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Abstract

In this work, membranes based on polycyclic silicone networks were synthesized from different cyclic siloxanes, through hydrosilylation
reactions. These membranes showed good thermal stability, glass transition higher than conventional silicone networks and the absence of
pores and phase segregation, with roughness surface. The nanomorphology of the materials was studied by small angle X-ray scattering.
Some samples produced practically no scattering and some produced patterns that are typical of non-particulate systems. The gas perme-
ability behavior of the membranes was investigated, showing permeability coefficients higher than those observed for some organic
polymers, and selectivity coefficients higher than those found for PDMS based membranes.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Among semi-inorganic polymers, polysiloxanes or sili-
cones are by far the most studied, especially the widely
used commercial poly(dimethylsiloxane) (PDMS). The
presence of methyl groups attached to a backbone of Si–
O–Si bonds gives to PDMS a combination of unique proper-
ties, such as excellent thermal and oxidative stabilities,
biological and chemical inertness, low surface tension and
high gas permeability [1].

Siloxane polymers are also well known due to their
highly flexible backbone, which gives to PDMS one of the
lowest glass transition temperatures (Tg) of 21278C [2]. The
dynamic flexibility of PDMS can be explained by the low
rotation barriers about the Si–O bonds, associated to the
presence of an unsubstituted small atom (oxigen) between
the substituted silicon atoms, and also to a Si–O bond
1.64 Å longer than a C–C bond 1.53 A˚ [1–3].

It has been demostrated that the purely thermal degrada-
tion of linear PDMS results in chain depolymerization, and
that –(CH3)2SiOH terminated PDMS is less thermally stable
than (CH3)3Si– end-blocked polymers [4–6]. The mechan-
ism of degradation is based on the intermolecular and intra-

molecular interchange reactions, whose major products are
cyclic compounds D3 and D4 [7].

The thermal stability of the silicones can be improved by
the insertion of rigid groups into the chain backbone, such as
phenylene in poly(silphenylenesiloxane), where the rigid
structures decrease the intrachain rearrangements [8].
Another way to improve the thermal stability is through
polymer network formation. In polymer networks, the
usual degradation mechanisms are minimized, due to higher
restriction of the rearrangements, and to suppression of
reactive endblocks [9].

Another important feature of siloxane polymers is their
unusually high gas permeability. The presence of high free
volume compared to hydrocarbons explains the high solu-
bility and high diffusion coefficient of gases [10]. The grow-
ing importance of PDMS and other silicone polymers as gas
separation membranes, in particular for the oxygen enrich-
ment of air, has been evident in spite of their low selectiv-
ities [11]. In the last years, several studies varying the basic
siloxane structure to improve the selectivity without
decreasing the permeability of the membranes, were
described [10].

In this work, vinyl and hydrogen functionalized cyclic
siloxanes, such as 1,3,5,7-tetravinyl,1,3,5,7-tetramethylcy-
clotetrasiloxane and 1,3,5,7-tetramethylcyclotetrasiloxane
were used as basic units, together with different kinds of
molecules containing Si–H or Si–CHyCH2 groups, in the
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formation of polymeric networks, through hydrosilylation
reactions. These materials were characterized and their gas
permeabilities were evaluated.

2. Experimental

2.1. Materials

Commercially available cyclic siloxanes 1,3,5,7-
tetravinyl,1,3,5,7-tetramethylcyclotetrasiloxane (D4

V) and
1,3,5,7-tetramethylcyclotetrasiloxane (D4

H) were supplied
by Dow Corning. The platinum–divinyltetramethyldisil-
oxane complex (Pt catalyst, 3–3.5% platinum concentration
in vinyl terminated poly(dimethylsiloxane)) was supplied
by Gelest. The monomers 1,10,3,30-tetramethyldisiloxane
(TMDS) and tetravinylsilane (TVS), purchased from
Aldrich Chemical Corporation, were used as received. The
monomers 1,4-bis(dimethylsilyl)benzene (DSB) and tetra-
allylsilane (TAS) were synthesized according to Pittman et
al. [12] and O’Brien et al. [13] procedures, respectively, and
were purified and characterized before use.

2.2. Sample preparation

In this study, five different polycyclic silicone membranes
(PSM), as self-supported films, were prepared by means of
hydrosilylation reaction from mixtures of D4

V and D4
H; D4

V

and TMDS; D4
V and DSB; D4

H and TAS, and finally D4
H and

TVS, giving rise to samples that will be referred to as:
PSM1, PSM2, PSM3, PSM4 and PSM5, respectively, as can
be seen in Fig. 1.

The PSM1, PSM2 and PSM3 membranes were obtained in
the absence of solvent, by mixing the vinylsiloxane and Pt
catalyst (1% in relation to total mass) for 15 min, followed
by the addition of hydridesilane and homogenized under
magnetic stirring for more 15 min. The mixtures were cast
onto Teflonw Petri dishes and let stand at room temperature
for 72 h. The samples were then submitted to an isothermal
treatment at 708C, in a vacuum oven, for 16 h. The PSM4

and PSM5 samples were obtained in the presence of toluene
as solvent, following the same procedure described above.
All these reactions were carried out with Si–H: SiCHyCH2

1:1 molar ratio.

2.3. Methods

2.3.1. Nuclear magnetic resonance and Raman spectra
Solid-state29Si nuclear magnetic resonance spectra (29Si

MAS NMR) were performed on a Bruker AC300 spectro-
meter at a 59.6 MHz resonance frequency, applying magic
angle spinning (MAS) technique, with 10 min delay time
between 908 pulses. Raman spectra were obtained by means
of a FT-Raman, Bomen DA8 spectrometer, using the 1604-
nm radiation from Nd:YAG laser excitation, in the spectral
range 400–3000 cm21 at a 4 cm21 resolution.

2.3.2. Thermogravimetric analysis (TGA)
Thermogravimetric analysis of PSM membranes were

carried out in a TA 2950 thermobalance, TA Instruments,
in the range of 25–10008C, at a scanning rate of 208C/min,
under argon flow.

2.3.3. Dynamic mechanical analysis (DMA)
The dynamic mechanical behavior of these materials was

analyzed using a TA Instrument DMA 983, in a tension
mode, fixed frequency (1 Hz), in the range of2150 to
2008C, at a scanning rate of 58C/min. The maximum in
the curve of logE00 as a function of temperature, was defined
asTg.

2.3.4. Morphological analyses
The morphology of the polycyclic silicones was analyzed

by field emission scanning electron microscopy (FESEM)
using a JM-6340F, JEOL microscope, operated at 5 kV. The
surface observed was obtained by coating a cryogenic frac-
ture with a thin gold layer.

The images of the surface membranes were obtained
using atomic force microscopy (AFM) on a Discoverer
TMX 2000 instrument, Topometrix, by non-contact mode
technique, with a Nanoprobe of 70mm length, and a high
resonance frequency (HRF) pyramidal silicon cantilever
with a spring constant of 35 N m21, model 1650-00,
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Fig. 1. Reaction schemes for the preparation of polycyclic silicone
membranes.



Topometrix. The images were processed only by flattening
to remove background slope.

2.3.5. Small angle X-ray scattering (SAXS)
The small angle X-ray scattering measurements were

performed at the SAXS workstation of the National
Synchrotron Light Laboratory, LNLS, Campinas-SP,
Brazil. In this workstation, the X-ray beam is horizontally
focused and monochromatized by a curved (111) silicon
crystal �l � 1:608 �A�; the beam was defined by two sets
of slits. The measurements were taken at room temperature
under vacuum. The SAXS intensity functionsI(q) were
registered using linear position sensitive detector. Parasitic
scattering was subtracted from the total intensity. Correc-
tions for sample absorption and detector response were also
introduced. Scattering curves were recorded at a sample–
detector distance of 1282.5 mm.

2.3.6. Permeability measurements
The gas permeability measurements of polycyclic sili-

cone membranes were carried out with a commercially
available test cell (Gelman Science, Ann Arbor, MI) using
pure H2, N2, O2, CO2 and CH4 gases, at room temperature.
The effective membrane area was 9.62 cm2. The
permeation rate was measured from 3 to 4 bar pressure
difference with bubble flow meters. Special care was
taken to avoid measuring each gas flux before reaching
the steady state. Specially in case of slow gases, the
measurements were regularly repeated during hours to
be sure that the values were constant. The selectivity
was obtained calculating the ratio between permeability
values for different gases.

3. Results and discussion

3.1. Synthesis and characterization of silicone networks

The polycyclic silicone networks were obtained by means
of platinum-catalyzed hydrosilylation reaction, which is a
very important method to produce new silicon–carbon
bonds. The reaction is an addition of hydridesilane to
carbon–carbon multiple bonds, as follows:

–Si–H1 H2Cy CH–Si–!Pt
–Si– CH2CH2

b-adduct
–Si–

1–Si– CH�CH3�
a-adduct

–Si–

This reaction has the advantage of taking place under mild
conditions, and even at room temperature, and mainly to
form no by-products, which prevents the shrinkage of the
material. The hydrosilylation reaction generally gives a
mixture of a- and b-adducts, the relative percentage of
each is dependent on the monomers involved in the reaction,
and normally the less hindered addition product dominates
[14], i.e. generally theb-adduct is the major product.

Raman spectra (Fig. 2) were used for the molecular struc-
tural characterization of the PSM networks.

A sharp, from medium to weak intensity, band at about
1600 cm21 for PSM1, PSM2, PSM4 and PSM5 samples was
associated to the stretching mode of CyC vinyl group. For
PSM3, the band at 1584 cm21 could be attributed to phenyl
CyC stretching mode. PSM1 and PSM5 showed the presence
of a very weak band characteristic of Si–H stretching at
2100 cm21 [15]. These observations suggested the presence
of unreacted functions, i.e. the functional groups, from
network precursor units, were not totally incorporated in
the network structure by the hydrosilylation reaction,
mainly due to the increase of the steric hindrance around
these groups in the course of the reaction. After gelation of
the system, the mobility of the reagents and catalyst must be
diminished, which also makes difficult the reaction.

In a polyfunctional system, even after annealing, consid-
erable amount of unreacted, but reactive, groups still remain
unable to cure, because of steric separation from the corre-
sponding reactive group needed to effect cure; in this case,
vinyl on D4

V, TVS or TAS and SiH on D4
H, TMDS or DSB.

Kidera et al. [16] also describe the inequality in the reactiv-
ity of functional groups, i.e. when two or three groups of a
molecule have already reacted, the reactivity of the last one
should be lower due to steric hindrance, increasing the prob-
ability of the formation of linearly linked clusters.

The ratio between relative intensities of CH2 bending
(1405 cm21) and CyC vinyl stretching (1600 cm21) showed
a higher hydrosilylation reaction yield for PSM2 and PSM3,
the last one did not show the CyC band. Other characteristic
scattering bands of the polycyclic silicone networks were at
around: 2960 cm21 (y C–H), 1274 cm21 (d C–H),
1082 cm21 (d C–H phenyl), 760, 690 cm21 (y Si–C), 623
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Fig. 2. Raman spectra of polycyclic silicone membranes.



cm21 (y C–C phenyl) and 495 cm21 (ring siloxane breath-
ing mode, D1 band) [15,17]. The last peak is similar to those
found in inorganic-based silicate materials. According to Li
and King [17], the red shift to lower wavenumbers of Si–O–
Si Raman bands implies in the formation of a more open
structure, which allows easier vibration to take place.
Comparing the D1 bands for the PSM samples, red shift
was observed for PSM2 and PSM3, which is in agreement
with the presence of difunctional monomers in their struc-
tures. For other membranes, the silicone network was
obtained from two tetrafunctional monomers, which implies
in a more strained structure. D1 band, in the PSM2
membrane, was split into two bands at 484 and 527 cm21,
and the last was attributed to linear Si–O–Si groups from
TMDS.

29Si MAS NMR spectrum was also used for the molecular
structural characterization of the membranes due to its great
ability to distinguish between different structural siloxane
units. The29Si MAS NMR spectra of polycyclic silicone
networks are shown in Fig. 3. The29Si chemical shifts
observed for siloxane units in the films are listed in Table 1.

All silicone network membranes showed a broad signal
centered at218 ppm, which is characteristic of the D units,

(C2H4)Si(CH3)O2/2 [19], produced by hydrosilylation reac-
tion of the cyclic monomers D4

V and/or D4
H. For PSM1, PSM2

and PSM5 membranes, a signal at232 ppm assigned to
unreacted Si–H and/or Si–CHyCH2 of the precursors,
was also observed [19]. This result confirmed the presence
of unreacted functional groups in these materials, as
observed in the Raman analysis, as well as the absence of
unreacted vinyl groups for PSM3. The effective amount of
Si–H and Si–CHyCH2 involved in the formation of the
polycyclic network, by hydrosilylation reaction, was calcu-
lated by the corresponding peak integrations and was 65,
90% and approximately 100% for PSM1, PSM2 and PSM3,
respectively. Reactions of 1, 2 or 3 functional groups give
signals in the 0.08 to21.98 ppm [20] and224 to210 ppm
[21] range, for PSM4 and PSM5 films, respectively. So, the
presence of a large signal in these regions makes the peak
integration of individual units impossible to calculated.

3.2. Thermal–mechanical behavior

The thermogravimetric curves showed that all PSM
membranes have good thermal stabilities, with initial
temperatures of weight loss above 3008C, as can be seen
in Fig. 4.

In systems with reduced chain mobility or rigid struc-
tures, such as poly(silphenylene–siloxane), Ikeda et al.
[22] showed that the mechanism of decomposition is deter-
mined by bond energy factors. This process favors the clea-
vage of methyl groups, followed by the scission of
silphenylene bonds. The Si–O bonds have higher bond
energy and are cleaved at higher temperatures.

In PSM networks the mobility of Si–O–Si segments were
drastically diminished by the polycyclic network formation,
and the absence of end-block nucleophilic groups might
contribute to thermal degradation processes with
strong dependence of energy factors, like those in
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Fig. 3. 29Si MAS NMR of PSM membranes.

Table 1
29Si chemical shifts range for some siloxane units

Unit Notation d (ppm) [18]

MeEtSi(O–)2 D 219!223.5
MeViSi(O–)2 DV 232
Me(H)Si(O–)2 DH 232!233
Me2EtSiO– M 6.1! 9.8
Me2(H)SiO– MH 25.3!27.6
Me2EtSiPh – 21
Me2(H)SiPh – 217
Et(x)All (42x)Si – 10.08!21.98
Et(x)Vi (42x)Si – 210.7!230.3

Fig. 4. TGA curves of polycyclic silicone membranes in argon atmosphere.



poly(silphenylene–siloxane) [8,22]. Michalczyk et al. [9]
analyzed the thermal behavior of a silicone polycyclic
system, analogous to PSM1 membrane, and concluded that
the first stage of weight loss was attributed to the cleavage of
Si–C bonds of lateral organic groups. Li et al. [23] also
described the thermal degradation of a 3D poly(methylsi-
loxane) by the same first stage of degradation process.
Therefore, the first stage of weight loss, above 3508C,
could be attributed to the cleavage of Si–CH3, Si–vinyl
and Si–phenyl groups, that have lower dissociation energies
[9]. The second stage, above 5708C, was attributed to rear-
rangements of the network structure with the occurrence of

redistribution reactions involving Si–H/Si–O and/or Si–C/
Si–O bonds, followed by the mineralization of the material.
This last process yields silicon oxycarbides, SiCxO42x as the
major product [18,24].

The storage modulus,E0, and loss modulus,E00, curves of
the PSM membranes are shown in Fig. 5.

Two transitions, the last and more intense being the glass
transition, were observed in all cases. This profile, with two
transitions, suggests the existence of phase segregation in
the system. However, the cryogenic fracture surface of the
films, observed by FESEM, did not show phase segregation,
indicating that the films were homogenous at the resolution
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Fig. 5. Dynamic mechanical analysis of: (a) PSM1; (b) PSM2; (c) PSM3; (d) PSM4 and (e) PSM5.



limit of the equipment. All the PSM membrane films
showed similar patterns, with homogeneous and featureless
fracture surfaces, as can be seen for PSM1 in Fig. 6.

On the other hand, the transition width reflects the
number of relaxation modes associated to this process
[25,26]. The presence of segments with different conforma-
tions, mobilities or chemical environments, gives rise to
different relaxation times, and consequently broad transi-
tions. Thus, the profiles observed for PSM membranes
suggest a large distribution of micro-environments that
may stem from different degrees of connectivity between
cycles. Narrower glass transitions were observed for PSM2

and PSM3 membranes, in which a high percentage of func-
tional groups participated of the hydrosilylation reaction
(Figs. 5b and c). These results are in agreement with the
29Si MAS NMR and Raman analyses, and suggest that the
siloxane cycles must be connected by variable numbers of
functions, which give rise to regions with different degrees
of connectivity and therefore, different mobilities.

3.3. Force atomic microscopy

It is often observed that synthetic polymeric membranes
have patterns on the surface, similar to the observed on
surfaces of biological membranes. The patterned surfaces
are more advantageous for the material transport due to their
larger surface area. Fig. 7 (a, b, c) displays typical 70×
70mm2 AFM images of the top surface of PSM1, PSM2

and PSM3 membranes, respectively. These images indicates
some differences in the surface morphologies, characterized
by the presence of nodular structures, mainly in PSM1, while
PSM3 surface reveals the presence of depression regions,
which are not present in the other membranes. PSM1 also
shows in the 70× 70mm2 scan size, the highest root mean
square value ofz values (RMS) while PSM3 presents the
highest difference between the mean height of the nodules
and the mean depth of the valleys (Rz). It is reported that the

mean roughness (Ra) of the membrane (measured by AFM)
was directly proportional to the permeability of gases, with
some exceptions [27]. The PSM dense membranes did not
show this relationship. The flat regions among the nodular
or depression structures are shown in the corresponding 5×
5 mm2 scan size displays, Fig. 7 (d, e, f). The surface rough-
ness measurements were found to be dependent on the
surface area being scanned. These images reveal that
PSM1 and PSM2 have sponge-like structures.

3.4. Small angle X-ray acattering

The morphology of the silicone polycyclic membranes
was also studied by SAXS. This technique measures the
angular dependence of the intensity scattered by a sample
with electron density heterogeneities (Dr) [28]. If an elec-
tron density contrast (Dr) in the system exists [29], the
small-angle X-ray scattering must occur, with scattering
intensity proportional toDr .

X-ray scattering was not observed for PSM2 and PSM3,
which suggests the absence of scattering entities, or if they
exist, their dimensions are out of the detection range of the
SAXS instrumentation. Scattering profiles characteristic of
polydisperse systems were observed for PSM1, PSM4 and
PSM5. The more evident structural heterogeneities observed
in DMA, which were attributed to regions with different
degrees of connectivity between siloxane cycles, can lead
to different electron densities, and can be the origin of the
observed scattering. These materials grow as 3D networks,
and they can adopt several conformations, and therefore
they would have regions with different electron densities.
Similar behavior was recently described by Urayama et al.
[30] in swollen PDMS networks, where the scattering
profile suggested the presence of spatial inhomogeneity
frozen in the network. This inhomogeneity was attributed
to a non-uniform distribution of the crosslink centers leading
to the formation of regions with connectivity fluctuations.

The scattered intensity from isolated aggregates, at very
small angles can be analyzed by Guinier’s equation (1),
leading to the calculation of the radii of gyration (Rg):

I �q� � �Dr�2V2 exp�2R2
gq2

=3� �1�
In this equation,I(q) represents the intensity,V the scatter-
ing center volume andq the scattering vector. The SAXS
profiles for PSM membranes did not show a clear Guinier
behavior. This indicates that the nanostructure of these
materials cannot be described as a system of isolated parti-
cles and/or pores. Further structural information could be
obtained in the higher angle (power law) region.

Fractal geometry has been used as an important concept
to characterize amorphous materials [31]. The fractal
dimensionD is obtained from the analysis of the power-
law region�1022 , q , 1021 �A21�: In this region, the scat-
tering profiles do not depend on the shape of the scattering
units. The bi-logarithmic plots of the intensity as a function
of q revealed that the polycyclic silicone networks
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Fig. 6. FESEM micrograph of cryogenic surface fracture of PSM1

membrane.



membranes are mass fractals, withD values of 1.44, 1.98
and 2.61 for PSM1, PSM4 and PSM5, respectively. Mass
fractals resemble polymer-like structures as opposed to
colloid-like objects (uniformly dense). According to Martin
et al. [32] as the fractal dimension decreases, the structures
appear sparser, more open, until they reachD � 1; where
the object becomes linear, while the increase inD values

suggests a more compact network. The PSM1 network
showed the lowest value ofD, which implies in a more
open structure probably due to great steric hindrance during
the network formation. Comparing PSM4 and PSM5

membranes, the former showed the lowerD value, which
could be explained by the greater percentage of unreacted
functional groups, as observed in Raman spectra.
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Fig. 7. AFM images of the top surface of the polycyclic silicone membranes�70× 70mm2� : (a) PSM1; (b) PSM2 and (c) PSM3 �5 × 5mm2� : (d) PSM1 (e)
PSM2 and (f) PSM3. The vertical scales are greatly exaggerated to display clearly the spatial amplitude in thez-direction.



3.5. Permeability measurements

The permeabilities of H2, N2, O2, CO2 and CH4 through
PSM1, PSM2 and PSM3 silicone membranes, are summar-
ized in Table 2, and the selectivity values are shown in
Table 3.

The measurements were performed with a bubble flow
meter as used by Sforc¸a et al. [33], and the results were
similar to those obtained by a system using vacuum in the
permeate side and variable pressures on the feed side, parti-
cularly for N2. However, CO2 permeability was greater in
the former system.

Analyzing the permeability values obtained for PSM
membranes and comparing with those of PDMS, a decrease
in the permeability was observed. The high permeability of
PDMS has been attributed to its large free volume, which
may be due to the great flexibility of its siloxane links [10].

Gas transport in polymers is generally referred to as a
solution/diffusion process, the permeability coefficient (P)
being the product of the diffusion (D) and the solubility (S)
coefficients [34]:

P� D × S

The diffusion coefficients for small molecules in poly-
mers are strongly affected by chain-packing density, and
therefore by the free volume amount [35]. High chain flex-
ibility causes large diffusion coefficients and low apparent
activation energies for diffusion. PSM membranes have a
composition rich in siloxane groups. However, these materials
have a high connection density between cycles, which causes
a great decrease in the chain flexibility and in the free volume.

The permeability values observed for PSM membranes
reflect the differences in their structures, as the different
monomers give rise to materials with variable stiffness.

The glass transition temperatures, observed by DMA,
were 50,28 and 828C, respectively for PSM1, PSM2 and
PSM3, which are in agreement with the highest permeability
value for the PSM2 membrane, while the PSM3 sample
presented the lowest.

It can also be seen that the selectivity values for PSM
membranes were higher than those for the PDMS-based
membranes, which is in agreement with the inverse relation-
ship usually observed between permeability and selectivity
for common gases [34]. Comparing the permeability and
selectivity values of PSM membranes with those of organic
membranes [10], it can be noticed that the former present
considerable advantages for the use in gas separation
processes. The permeability values are greater than those
of organic membranes and the selectivity values are of the
same order of magnitude in some cases.

4. Conclusions

Polycyclic silicone membranes were obtained by hydrosi-
lylation reactions, from tetrafunctional siloxane cycles, with
good thermal stability and mechanical properties, and a wide
distribution of structural heterogeneities, as a consequence of
different degrees of connectivity between the cycles.
Morphological analyses showed homogeneous and non-
porous materials with roughness surfaces. These membranes
showed lower permeability and higher selectivity coefficients
than the membranes obtained from linear PDMS, with poten-
tial application in gas separation processes.
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Table 2
Gas permeabilities of PSM, PDMS and some organic membranes used in gas separation processes

Gases Pa

PSM1 PSM2 PSM3 Cellulose acetate [10] Bisphenol-A polysulfone [10] PDMS [10]
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a P (barres)� 10210 (cm3 (NTP) cm/cm2
. s cmHg).

Table 3
Selectivity values of PSM, PDMS and some organic membranes used in gas separation processes

Selectivity Membranes

PSM1 PSM2 PSM3 Cellulose acetate [10] Bisphenol-A polysulfone [10] PDMS [10]

O2/N2 4.6^ 0.1 2.9^ 0.1 3.9^ 0.1 5.5 6.3 2.2
CO2/CH4 9.2^ 0.2 4.9^ 0.1 12.0̂ 1.5 32 26 3.2
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