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ABSTRACT: In this investigation, the preparation and characterization of partially
pyrolyzed membranes based on poly(dimethylsiloxane) (PDMS) are described. These
membranes were obtained by the crosslinking of silanol-terminated PDMS with mul-
tifunctional nanoclusters derived from the reaction of pentaerythritoltriacrylate with
2-aminoethyl-3-aminopropyltrimethoxysilane and the in situ polycondensation of tet-
raethylortosilicate, followed by the thermal treatment of the resulting membranes at
different temperatures. The partially pyrolyzed membranes were characterized with
infrared spectroscopy, thermogravimetry, elemental analyses, dynamic mechanical
analysis, small-angle X-ray scattering, and scanning electron microscopy. The mem-
branes exhibited improvements in the thermal stability and mechanical strength.
Even with distinct compositions with respect to the Si/O and Si/C ratios, the flexibil-
ity of these materials was maintained. The flux rates of the gases through the mem-
branes were measured for N2, H2, O2, CH4, and CO2, at 25 8C. The permeability of
the membranes changed with increases in the pyrolysis and oxidation temperatures.
These membranes could be described as PDMS chains separated by inorganic clus-
ters. VVC 2006 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 45: 299–309, 2007

Keywords: crosslinking; mechanical properties; networks; polysiloxanes; thermog-
ravimetric analysis (TGA)

INTRODUCTION

Polyorganosiloxanes are a class of polymers that
have attracted the interest of many researchers
because of their versatility for tailoring materi-
als with different properties.1 Some of the em-
erging applications of polysiloxane-containing

materials include their pyrolytic conversion in
ceramic bodies2–5 and their use as membranes
for different applications.6–15

The utilization of polysiloxanes in the last
decades in materials science has been advanta-
geous because of the variety of precursor mono-
mers, oligomers, and polymers with different
functional organic groups, which make easier
the preparation of materials with different ar-
chitectures and properties. Poly(dimethylsilox-
ane) {PDMS or [Si(CH3)2O]n} is by far the most
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known and used polymer of its category. This
polymer has one of the lowest glass transitions16

and highest gas permeability coefficients.17 The
crosslinking of linear PDMS chains to produce
elastomeric networks can be performed by differ-
ent processes, such as (1) c radiation, (2) radical
initiators, (3) polycondensation reactions of ��Si
(CH3)2OH end groups with silicon alkoxides, and
(4) addition reactions such as hydrosilylation.18–22

Because PDMS-based membranes have high
permeability to gases, they have been considered
for gas-separation processes.23 Because of the
relatively low selectivity coefficients exhibited
by these membranes, studies focused on tailor-
ing the gas-transport properties of polysiloxane
membranes, through the control of their molecu-
lar architecture, have been developed.24

The development of membranes with good per-
formance for use in high-temperature gas-separa-
tion processes is still a challenge. Research in
this area has often focused on inorganic materi-
als and molecular sieves because of their promis-
ing applications under severe conditions, such as
high temperatures and pressures.25,26

Alternatively, porous ceramic membranes of-
fer high transport rates but reduced selectivity
coefficients.27 Koresh and Soffer28 described the
preparation of carbon molecular sieve mem-
branes formed by the pyrolysis of organic mate-
rial. These membranes showed high selectivity
coefficients for H2/CH4. Stevens and Rezac29,30

developed highly thermally stable membranes,
using the controlled partial pyrolysis of poly-
meric films as an alternative route.

In organic–inorganic hybrid materials, the
control of the temperature and time of the heat
treatment under an inert atmosphere can pro-
mote the partial degradation of the organic com-
ponent, with the maintenance of the polymeric
characteristic of the material. On the other
hand, this partial pyrolysis under an oxidative
atmosphere can promote additional crosslinking
of the polymeric chains, which contributes to the
decrease in the free volume and the increase in
the hardness of the final material.29

Among several methods, the partial and con-
trolled pyrolysis of PDMS-based membranes is a
relatively easy process to increase the amount of
an inorganic component in the membranes by the
partial removal of organic functional groups, pro-
ducing materials with improved thermal stability.

In this work, partially pyrolyzed membranes
were prepared through the controlled pyrolysis
of PDMS-based films, which were obtained from

PDMS crosslinked with alkoxide-functional clus-
ters, containing an organic core. These clusters
were prepared by the reaction of pentaerythri-
toltriacrylate (PETA) and 2-aminoethyl-3-ami-
nopropyltrimethoxysilane (AS) and silica oli-
gomers. The resulting membranes were charac-
terized with Fourier transform infrared (FTIR)
spectroscopy, X-ray diffraction (XRD), small-
angle X-ray scattering (SAXS), thermogravimet-
ric analysis (TGA), dynamic mechanical analysis
(DMA), and elemental analysis (C, H, N, and Si).
The morphology of the membranes was investi-
gated with field emission scanning electron mi-
croscopy (FESEM). The permeability coefficient
and ideal selectivity coefficient were evaluated
for O2, N2, H2, CH4, and CO2 gases. The charac-
terization results as well as the evaluation of the
thermal and gas-transport properties of these
films are discussed.

EXPERIMENTAL

Materials

PDMS with a numeric average molecular weight
of 2200 g/mol, AS, and tetraethoxysilane (TEOS)
were supplied by Dow Corning. The trifunc-
tional acrylic monomer, PETA, was obtained
from Aldrich Chemical Co. The dibutyltin–dilau-
rate complex (5 wt % in hexane; Sn catalyst) was
purchased from Gelest. 2-Propanol (99%) was
purchased from Grupo Quı́mica (Brazil). AS
was distilled under reduced pressure before use.

PDMS-Based Membranes

Homogeneous, transparent, self-supported, and
crack-free PDMS films were prepared by the
polycondensation reaction of linear PDMS con-
taining Si��OH end groups with PETA/AS and
TEOS. The 9-functional precursor, PETA/AS, was
generated in situ by Michael addition between
PETA and AS with a 1:3 molar ratio (see eq 1),
as reported in our previous publications:31

ðHOÞCH2CðCH2OCOCH==CH2Þ3ðPETAÞ
þH2NðCH2Þ2NHðCH2Þ3SiðOCH3Þ3ðASÞ

! ðHOÞCH2C½CH2OCOCH2CH2HN

� ðCH2Þ2NHðCH2Þ3SiðOCH3Þ3�3ðPETA=ASÞ
ð1Þ

A solution of PDMS, PETA/AS, and TEOS (8:1:1
weight ratio) in 2-propanol was stirred at 40 8C
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in the presence of dibutyltin dilaurate for
30 min. The viscous solution was transferred to
Petri dishes, giving rise to transparent films
after 72 h. These films were postcured in vacuo
at 50 8C for 48 h. More experimental details are
given elsewhere.31 This material was coded
MPP1. After a drying step, the membrane thick-
ness ranged from 0.8 to 1.1 mm.

Partial Pyrolysis of MPP1

The partial pyrolyses of MPP1 were conducted
by a heat treatment in both argon and synthetic
air flowing atmospheres (100 mL/min) at dif-
ferent final temperatures (see Table 1). The
pyrolysis was carried out by the placement of
the sample in an alumina crucible and then in a
tubular furnace at a heating rate of 2 8C/min
with a holding time of 3 h at a specific purge
temperature under an argon atmosphere; this
was followed by cooling to 50 8C at a rate of
2 8C/min and then heating at a specific oxidation
temperature under synthetic air for 3 h more.
Finally, the samples were cooled at a rate of
2 8C/min. The changes in weight were controlled
by the weighing of the samples before and after
the pyrolysis cycle.

Methods

Infrared Spectroscopy

Infrared spectra were recorded with a Perkin
Elmer 1600 FTIR spectrometer with the conven-
tional KBr pellet in the transmission mode; 32
scans were recorded with a resolution of 4 cm�1.

TGA

The thermogravimetry of the samples was car-
ried out by the loading of �10 mg of the samples
into a TA 2950 thermobalance instrument under
an argon atmosphere (100 mL/min flow rate), at

20 8C/min, from 30 to 1000 8C. The ceramic
yield of each membrane was determined by the
amount of the residue obtained at 1000 8C.

DMA

The dynamic mechanical behavior of these ma-
terials was analyzed with a TA Instrument
DMA 983, in a tension mode and at a fixed fre-
quency (1 Hz), in the range of �150 to 200 8C,
at a scanning rate of 5 8C/min. The glass-transi-
tion temperature (Tg) here is defined as the tem-
perature at which the material has the maxi-
mum loss modulus value.

Elemental Analysis

The carbon, hydrogen, and nitrogen contents in
the partially pyrolyzed membranes were quanti-
tatively measured in an elemental analyzer
(model 2400, PerkinElmer) with a procedure
suggested in previous publications.32 The Si con-
tent was evaluated by X-ray fluorescence with
an energy-dispersive X-ray spectrometer (model
EDX700, Shimadzu) with a cellulose filter. The
oxygen amount was estimated by difference.
The errors estimated in these analyses were 5%.
The results were displayed in terms of the Si/O
and Si/C ratios.

SAXS

SAXS experiments were carried out at Soft Con-
densed Matter Beamline A2 at HASYLAB
(Hamburg, Germany) with a fixed wavelength of
1.5 Å in vacuo at room temperature. The SAXS
data were calibrated with the characteristics
reflections of a rat tendon tail. Corrections due to
the parasitic scattering (background) were per-
formed after the measurement of each sample.

XRD

X-ray plots of the films were recorded on a Shi-
madzu XRD-600 diffractometer with Cu Ka radi-
ation (k ¼ 1.54 Å).

Scanning Electron Microscopy

The morphology of the membranes was analyzed
by FESEM with a JEOL JSM-6340F microscope
operated at 3 kV. The observed surface was
obtained by the coating of the cryogenic fracture
with thin carbon and gold layers.

Table 1. Conditions Used for the Partial Pyrolysis
of MPP1

Membrane
Purge

Temperature (8C)
Oxidation

Temperature (8C)

MPP2 150 100
MPP3 200 150
MPP4 250 200
MPP5 300 250
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Permeability Measurements

The gas permeability of the hybrid membranes
was determined with a commercially available
test cell (Gelman Science, Ann Arbor, MI), with
pure H2, N2, O2, CO2, and CH4 gases, at room
temperature. The effective membrane area was
9.62 cm2. The time lag was measured at least
five times. The reproducibility of the data was
checked by the measurement of at least four
films (from the same batch) to avoid experimen-
tal errors due to eventual cracks. The ideal selec-
tivity was obtained by the calculation of the ratio
between the permeability values for different
gases, as reported in our earlier publications.12

RESULTS AND DISCUSSION

Pyrolytic Treatment of the MPP1 Membrane

The membranes prepared with oxidative tem-
peratures lower than 250 8C were transparent.
After the thermal treatment, under different
conditions, they became opaque (as illustrated
in Fig. 1). The higher the temperature was of

the thermal treatment, the higher the shrinkage
was, as can be seen in Figure 1. The tempera-
ture of the maximum degradation rate, the
shrinkage (%), the ceramic yield, and the Si/O
and Si/C ratios for the prepared membranes are
shown in Table 2. The more pronounced iso-
tropic volume contraction and the higher ce-
ramic yield were observed for the membranes
treated at a higher temperature, as expected.
Furthermore, the opaque and darker appear-
ance of MPP4 and MPP5 can be associated with
the partial degradation of the organic nucleus of
PETA/AS clusters, which contain amino groups,
by the heat treatment. The degradation of the
ester group was already detected for poly(ethyl-
ene-co-vinyl acetate) at 200 8C under N2.

33

When this polymer was heated under air, the
formation of C��OH groups and oxidation to
ketones and lactones, as well as the scission of
C��C bonds, were observed at 250 8C.33 In addi-
tion to the degradation of the organic nucleus of
PETA/AS, the evolution of a volatile byproduct
of the thermally induced condensations of resid-
ual silanol and alkoxide groups also contributed
to the weight loss.

The pyrolytic conditions used in the prepara-
tion of MPP3, MPP4, and MPP5 were severe
enough to cause redistribution reactions involv-
ing Si��O bonds in PDMS main chains, produc-
ing cyclic volatile siloxanes,32,34 but not enough
to cause redistributions of the nodes of the net-
work.35 In fact, the weight loss of MPP5 was
�20 wt %, which was higher than the PETA/AS
core amount in this membrane, MPP5 was
indeed brittle.

The elemental analysis of the partially pyro-
lyzed membranes showed an increase in the Si/
C ratio with a concomitant decrease in the Si/O
ratio. Moreover, the amounts of material elimi-
nated after the pyrolysis (determined by the

Figure 1. Photographs of the MPPi membranes.

Table 2. Temperature of the Maximal Decomposition Rate (TMAX), Ceramic Yields,
Shrinkage Values, and Elemental Analysis Ratios for the MPPi Membranes

Membrane
TMAX

(8C)
Ceramic
Yield (%)

Shrinkage
(%)

Elemental Analysisa

Si/C Ratio Si/O Ratio

MPP1 543 20.2 — 0.50 1.48
MPP2 548 19.3 7.2 0.56 1.06
MPP3 547 20.9 13.5 0.67 1.02
MPP4 557 26.1 22.0 0.70 0.95
MPP5 559 47.8 66.4 0.75 1.19

a O was not analyzed. It was estimated by difference.

302 JOSÉ ET AL.
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weighing of the membrane after and before the
partial pyrolysis) were 2.7, 7.9, 20.2, and 68.8
wt % for MPP2, MPP3, MPP4, and MPP5,
respectively.

No significant changes in the FTIR spectra of
the membranes could be observed. These spectra
were characteristic of PDMS-based materials,
showing the principal absorptions at 1025 and
1007 cm�1, characteristic of Si��O��Si stretch-
ing of relatively long ��[Si(CH3)2O]n�� segments,
as well as absorptions related to methyl groups
at 2959 and 2926 (C��H stretching), 1260
(bending of C��H groups, fingerprint of Si��CH3

groups), and 800 cm�1.36

Thermal Behavior

Thermal Stability

Figure 2 contains the TGA curves of the MPPi
membranes. The thermal degradation process of

the membranes started at temperatures higher
than the purge temperature, as expected. The
onset temperature and the ceramic yield at
1000 8C increased in the order of MPP1 <
MPP2 < MPP3 < MPP4 < MPP5 (Table 2), indi-
cating an increase in the crosslinking density.

Interesting information could also be extrac-
ted from derivative thermogravimetric analysis
(DTGA) curves. For MPP1 and MPP2 [Fig. 3(a)],
two processes with TMAX, defined as the temper-
ature at which the mass flux from solid to vapor
is maximum, were observed around 200 and
540 8C and could be clearly distinguished. The
first stage could be assigned to the volatile evo-
lution from the thermally induced condensa-
tion reaction involving residual ==-----Si��OH and
==-----Si��OC2H5 from PETA/AS and TEOS precur-
sors.31,34 The second one resulted from the deg-
radation of the organic PETA/AS core in the
nodes of the polysiloxane network and the struc-
tural rearrangements of the polysiloxane net-
work.32,34,35 Concerning the DTGA curves of the
MPP3, MPP4, and MPP5 membranes [Fig. 3(b)],
only the last degradation stage, with TMAX

between 547 and 559 8C, was observed. The rate
of this process decreased in the order of MPP1
> MPP2 > MPP3 > MPP4 > MPP5. Taking into
account the activation energies for the breaking
of Si��O and Si��C bonds, 465 and 301 kJ/mol,
respectively, we can conclude that the thermal
degradation process observed here has consider-
able kinetic contributions rather then thermody-
namic contributions, in agreement with Camino
and coworkers37,38 and Schiavon et al.39 In fact,
for a long PDMS chain, the activation energy
involved in the degradation is far from the theo-
retical value of Si��O or Si��C bond cleavage

Figure 2. TGA curves of MPP1 and the partially
pyrolyzed membranes (20 8C/min, Ar).

Figure 3. DTGA curves of the MPPi membranes: (a) MPP1, MPP2, and MPP3 and
(b) MPP4 and MPP5.
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(190 kJ/mol) but is governed by kinetic consider-
ations, which in turn are related to the molecu-
lar structure.39

It is well established that PDMS and polysi-
loxane copolymers and resins containing ��Si
(CH3)2O (or DMe,Me) units undergo thermal deg-
radation through the elimination of oligomeric
cyclic products, as reported in several publica-
tions.37–39 MPP4 and MPP5 showed evidence for
the thermal degradation of the organic moieties
of the PETA/AS as they became much darker
than the previous ones. These oxidized species,
not even detected in the FTIR spectra, may
affect the degradation of these polysiloxane net-
works during the pyrolysis process.

DMA

Figure 4 shows the curves of the storage modu-
lus (E0) as a function of the temperature for
MPPi membranes. At 25 8C, E0 increased with
an increase in the partial pyrolysis temperature
because of the increase in the crosslinking den-
sity by the thermooxidation. The increase in E0

in the viscoelastic regime was more evident for
the MPP5 and MPP4 membranes.

The curves of the loss modulus (E00), illus-
trated in Figure 5, exhibited a maximum associ-
ated with the glass transition of the material.
For MPP1, Tg was �120 8C. As the partial py-
rolysis temperature increased, Tg values were
shifted to higher temperatures and the transi-
tion became broader; this was in line with the
increase in the crosslinking degree and also
with the presence of structural heterogeneities,

probably associated with the degradation of PETA/
AS organic moieties. The Tg value increased as
follows: MPP1 (�128 8C) < MPP3 (�121 8C) <
MPP2 (�115 8C) < MPP4 (�106 8C) < MPP5
(�105 8C).

E0 can also provide further evidence for
the crosslinking of the pyrolyzed membranes
through the determination of the average molec-
ular weight between the nodes (MC) of a poly-
meric network with the density (q) from E0 at a
temperature (T) higher than Tg, that is, in the
viscoelastic regime, as illustrated by eq 2:40,41

E0 ¼ q� R� T

MC
ð2Þ

According to eq 1, membranes prepared at higher
partial pyrolysis temperatures should have lower
MC values because these materials exhibit a
higher E0 value in the viscoelastic regime. In
fact, lower MC values can be correlated to the
presence of shorter linear segments between the
nodes. Therefore, MPP5 should have the lowest
amount of PDMS. As the elimination of PDMS
during the pyrolysis is expected to be more pro-
nounced at higher temperatures, the increase in
E0 in the viscoelastic regime can be explained in
terms of a decrease in MC or, in other words, an
increase in the crosslinking density.

XRD

The X-ray diffractograms of the partially pyro-
lyzed membranes were recorded to evaluate the
structural changes induced by the thermal deg-
radation of the MPP1 network. Figure 6 shows

Figure 4. E0 as a function of temperature for the
MPPi membranes.

Figure 5. E@ as a function of temperature for the
MPPi membranes.
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the diffractograms of the studied membranes.
All curves present two peaks at 12 and 208 cor-
responding to Bragg spacings of 7.4 and 4.5 Å,
respectively. The last value is usually reported
as the intrachain segment distance, whereas the
first reflection is related to the distance between
the chain segments.12,34,42 The first peak is pre-
sent in so-called mesomorphic polymeric ma-
terials, such as polysilsesquioxanes35,42,43 or
poly (diphenylsiloxane),44,45 and its width can be
related to the degree of organization of the net-
work.33 This peak became broader for the mem-

branes obtained at higher temperatures (MPP4
and MPP5). Hence, the partial degradation of
the organic component of these hybrid materials
leads to an increase in the disorder of the net-
work in comparison with the membranes pyro-
lyzed at lower temperatures. It is worth empha-
sizing that no sharp peaks were detectable in the
XRD plots of the membranes prepared in this
investigation; therefore, the partial pyrolysis did
not induce the formation of crystalline phases.

SAXS

SAXS is an established technique for the mor-
phological characterization of polymeric materi-
als. The X-rays are scattered because of fluctua-
tions of the electron density in the material.
These fluctuations can be associated with phase
separation (in copolymers46–48), crystallization,49–51

the presence of particles,31,52–58 and different
crosslinking densities,7,12 among other things.

The SAXS pattern of MPP1 was investigated
in a previous publication,31 and the curve had a
peak centered at q ¼ 0.1 Å�1, which could be
associated with a correlation distance between
the clusters (nodes of the PDMS network). To
investigate the morphological changes of MPP1
membranes caused by the thermal treatment,
the partially pyrolyzed membranes were also
characterized with SAXS. The curves are dis-
played in Figure 7.

Figure 6. XRD plots of the partially pyrolyzed
membranes (the curves have been shifted vertically
for the sake of clarity).

Figure 7. SAXS curves of the partially pyrolyzed membranes (the curves have
been shifted vertically for the sake of clarity).
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The SAXS curve of MPP2 exhibits a correla-
tion peak, which is partially overlapped by an
upturn at q values higher than 0.01 Å�1. The
exact position of the maximum could be deter-
mined to be 0.01 Å�1 by the fitting of the shoulder
with a Gaussian function. As reported in previous
publications, this peak can be associated with the
relatively ordered array of clusters spaced by a

distance d, which can be determined from the
position of the maximum (qmax) with eq 3:

d ¼ 2p
qmax

ð3Þ

This correlation distance is 628 Å. Therefore,
the thermal treatment of MPP1 under relatively
mild conditions (a purge temperature of 150 8C
and an oxidation temperature of 100 8C) caused
a significant change in the distance between the
clusters in the PDMS network.

The membranes pyrolyzed at higher tempera-
tures showed even more drastic morphological
changes. The position of the correlation peak
shifted to lower q values, and this indicated that
the clusters became closer to each other for the
membranes heated at higher temperatures. This
fact is in line with the partial elimination of
PDMS segments through thermally induced
rearrangements, as discussed in the previous

Table 3. Correlation Distance (d) and Position
of the Maximum (qmax) of the Partially
Pyrolyzed Membranes

Membrane d (Å) qmax (Å�1)

MPP131 63 0.10
MPP2 628 0.01
MPP3 157 0.04
MPP4 126 0.05
MPP5 105 0.06

Figure 8. Surfaces of cryogenically fractured specimens: (a) MPP2, (b) MPP3, (c)
MPP4, and (d) MPP5.
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sections of this article. Furthermore, the peaks
became broader and weaker for the membranes
pyrolyzed at higher temperatures, and this is in
line with the partial degradation of the PETA/
AS organic moieties. The decrease in the inter-
cluster distance is also supported by the in-
crease in E0 of the membranes in the viscoelastic
regime. The lower the distance is between the
crosslinking nodes, the higher E0 is at tempera-
tures higher than Tg. The data extracted from
the SAXS analysis are reported in Table 3.

Evaluation of the Gas Permeability

Figure 8 shows micrographs of the cryogenic
fracture surfaces of the membranes. In all of
them, cracks were produced during the fracture.
MPP1, MPP2, MPP3, and MPP4 were dense,
self-supported, and crack- and defect-free films.
Therefore, the permeability can be described by
the classical theory developed for gas transport
through dense polymeric membranes.

The permeability and selectivity coefficients
of H2, N2, O2, CO2, and CH4 of MPP1, MPP2,
MPP3, MPP4, and MPP5 membranes are sum-
marized in Tables 4 and 5, respectively. The
measurements were performed with a bubble

flow meter as previously described by Redondo
et al.12

According to the data displayed in Table 4,
the partially pyrolyzed membrane exhibited a
behavior comparable to that of MPP1, that is,
P(CO2) > P(CH4) > P(O2) > P(H2) > P(N2)
(where P is the permeability coefficient), which
can be understood on the basis of the predomi-
nance of linear segments of PDMS in the poly-
meric network.

The permeability and ideal selectivity coeffi-
cients for these membranes (including MPP1)
were comparable to those reported for commer-
cial PDMS-based membranes.59

CONCLUSIONS

The partial pyrolysis process revealed itself as a
viable method for the preparation of crack-free,
self-supported polysiloxane membranes. The Si/O
ratio increased with the increase in the temper-
ature of pyrolysis, mainly in the oxidative stage,
because of the thermooxidation of organic moi-
eties, with a consequent increase in the cross-
linking density of the polymeric network. The
resulting membranes clearly showed improved

Table 4. Permeability Coefficients for the MPPi Membranes

Membrane

Permeability Coefficient (Barrer)a

N2 H2 O2 CH4 CO2

MPP1 425 6 7 770 6 42 965 6 28 1481 6 15 2212 6 69
MPP2 277 6 12 532 6 6 631 6 25 1127 6 18 1574 6 23
MPP3 447 6 2 901 6 35 662 6 9 1096 6 11 3469 6 72
MPP4 425 6 3 455 6 5 690 6 9 945 6 11 2659 6 49
MPP5 4.6 � 104 10.0 � 104 4.1 � 104 8.1 � 104 3.6 � 104

PDMS59 400 6 10 890 6 30 800 6 20 1200 6 40 3800 6 70

a 1 Barrer ¼ 10�10 cm3 cm/s cm2 cmHg.

Table 5. Ideal Selectivity Coefficients for the MPPi Membranes

Membrane

Ideal Selectivity Coefficient

O2/N2 O2/H2 CO2/CH4 CO2/N2

MPP1 2.3 6 0.1 1.3 6 0.1 1.5 6 0.1 5.2 6 0.3
MPP2 2.3 6 0.1 1.2 6 0.1 1.4 6 0.1 5.7 6 0.3
MPP3 1.5 6 0.1 0.7 6 0.1 3.2 6 0.1 7.8 6 0.2
MPP4 1.6 6 0.1 1.5 6 0.1 2.8 6 0.1 6.3 6 0.2
MPP5 0.9 6 0.1 0.4 6 0.1 0.4 6 0.1 0.8 6 0.1
PDMS59 2.0 0.9 3.2 9.5
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mechanical properties and thermal stability,
opening potential applicability in systems oper-
ating at relatively high temperatures. These im-
provements can be partially explained in terms
of an increase in the crosslinking density.

The gas-transport properties and morphology
of the partially pyrolyzed membranes were
strongly affected by the pyrolysis conditions. No
formation of crystalline phases could be observed
by XRD measurements, although evidence for an
increase in the disorder of the material could be
obtained by both XRD and SAXS techniques. The
relative amounts of clusters that stemmed from
in situ polycondensation of PETA/AS and TEOS
were lower for the membranes pyrolyzed at
higher temperatures.
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J Inorg Organomet Polym 1995, 5, 75–85.

35. Prado, L. A. S. A.; Pastore, H. O.; Radovanovic,
E.; Torriani, I. L..; Yoshida, I. V. P. J Polym Sci
Part B: Polym Phys 2000, 38, 1580–1589.

36. Bellamy, L. J. The Infrared of Complex Molecules;
Wiley: New York, 1957; Chapter 20.

37. Camino, G.; Lomakin, S. M.; Lageard, M. Polymer
2001, 42, 2011–2015.

38. Camino, G.; Lomakin, S. M.; Lazzari, M. Polymer
2001, 42, 2395–2402.

39. Schiavon, M. A.; Redondo, S. U. A.; Pina, S. R. O.;
Yoshida, I. V. P. J Non-Cryst Solids 2002, 304, 92–100.

40. Ward, I. M.; Sweeney, J. An Introduction to the
Mechanical Properties of Solid Polymers, 2nd ed.;
Wiley: Chichester, England, 2004; Chapter 3.

308 JOSÉ ET AL.
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