with v-PDMS contain nearly no porosity after pyrolysis to 1300 °C due to extensive hydrosilylation be-
tween the hydrogen and vinyl groups. For the PSO, both s-PDMS and v-PDMS produce micron-sized
pores, but the v-PDMS produces smaller pores with a narrower size distribution than the s-PDMS. The
fundamental differences in the polymer phase separation and decomposition arising from the addition of
vinyl bonds to the PDMS chains and the effect of the base polymer hydrogen content are discussed.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

traditional powder based processing techniques due to lower
processing temperatures and a wide range of available composi-

Porous ceramic components containing macro-, meso-, and/or
micro-pores are important for applications such as catalyst sup-
ports, thermal insulation, and gas separation membranes [1]. The
use of polymer derived ceramics offers distinct advantages over
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tions [2,3]. In particular, porous silicon oxycarbide (SiOC) is an
excellent candidate due to its resistance to chemical and oxidation
degradation, high temperature stability, and excellent mechanical
properties [1,2,4—6].

There are several routes to fabricate porous polymer derived
ceramics, including sacrificial fillers [7—9], foaming [10—14], freeze
casting [15,16], selective etching of a ceramic phase [17—22], and
polymer phase decomposition [23—25]. The pore size, shape, and
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distribution within polymer derived ceramics can be tailored to fit a
specific application: pores created by selective etching or polymer
decomposition are often spherical and uniformly distributed and
are well suited for thermal insulation or adsorption of gas, ions, and
dyes [22—25]; pores created using foaming or freeze casting can be
directionally aligned and useful in applications requiring high
permeability such as catalysis and filtration [10,15,16]. One partic-
ular processing strategy, polymer phase separation followed by
selective decomposition of one of the polymers, such as poly-
dimethylsiloxane (PDMS), during pyrolysis has gained attention in
recent years as a convenient processing route to create porous SiOC
and SiC ceramics with different pore sizes [3,23—25]. The pore sizes
resulting from the decomposition of the PDMS phase can range
from meso-to macro-scale depending on the processing conditions.
The effects of various processing variables on the pore size and
porosity have been researched, including the viscosity of the PDMS
[26], the content of PDMS in the polymer blend [23—26], the base
polymer system [3,23], and the pyrolysis temperature [24]. How-
ever, the studies thus far have been largely empirical, with the
given results being specific to the polymer system used.

Recently, Blum et al. [24] reported the fabrication of mesoporous
SiOC through the hydrosilylation reaction of vinyl terminated
PDMS and a hydrogen containing base polymer. By simply changing
the molecular weight of the PDMS additive from 9400 g/mol to
155000 g/mol, the resulting pore size from the PDMS decomposi-
tion can vary between 5nm and 32nm [24]. This processing
technique has achieved pore sizes corresponding to the molecular
size of the PDMS molecule within the SiOC ceramics. However,
there are fundamental differences between the vinyl terminated
PDMS used by Blum et al. [24] and a fully saturated PDMS polymer
typically used to fabricate porous SiOC [3,25,26]. Thus, additional
research into the use of vinyl-containing PDMS is needed in order
to understand the effects of the vinyl bonds during the decompo-
sition of the PDMS molecules.

In this study, two PDMS molecules are compared with the only
difference being the presence of vinyl bonds along the backbone of
one of the PDMS polymers (s-PDMS vs. v-PDMS). Further, two
different base polymers are used, one with an excess of hydrogen
bonds (PHMS) and the other with an equimolar amount of
hydrogen and vinyl bonds (PSO), to illustrate the effect of the vinyl
bonds during pyrolysis when either bonded during crosslinking
through hydrosilylation or when left unsaturated.

2. Experimental procedures

Polyhydromethylsiloxane (PHMS, My ~ 1600 g/mol, (CH3)3SiO
[-Si(H)CH30-],Si(CH3)3, Gelest Inc., Morrisville, PA) was chosen as
the precursor for one of the base polymer systems used, and
divinylbenzene (DVB, My = 130.2 g/mol, Sigma-Aldrich, St. Louis,
MO) was used as the crosslinking agent. The other base polymer
system used was a commercial polysiloxane (PSO, [-Si(C5Hg)20-]3[-
Si(CH3)(H)O-]»[-Si(CH3)(CH=CH,)O-],, SPR-684, viscosity: 10 Pas,
Starfire Systems, Inc., Schenectady, NY). For both polymers,
2.1-2.4% platinum-divinyltetramethyldisiloxane complex in xylene
(Pt catalyst, Gelest Inc., Morrisville, PA) was used as the catalyst. A
fully saturated PDMS (Mw = 28000 g/mol, (CH3)3SiO[-Si(CH3),0-
InSi(CH3)3, viscosity: 1 Pas, Fisher Scientific, Pittsburgh, PA) and a
PDMS copolymer containing 7—8% vinylmethylsiloxane (VDT-781,
Mw = 28000 g/mol, (CHj3)3SiO[-Si(CH3)20-],[Si(CH3)(CH=CH,)O-
Im(Si(CH3)3, viscosity: 0.8—1.2 Pa s, Gelest Inc., Morrisville, PA) were
selected as the additives and pore forming species.

First, a mixture of PHMS and DVB with a 1:0.6 wt ratio was
prepared, which was simply labelled as PHMS in this study for

brevity; the PHMS mixture had a viscosity of 0.01 Pa s. Then PHMS-
PDMS or PSO-PDMS mixtures containing 0, 10, 20, or 30 wt% of both
types of PDMS were mixed. Toluene (Fisher Scientific, Pittsburgh,
PA) was added to the PSO solutions as needed to provide a suitable
viscosity for mixing. The solution was mixed for 15 min using a high
energy mill (SPEX 8000 M Mixer/Mill, SPEX SamplePrep, Metu-
chen, NJ). Next, the Pt catalyst (5 ppm relative to PHMS, 225 ppm
relative to PSO) was added, the mixture was milled again for 5 min
and then poured into aluminum foil molds. The mixture was placed
into a vacuum chamber and vacuumed to approximately 20 Torr for
30 min to remove any solvent or trapped bubbles. After that, the
mixture was crosslinked in an oven at 50 °C for 12 h, 80 °C for 10 h,
and then at 120 °C for 6 h. Samples are denoted as either PHMS-Xs
or PSO-Xs for the samples containing saturated PDMS and PHMS-
Xv or PSO-Xv for samples with the vinyl containing PDMS; X is
the weight percent of PDMS in the polymer blend.

To prepare the samples for pyrolysis, the crosslinked polymers
were first cut and polished into pieces roughly 10 mm in length and
2mm in thickness. Next, the samples were placed into a zirconia
crucible, covered on both sides with graphite mats in order to
reduce friction during shrinkage and prevent warping [27,28], and
put into a tube furnace (1730-20 Horizontal Tube Furnace, CM
Furnaces Inc., Bloomfield, NJ). The samples were heated up to
1300°C at a rate of 1 K/min, held for 2 h, cooled to 400 °C with a
rate of 1 K/min, and finally cooled to 50 °C with a rate of 2 K/min, all
with an Ar flow (500 std cm>/min). When the furnace was between
500 and 700 °C during heating, the Ar was bubbled through water
at 60 °C, giving a gas flow with a Ar:H,O0 molar ratio of approxi-
mately 5:1. The 500°C-700 °C water vapor injection was used to
facilitate SiO, formation, and the temperature range was chosen
because it corresponded to the temperature range at which most
mass loss occurs for the base polymers.

Etching of the bulk SiOC samples after pyrolysis was done using
a solution of HF (20wt% HF in water). The HF solution was
magnetically stirred at room temperature until the SiOC samples
had no significant mass loss, taking approximately 3 days. The SiOC
samples were then rinsed with deionized water and dried at 120 °C.
The mass loss due to etching was calculated by dividing the change
in mass after etching by the original mass.

The chemical bonding was evaluated using Fourier Transform
Infrared Spectroscopy (FT-IR) (Nicolet 8700 with Pike GladiATR
attachment, Thermo Scientific, Waltham, MA), which recorded
between 500 and 4000 cm~! wavenumber with a resolution of
4cm~! and averaged between 64 scans. The thermal decomposi-
tion of the polymers was investigated by thermogravimetric anal-
ysis (TGA) using a STA 449C Jupiter® analyzer (Netzsch-Geritebau
GmbH, Selb, Germany) with a temperature range of room tem-
perature to 1000 °C, a heating rate of 5°C/min, and a N; flux of
40 ml/min. Linear shrinkage and ceramic yield were calculated by
measuring the dimensions and mass, respectively, of the samples
before and after the pyrolysis; bulk density and apparent density
were calculated using the Archimedes method with water as the
medium. An environmental SEM (Quanta 600 FEG, FEI, Hillsboro,
OR) was used to observe the microstructures of the pyrolyzed
samples. Pore size distributions were obtained from high contrast
SEM images, with three images per sample, using the image anal-
ysis software Image] [29]. The specific surface area and pore volume
of micro-/meso-pores within the samples after the HF etching was
measured using nitrogen adsorption at 77 K (NOVA 2200e, Quan-
tachrome Instruments, Boynton Beach, FL). The viscosity of the
polymers was measured at room temperature with a rheometer
(AR 2000, TA Instruments, New Castle DE) and a cone-plate
geometry.
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3. Results and discussion
3.1. Polymer chemical structure

The PHMS-PDMS solutions after mixing but before crosslinking
were transparent for both the v-PDMS and s-PDMS samples. After
crosslinking, however, the s-PDMS samples became opaque while
the v-PDMS samples remained transparent, as shown in Fig. 2(a).
The opaque appearance of the s-PDMS samples is due to phase
separation of the PDMS molecules from the PHMS because the two
polymers have little to no crosslinks (Fig. 2(c)), and significant
scattering of light occurs as the phase boundary grows to several
hundred nanometers or greater, the same scale as the wavelength
of visible light. The opaque nature of the PHMS-PDMS crosslinked
system has also been observed in other studies using PDMS [25].
For the v-PDMS samples, however, the samples remain transparent,
similar to the pure PHMS sample, up to 30 wt% v-PDMS. The
hydrosilylation (Fig. 1) reaction between the hydrogen bonds in the
PHMS and the vinyl bonds in the v-PDMS [24,30,31] may have
prevented such large scale phase separation, leaving the sample
transparent, as shown in Fig. 2(c). On the contrary, the PSO-PDMS
solutions become opaque during mixing due to the in-
compatibility between PDMS and phenyl groups [32,33], and the
polymer blends remain opaque after crosslinking for both the s-
PDMS and v-PDMS polymers as shown in Fig. 2(b).

In addition to becoming opaque after crosslinking, the PHMS/s-
PDMS samples also show different microstructures depending on
the PDMS content. The PHMS-10s and PHMS-20s samples are
composed of the PHMS matrix with the s-PDMS phase dispersed
throughout with a close-to-spherical shape; the size of the s-PDMS
phase increases as the weight percent of PDMS is increased from
10 wt% to 20 wt%. For the PHMS-30s sample, phase inversion has
occurred, with the s-PDMS phase now comprising the matrix and
the PHMS in a droplet form (Fig. 2(c)). This phase inversion
behavior for blends of PHMS and s-PDMS was also observed by Yan
et al. [25], which used tetramethyltetravinylcycletetrasiloxane as
the crosslinking agent as opposed to DVB in this study. Due to the
initial compatibility between the PHMS and PDMS molecules, the
change in microstructure can be attributed to the crosslinking of
the PHMS and DVB, which effectively increases the molecular
weight of the PHMS until the PHMS and PDMS can no longer form a
single phase and thus phase separate. This behavior is typical for
systems that experience polymerization induced phase separation
[34,35].

The FT-IR spectra for the crosslinked PHMS-PDMS polymers as
well as the pure s-PDMS and v-PDMS polymers are shown in Fig. 3;
each of the spectra is normalized to the Si-0-Si peak at ~1000 cm ™"
in order to show differences between the samples. In the pure
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Fig. 1. Hydrosilylation reaction between hydrogen and vinyl bonds to induce
crosslinks.

PHMS sample, the major absorption peaks are attributed to Si-O-Si
(1000-1100 cm™1), Si-CH3 (1256 cm™1), Si-H (2157 cm™!), and CHy
(2868-2960 cm™!). With the addition of s-PDMS, no new peaks are
formed because the s-PDMS has no new chemical bonds compared
to the PHMS. Between 20 wt% and 30 wt% s-PDMS, the absorbance
peak due to Si-H disappears, which is attributed to the phase
inversion behavior of the 30 wt% s-PDMS sample as already dis-
cussed. Since the PDMS phase surrounds the PHMS phase, the
signal from the attenuated total reflectance (ATR) cannot penetrate
through the PDMS phase, and the signal from the PHMS is not
observable. Similar to the s-PDMS samples, the addition of v-PDMS
causes no new peaks to form. However, the samples do not show
the disappearance of the Si-H peak due to the more homogenous
distribution of the polymers.

The FT-IR plots for the PSO-PDMS blends (Fig. 4) show no major
differences in the spectra of the polymers after crosslinking. The
spectra for both the s-PDMS in Fig. 4(a) and v-PDMS in Fig. 4(b)
show similar peaks, which is to be expected since the vinyl content
in the v-PDMS polymer is only 7—8 mol%. The PSO polymer has
equal molar amounts of hydrogen and vinyl bonds, so the con-
centration of hydrogen bonds after crosslinking is minimal. Thus,
the PSO polymer does not have an excess of Si-H bonds like the
PHMS polymer. Due to this deficiency in Si-H bonds compared to
vinyl bonds with the addition of v-PDMS, the probability of v-PDMS
molecules attaching to the PSO through hydrosilylation is much
less likely than for the PHMS base. The consumption of the
hydrogen bonds in the PSO does not necessarily mean that the
hydrogen bonds have all reacted with the vinyl bonds in the PSO
rather than the v-PDMS polymer. However, given that the PSO and
PDMS molecules readily phase separate due to the phenyl group in
the PSO [33], the interaction between the PSO and PDMS molecules
is likely much lower than the PSO molecules within the PSO phase.

3.2. Thermophysical properties

The decomposition behaviors of the base polymers, and the base
polymers with 20 wt% addition of s-PDMS and v-PDMS are inves-
tigated using TGA, and the resulting TG and dTG curves are shown
in Fig. 5. For the PHMS base polymers, the onset of decomposition
for the PHMS-20s sample is at ~350 °C, while the PHMS and PHMS-
20v samples begin decomposition at a slightly higher temperature
of 400 °C. Initial degradation of trimethylsilylated PDMS is caused
by the depolymerization of linear chains with the formation of
cyclic siloxane products [36]. This depolymerization can be
inhibited through increasing the crosslink density of the polymer,
enhancing its thermal stability [36,37]. Thus, the higher onset
degradation temperature for the PHMS and PHMS-20v samples can
be attributed to a higher crosslinking density compared to that of
the PHMS-20s sample. Both the PHMS and PHMS-20v samples have
a maximum mass loss rate around 575 °C on the dTG curve and a
second smaller maximum at 700 °C. After the completion of py-
rolysis at 1000 °C, the PHMS and PHMS-20v samples have ceramic
yields close to 80%, while the ceramic yield of the PHMS-20s sample
is much lower at 64%. These differences in the decomposition
behavior between the s-PDMS and v-PDMS samples can be
attributed to the vinyl groups in the v-PDMS which promote the
formation of Si-CH>-Si or Si-CH,-CHj-Si bonds during pyrolysis and
delay the decomposition of the PDMS molecules until much higher
temperatures.

The decomposition behaviors of the PSO, PSO-20s, and PSO-20v
samples are shown in Fig. 5(b). All three of the samples show two
maxima on the dTG curves: one maximum at around 400 °C and
the other around 550°C. The PSO-20s sample shows a higher
decomposition rate at 400 °C and has about the same decomposi-
tion rate as the PSO at 550 °C. Most likely, the mass loss centered at
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Fig. 2. Crosslinked samples for (a) PHMS base polymer and (b) PSO base polymer; (c) crosslinking difference between transparent and opaque samples.
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Fig. 3. FT-IR spectra for pure PHMS, 10—30 wt% PDMS, and pure PDMS: (a) s-PDMS, and (b) v-PDMS.
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Fig. 4. FT-IR spectra for pure PSO, 10—30 wt% PDMS, and pure PDMS: (a) s-PDMS, and (b) v-PDMS.

400°C is due to the decomposition of the PDMS molecules. The
PSO-20v polymer has a similar decomposition rate as PSO at 400 °C,
but then a much higher mass loss rate at 550 °C. The difference
between the two types of PDMS molecules can again be attributed

to the vinyl bonds in the v-PDMS sample. Even without forming Si-
CH,-CH-Si bonds through hydrosilylation, the vinyl groups can
form additional bonds during pyrolysis, leading to strengthening of
the polymer network [38]. Due to these additional bonds, the PSO-
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Fig. 5. TG and dTG of the (a) PHMS, PHMS-20s, PHMS-20v, and (b) PSO, PSO-20s, PSO-20v samples.

20v polymer has a slightly higher yield and a slower decomposition
rate compared to the PSO-20s polymer; however, both polymers
show much lower yields than the base PSO.

The ceramic yield and the linear shrinkage of the samples after
pyrolysis at 1300 °C are given in Fig. 6. Compared to PHMS, the s-
PDMS samples all have lower ceramic yields, as expected due to the
decomposition of the PDMS molecules. With further addition of s-
PDMS, the ceramic yield continues to decrease. For the v-PDMS
samples, the ceramic yield for the 10 wt% v-PDMS sample is similar
to that of the 10 wt% s-PDMS sample. However, for higher v-PDMS
contents, the yield decreases only slightly, due to the vinyl bonds in
the v-PDMS creating additional crosslinks and preventing the
decomposition of all the PDMS molecules.

For the PSO base, the addition of s-PDMS decreases the ceramic
yield for all the PDMS contents tested, confirming the decomposi-
tion of the PDMS molecules. With only 10 wt% v-PDMS, the ceramic
yield of the PSO-PDMS polymer is increased. As the v-PDMS con-
tent is increased, however, the ceramic yield quickly decreases to a
similar value to that of the s-PDMS samples. The change in the
ceramic yield with the v-PDMS content can be attributed to the
interaction between the PSO and v-PDMS polymers. With higher v-
PDMS concentrations in the polymer mixture, the interactions
between the PSO and v-PDMS molecules decrease, reducing the
probability of interaction between the vinyl bonds in the v-PDMS
and the hydrogen bonds in the PSO so that the phase separation of
the two polymers occurs more readily. This would cause the v-
PDMS sample to respond more similarly to the s-PDMS, which has
no interaction with the PSO polymer, as clearly shown by the
ceramic yield values in Fig. 6(b).
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The linear shrinkage of the 10 wt% and 20 wt% s-PDMS samples
decreases only slightly compared to that of the PHMS sample; with
the addition of 30 wt% s-PDMS, the shrinkage increases much more,
most likely due to the different microstructure of the 30 s-PDMS
sample (Fig. 6(a)). For the v-PDMS samples, the linear shrinkage
continually increases with the PDMS concentration. This behavior
can be attributed to the sintering of the pores created from the v-
PDMS, due to their much smaller size as to be discussed. The PSO
samples show much less difference between the s-PDMS and v-
PDMS samples, since there is little to no hydrosilylation occurring
between the PSO and v-PDMS polymers (Fig. 6(b)). Further, the
linear shrinkage also shows no dependence on the content of PDMS
within the polymer, with all PSO/PDMS samples showing linear
shrinkage values close to that of the pure PSO sample.

3.3. Porosity and pore size

The bulk and apparent densities for the PHMS/PDMS and PSO/
PDMS samples are shown in Table 1. The bulk density takes into
account the volume of the SiOC matrix and the open and closed
pores; the apparent density considers the volume of the SiOC
matrix and closed pores only. For the PHMS base, the samples with
s-PDMS show a continual decrease in the bulk density while
maintaining similar apparent densities. This result indicates that
the open porosity of the PHMS/s-PDMS samples increases with
increasing s-PDMS content while the closed porosity stays rela-
tively constant. For the PHMS samples with v-PDMS, the bulk
density shows no such dependence on the v-PDMS concentration,
and all v-PDMS samples have similar bulk and apparent densities to
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Fig. 6. Ceramic yield and linear shrinkage of the (a) PHMS and (b) PSO samples after pyrolysis at 1300 °C.
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Table 1
Bulk and apparent densities of the PHMS and PSO samples after pyrolysis.

D. Erb, K. Lu / Materials Chemistry and Physics 209 (2018) 217—226

Base Polymer PDMS Content (wt%)

Bulk Density, py

Apparent Density, p,

(g/em?) (g/em?)

s-PDMS v-PDMS s-PDMS v-PDMS
PHMS 0 1.90 + 0.05 2.01+0.05
PHMS 10 1.73 £0.02 1.90 +0.02 1.90 +0.02 2.01+0.02
PHMS 20 1.65+0.01 1.98 +£0.05 1.84+£0.01 2.05+0.05
PHMS 30 1.20 +0.02 1.90 +0.03 1.96 + 0.01 2.05+0.03
PSO 0 1.76 £ 0.01 1.88 +0.01
PSO 10 1.59+0.01 1.72 £0.01 1.77 £0.01 1.79£0.01
PSO 20 1.51+£0.01 1.57+0.01 1.83+0.01 1.66 +0.01
PSO 30 1.44 +0.01 1.34+0.01 1.79 £ 0.01 1.45+0.01

the pure PHMS sample. This means that v-PDMS has no significant
effect on the open porosity of the PHMS samples.

For the PSO/s-PDMS samples, the bulk densities decrease with
increasing s-PDMS concentration while the apparent density re-
mains relatively the same, again indicating that the open porosity is
much more affected than the closed porosity by the s-PDMS sam-
ples. With the addition of v-PDMS to the PSO, both the bulk and
apparent densities decrease, indicating that both the open and
closed pore volumes increase with increasing v-PDMS content.

The density values listed in Table 1 can be used to compute the
open porosity Vo, closed porosity Vcp, and total porosity Vyp, of the
samples using the following equations:

Vop = 100(1-pb/pa) (1)
Vip =100(1-pp/pr) (2)
ch = Vop - th (3)

The true density for the samples with PDMS can be assumed to
be equal to the measured apparent density of the base samples
without PDMS because the majority of the PDMS should decom-
pose and not affect the true density of the remaining ceramic; thus,
the true density is estimated to be 2.01 g/cm? for all of the PHMS
samples and 1.88 g/cm? for all of the PSO samples. Fig. 7 shows the
results after applying Eqgs. (1)—(3) to the density values in Table 1.
For the pyrolyzed PSO and PHMS samples, the calculated total
porosity is ~5%, which is most likely due to the cracks on the sample
surface. With the addition of s-PDMS to PHMS (Fig. 7(a)), the
porosity increases to 18% for the 20s-PDMS sample. The total
porosity then increases greatly to 40% for the 30s-PDMS sample
due to the phase inversion as previously discussed. Comparatively,
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Fig. 7. Open and total porosities for (a) PHMS,

Open Porosity (%)

the PHMS/v-PDMS samples show no significant change in porosity
for the 10—30 wt% v-PDMS samples. This result indicates that all
the pores created by the v-PDMS decomposition have closed during
pyrolysis. It should be noted that both the open porosity and total
porosity for the PHMS samples with v-PDMS overlap in Fig. 7(a)
due to the absence of closed porosity within the samples.

For the PSO samples, the s-PDMS and v-PDMS polymers show
distinct differences in open and total porosity trends (Fig. 7(b)).
Addition of s-PDMS to the PSO matrix causes a continual increase in
open porosity and total porosity, with the PSO-30s sample con-
taining 24% total porosity. The difference between the total porosity
and open porosity is similar for the three s-PDMS samples, indi-
cating that s-PDMS strongly affects open porosity while maintain-
ing similar closed porosity, and there is minimal interaction
between PSO and s-PDMS and most s-PDMS escapes and leads to
open pores during the pyrolysis. For the v-PDMS samples, the total
porosity for the 10 wt% v-PSO sample is similar to that of the pure
PSO sample. Increasing the v-PDMS content to 20 or 30 wt% causes
a sharp increase in the total porosity, likely due to the lower
interaction between the vinyl bonds in the v-PDMS and the
hydrogen bonds in the PSO as already discussed in Section 3.2.
Interestingly, the v-PDMS polymer affects the closed porosity much
more strongly than the open porosity, showing an opposite trend to
the s-PDMS polymer.

Fig. 8 shows the cross sections of the PHMS-20s and PHMS-20v
samples after pyrolysis (all other conditions are in Fig. S1). With
10 wt% s-PDMS addition, the sample shows uniform, featureless
microstructures. With 20 wt% s-PDMS addition, the sample has
much larger pores, with the size ranging from 5 to 30 um and a few
pores reaching ~50 pm. As already discussed, the 30 wt% s-PDMS
sample shows an inversion of the microstructure, with the pyro-
lyzed PHMS phase being made of loosely bonded spheres; the
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Fig. 8. SEM micrographs of pyrolyzed samples (a) PHMS-20s and (b) PHMS-20v.

spheres have a bimodal size with the smaller spheres reaching
approximately 10 um and the larger spheres having diameters of
several hundred microns.

After pyrolysis, for the PHMS samples with v-PDMS, the pore
size with 10 wt% addition shows a similar featureless microstruc-
ture as for the PHMS with 10 wt% s-PDMS sample (Fig. S1). How-
ever, the addition of higher amounts of v-PDMS does not show any
significant changes to the microstructure (different from the cor-
responding s-PDMS samples), confirming the lack of porosity as
measured with the Archimedes method. The reason for this
observation with the v-PDMS samples can be understood by
considering that the vinyl bonds within the v-PDMS sample react
with the hydrogen bonds in the PHMS during crosslinking. Since
the total molecular weight of the v-PDMS polymer is 28000 g/mol
with 7—8 mol% vinylmethylsiloxane, then the average molecular
weight of the PDMS chains between vinylmethylsiloxane molecules
(or crosslinks) is approximately 900 g/mol, assuming that the
vinylmethylsiloxane units are evenly distributed along the PDMS
chains. For the PDMS polymers within the PHMS matrix, the
conformation of the PDMS molecules can be assumed to be ideal;
and the dependence of R, for the PDMS molecules on the polymer
molecular weight was determined by neutron scattering studies to
be [39]:

Rg=0.025M%° (nm) (5)

The pore diameter left from the decomposition of PDMS mole-
cules would simply be twice the value obtained from Eq. (5). Thus,
if the average molecular weight between crosslinks for the v-PDMS
molecules within the PHMS matrix is 900 g/mol, then the pore size
would be approximately 1.5 nm following Eq. (5). Such small pores
have been shown to easily close at higher temperatures, resulting in
minimal porosity [24]. This hypothesis is further confirmed by
considering the higher linear shrinkage of the v-PDMS samples in
Fig. 6(a) versus the PHMS or PHMS-s samples.

To further examine whether microporosity may have arisen
from the decomposition of the PDMS molecules, nitrogen adsorp-
tion was conducted on the pure PHMS and PSO samples as well as
the samples with 20 wt% s-PDMS or v-PDMS, all after pyrolysis; the
samples were first etched with a HF solution to remove SiO; from
the samples and open the structure to allow for any closed pores
from the PDMS decomposition to be available to the N, gas. The
resulting pore size distributions for the samples (Fig. 9) show that
no significant porosity can be observed other than that arising from

the etching of the SiO; at ~1.6 nm and 3.5 nm. Thus, there is no
significant residual microporosity from the decomposition of the s-
PDMS and v-PDMS in either the PHMS or PSO.

The microstructures for the PSO-20s and PSO-20v mixtures after
pyrolysis are shown in Fig. 10 (all the results for the other samples
are shown in Fig. S1). The PSO-10s sample has a pore size range
between 3 and 20 um. The PSO-20s sample has a similar pore size
range, with the only difference being the concentration of pores
within the sample. An increase of the s-PDMS content to 30 wt%
causes a much more drastic increase in the pore size to 20—50 pm,
with a small concentration of pores still being 5—10 pm in diameter.
Similar to the PSO-10s sample, the pore size for the PSO-10v sample
isin the range of 3—20 pm (Fig. S1). With an increase of the v-PDMS
content, both the pore size and pore size distribution increase, with
the pore size ranging from 5 to 30 um for both the PSO-20v and
PSO-30v samples. This means that at higher concentrations of the
v-PDMS, the pore formation more closely resembles that from the
s-PDMS.

To further investigate the difference between the pore sizes for
the PSO samples with s-PDMS and v-PDMS additions, the pore size
distributions for the samples were obtained through image analysis
of the SEM microstructures such as those shown in Fig. 10. The pore
size measurements were not carried out for the PHMS samples due
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Fig. 9. Pore size distributions for the pure PHMS and PSO polymers after pyrolysis as
well as the samples with 20 wt% PDMS additions.
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Fig. 10. SEM micrographs of pyrolyzed samples: (a) PSO-20s and (b) PSO-20v.

to the fact that only the PHMS-20s sample contains measureable
porosity; the PHMS-10s and all of the PHMS-v samples contain
negligible porosity, and the phase inversion for the PHMS-30s
sample prevents any measurement of the PDMS phase. Fig. 11(a)
and (b) show the area probability density, or the derivative of the
cumulative pore area, for the PSO-PDMS samples. For the PSO-10s
sample, the pore size distribution is wide and spans from 5 to
50 um with a mode size of ~30 pm. Increasing the s-PDMS content

to 20 wt% causes the pore size distribution to further widen, with
the modes occurring at 35 pm and 65 pm. For the PSO-30s sample,
the modes are at 20 pm, 50 pm, 75 pm, and 85 pm.

The pore size distributions for the PSO with v-PDMS in Fig. 11(b)
all display narrower pore size distributions and smaller pore sizes
than those for the s-PDMS samples. For the PSO-10v sample, the
mode pore size is only 5um, and the sample contains no pores
larger than 30 um. Increasing the v-PDMS content to 20 wt% again
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Fig. 11. Pore size distributions obtained from the SEM image analysis for PSO with: (a) s-PDMS, and (b) v-PDMS. (c) Average pore size for the PSO-s and PSO-v samples.
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causes the pore size distribution to broaden and increases the mode
pore size to 35 pum. The PSO-30v sample has a similar pore size
distribution to the PSO-20v sample, with the mode pore size only
increasing to 40 pm.

The average pore size and standard deviation for each of the
PSO-PDMS samples are shown in Fig. 11(c). For the s-PDMS, the
average pore size increases from 29.4 pm for the PSO-10s to 46.1 pm
for the PSO-20s and then to 46.6 um for the PSO-30s. The v-PDMS
similarly increases with the PDMS content from 10.4 um for the
PSO-10v to 33.9um and 36.9 for the PSO-20v and PSO-30v,
respectively. However, the standard deviations for the v-PDMS
samples are much smaller than for the s-PDMS samples for each of
the PDMS contents. The smaller pore sizes and narrower pore size
distributions for the v-PDMS samples compared to the s-PDMS
samples can only be attributed to the vinyl bonds within the v-
PDMS, since both the molecular weight and the viscosity of the two
types of PDMS are identical. As already seen from the TGA data in
Fig. 5, the v-PDMS sample shows a different decomposition
behavior than the s-PDMS sample due to the reactions from the
vinyl group. Accordingly, these reactions may slightly prevent such
extensive phase separation between the PSO and v-PDMS mole-
cules. The reactions from the vinyl bonds along the v-PDMS chain
may also effectively reduce the molecular weight of the PDMS
molecules; the added connection points shorten the length of the
free PDMS chains, reducing the PDMS molecular weight as already
discussed for the PHMS/v-PDMS system. Both reducing the extent
of phase separation and reducing the PDMS molecular weight
would lead to smaller pore sizes and a narrower size distribution.

If the phase separation between the base polymer and the PDMS
molecules is significant, as it is for the PSO base, then the size of the
PDMS domains will be much larger than that of single polymer
chains as discussed previously, given by Ref. [33]:

40jne(p + 1)

T (P4

(6)

where p is the viscosity ratio of the dispersed phase to the matrix
phase, ojy¢ is the interfacial tension of the two polymers, 1, is the
viscosity of the matrix polymer, and ¥ is the sheer rate exerted on
the system during mixing. If the polymer phases coalesce after
mixing, then the polymer domains will increase in size according to
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Fig. 12. Calculated pore size versus sheer rate during mixing from Egs. (6) and (7), and
the experimental pore sizes from Fig. 9(c).

the empirical relationship [33,40]:

4A0in, \—0.84
= 2Yint 7
YNMm ®) )

The measured viscosities of the PSO, s-PDMS, and v-PDMS are
10.7+0.1 Pas, 1.0+0.1Pas, and 1.0+0.1Pas, respectively. The
interfacial tension is estimated to be ~0.00058 N/m, which is the
value between PDMS and a poly(dimethylsiloxane-ran-methyl-
phenylsiloxane), similar to the PSO used in this study [33]. Fig. 12
shows the result based on Eqgs. (6) and (7) vs. the sheer rate dur-
ing mixing as well as the average pore sizes. Considering that the
sheer rate during the vibratory milling of the polymers is much
greater than 1 1/s, then Eq. (7) more closely estimates the experi-
mental pore sizes at a shear rate of approximately 40 1/s. Eq. (6) is
based off the initial size of the polymer domains directly after
mixing, while Eq. (7) takes into account coalescence of the domains
after mixing, matching with the experimental results, since the
PSO-PDMS mixtures were allowed to sit in the oven before reaching
gelation.

4. Conclusions

Pores and porosity arising from the decomposition of PDMS
have been studied for a fully saturated PDMS (s-PDMS) and a PDMS
copolymer containing vinyl bonds (v-PDMS). The s-PDMS produces
lower yields than the v-PDMS and higher porosity when added to
PSO and PHMS base polymers, regardless of the content of
hydrogen bonds in the base polymer. When crosslinked with the
PHMS base, the v-PDMS does not show large scale phase separa-
tion, is more thermally stable than the s-PDMS, and produces no
significant porosity. For low contents of v-PDMS crosslinked with
the PSO base, the yield is higher and the porosity is lower compared
to the corresponding s-PDMS samples, but the differences between
the two PDMS types decreases as the PDMS content increases. For
the PSO base containing no excess hydrogen bonds, the pores
resulting from the PDMS decomposition are micron sized for both
the s-PDMS and v-PDMS polymers. However, the PSO with v-PDMS
produces smaller pores with a narrower pore size distribution than
the s-PDMS, which is attributed to the vinyl bonds within the v-
PDMS inducing reactions and effectively reducing the polymer
molecular weight. The fundamental differences between the
interaction of the PDMS molecules and the base polymers based on
the vinyl content are discussed to provide a practical guide for
polymer selection.
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