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Abstract

Poly(1-trimethylsilyl-1-propyne) (PTMSP) has been crosslinked using 3,30-diazidodiphenylsulfone to improve its solvent resistance. This
study reports the influence of crosslinker content on the solubility properties of PTMSP, its density, and its gas sorption and transport properties.
Crosslinking PTMSP renders it insoluble even in excellent solvents for the uncrosslinked polymer. Gas permeability and fractional free volume
(FFV) decreased as crosslinker content increased, while gas sorption was unaffected by crosslinking. Therefore, the reduction in permeability
upon crosslinking PTMSP was due to decreases in diffusion coefficients. Permeability reductions due to crosslinking could be offset by adding
nanoparticles to the films. The addition of 30 wt.% fumed silica nanoparticles increased the permeability of crosslinked PTMSP by approxi-
mately 80%. In mixed gas permeation experiments, when the composition of the feed gas was 98 mol% CH4 and 2 mol% n-C4H10, uncross-
linked PTMSP had an n-C4H10/CH4 selectivity of 31 and an n-C4H10 permeability of 114,000 barrers at 35 �C and 14 atm feed fugacity. At
the same conditions, crosslinked PTMSP containing 5 wt.% crosslinker had an n-C4H10/CH4 selectivity of 28 and an n-C4H10 permeability
of 73,000 barrers, and crosslinked PTMSP containing 5 wt.% crosslinker and 30 wt.% fumed silica nanoparticles had an n-C4H10/CH4 selectivity
of 21 and an n-C4H10 permeability of 110,000 barrers.
� 2007 Published by Elsevier Ltd.
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1. Introduction

PTMSP is the most permeable polymer known [1,2]. It is
a stiff chain, high free volume glassy polymer [2]. The high
permeability of PTMSP is attributed in part to its exception-
ally high fractional free volume (FFV) [3] of 0.29 [4], which
is believed to be a consequence of the rigid, but disordered
chain conformation and low cohesive energy density [5].
High free volume polymers are often weakly size-sieving
and, consequently, they are more permeable to large gas or va-
por molecules than to smaller molecules. In this regard,
PTMSP has outstanding vapor/gas selectivity [6e9]. For
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example, the n-C4H10/CH4 mixed gas selectivity is 35 at
25 �C, which is very high [10], and this property makes
PTMSP an interesting material for reverse-selective gas sepa-
rations such as volatile organic compound (VOC) removal
from permanent gas streams, natural gas dewpointing, and
monomer recovery from the exhaust of polymerization reac-
tors [8,9].

However, the solvent resistance and physical stability of
PTMSP needs to be improved. The solvent resistance of
PTMSP is low, and it is soluble in a wide range of organic sol-
vents [11], including both aliphatic and aromatic compounds
similar to those that might be found in feed streams of interest.
This high solubility compromises the utility of PTMSP in
some of the applications mentioned earlier [10]. Due to the
glassy nature of PTMSP, it is an inherently unstable material.
The permeability of PTMSP to gases and vapors decreases
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over time due to physical aging, which is the gradual relaxa-
tion of nonequilibruim excess free volume [7,12e18].

To improve its stability, PTMSP has been chemically and
physically modified using various strategies. For example,
PTMSP has been blended with rubbery polymers [16], bromi-
nated [19e22], had nanoparticles added to it [10,23], and has
been crosslinked [24e26]. Crosslinking PTMSP with bis-
(azide)s has previously been reported to increase both solvent
resistance and physical stability [24e26]. Crosslinked PTMSP
films were insoluble in common PTMSP solvents such as
toluene, and the permeability of the crosslinked films was
reported to be constant over time [24e26].

The crosslinking reaction described in this report capita-
lized on the ability of aryl azides (ReN3) to decompose to mo-
lecular nitrogen (N2) and reactive nitrenes (ReN) at elevated
temperatures. Nitrenes readily add to alkenes to form three-
membered heterocycles, known as aziridines, or insert into
carbonehydrogen bonds to form substituted amines [27].
Since the azide decomposition reaction cleanly generates
nitrogen gas and reactive nitrene intermediates as its exclusive
products, bis(azide)s are ideal for crosslinking PTMSP be-
cause no low volatility, low molecular weight byproducts are
formed that could contaminate the polymer [25].

Although previous studies have shown that custom-made
bis(azide)s and azide-functionalized polymers are effective
for increasing stability of PTMSP [24e26], alkyl and carboxyl
nitrenes tend to undergo intramolecular rearrangements which
reduce opportunities for bimolecular crosslinking reactions
[28]. In this paper, the effect of using 3,30-diazidodiphenylsul-
fone, a commercially available bis(aryl azide), to crosslink
PTMSP is reported. The solvent resistance of the resulting
crosslinked PTMSP is examined. The permeability, solubility
and diffusivity of N2, O2, CH4, C2H6, C3H8 and n-C4H10 in
crosslinked PTMSP are reported, and these transport proper-
ties are correlated with the FFVof crosslinked PTMSP. The ef-
fect of nanoparticle addition on crosslinked PTMSP transport
properties was also investigated. The vapor/gas mixture sepa-
ration properties of uncrosslinked PTMSP and crosslinked
PTMSP were determined to complement and expand upon
the initial reports by Jia and Baker and Rudd et al. [25,26],
which describe pure gas permeation properties of crosslinked
PTMSP.

1.1. Theory

The permeability of a polymer film to gas A, PA, is defined
as follows [29,30]:

PA ¼
NA � l

f2;A� f1;A

ð1Þ

where NA is the steady state gas flux through the film (cm3

(STP)/(cm2 s)), l is the film thickness (cm), and f2,A and f1,A

are the upstream and downstream fugacities of A (cmHg), re-
spectively. Permeability coefficients are often expressed in
units of barrer, where 1 barrer ¼ 1� 10�10ðcm3ðSTPÞ � cm=
cm2 � s � cmHgÞ.
The fugacity of gas A is calculated as follows [31]:

fA ¼ fAxAp ð2Þ

where fA is the fugacity coefficient of A, xA is the mole frac-
tion of A, and p is the total pressure (atm). The information
used to calculate the fugacity coefficients is provided else-
where [32]. It is reasonable to replace f2,A and f1,A by p2,A

and p1,A (i.e., the upstream and downstream partial pressures
of A (cmHg), respectively) in Eq. (1) to calculate pure gas per-
meabilities, because all gases and vapors exhibit nearly ideal
behavior at the temperatures and pressures considered in this
study. To calculate mixed gas permeabilities, fugacity is
used instead of partial pressure because the n-C4H10/CH4 mix-
tures at 35 �C exhibit non-ideal gas behavior, particularly at
some of the higher values of feed pressure considered [33].

For dense polymeric membranes, the solution-diffusion
model [34] describes the transport of gas molecules in poly-
mers. In this model, gas dissolves on the feed side of the
film, then diffuses through the film, and desorbs from the per-
meate side of the film. If the diffusion process is Fickian and
the downstream (i.e., permeate) pressure is far less than the
upstream (i.e., feed) pressure, then the permeability can be
expressed as [35]:

PA ¼ DA � SA ð3Þ

where DA is the average effective diffusivity (cm2/s), and SA is
the apparent sorption (or solubility) coefficient of gas A in the
polymer (cm3 (STP)/(cm3 polymer cmHg)). The solubility
coefficient of A is defined as follows [36]:

SA ¼ C2;A=f2;A ð4Þ

where C2,A is the gas concentration sorbed in the polymer at
the upstream face of the film (cm3 (STP)/cm3 polymer), and
f2,A is the upstream fugacity of A (cmHg). For the pure gas
sorption experiments considered in this study, the fugacity in
Eq. (4) can be adequately approximated by p2,A, the upstream
pressure of A.

The ideal selectivity of a membrane for gas A over gas B is
the ratio of their pure gas permeabilities; the most permeable
gas is usually in the numerator of the following expression
[35]:

aA=B ¼
PA

PB

¼
�

DA

DB

�
�
�

SA

SB

�
ð5Þ

where DA/DB is the diffusivity selectivity, which is the ratio of
the diffusion coefficients of gases A and B. Larger gas mole-
cules generally have smaller diffusion coefficients than
smaller molecules. The ratio of solubility coefficients of gases
A and B, SA/SB, is the solubility selectivity. The term ‘‘re-
verse-selectivity’’ refers to polymers being more permeable
to larger, more soluble molecules, such as n-C4H10, than to
smaller, less soluble gases such as CH4. This phenomenon
can occur when DA/DB, the diffusivity selectivity, approaches
unity and the solubility selectivity, SA/SB, is significantly
larger than 1 [29,30,35].
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Diffusion of small molecules in dense polymeric films is
also understood to be a function of polymer free volume,
and the following model is often used to describe this depen-
dence [37]:

DA ¼ C exp

�
� g�

Vf

�V�A
�

ð6Þ

where C is a pre-exponential factor, g is a numerical factor in-
troduced to account for overlap of free volume, V�A is the mini-
mum free volume element size needed to accommodate a gas
molecule, and hVfi is the average free volume in the polymer.
In this model, the diffusion coefficient is a function of pene-
trant size and polymer average free volume. As average free
volume increases, the effect of penetrant size on diffusivity di-
minishes, so the polymer becomes less size-sieving. This trend
is especially true for high free volume PTMSP, and it is an im-
portant consideration for understanding the transport proper-
ties of reverse-selective separation materials.
hVfi is usually replaced by fractional free volume (FFV) in

gas diffusion studies. A group contribution method is used to
calculate FFV [38e40]. The van der Waals volume of each
molecular group in the polymer is summed and multiplied
by 1.3 to find the total occupied volume of the polymer
[38e40]. The FFV is related to the occupied volume and the
polymer specific volume as follows [39]:

FFV¼ V �Vo

V
ð7Þ

where V is the specific volume of the polymer film (cm3/g),
and Vo is the occupied volume (cm3/g).

Because solubility is typically a weak function of free vol-
ume, permeability often exhibits a similar dependence on free
volume as diffusivity [37]:

PA ¼ SAC exp

�
� g�

Vf

�V�A
�

ð8Þ

2. Experimental

2.1. Materials

Ultra high purity (99.99%) cylinders of N2 and O2, and
chemical purity (99%) cylinders of CH4, C2H6, C3H8, and n-
C4H10 were received from Air Gas Southwest Inc. (Corpus
Christi, TX). Mixtures of CH4 and n-C4H10 were received
from Air Liquide America Corporation (Houston, TX). All
gases were used as-received. Poly(1-trimethylsilyl-1-propyne)
(PTMSP) was kindly supplied by Air Products and Chemicals,
Inc. The bis(azide) crosslinkers initially chosen to crosslink
PTMSP were: 3,30-diazidodiphenylsulfone, 2,6-di( p-azido-
benzyl)-4-methylcyclohexanone, and 2,6-bis(4-azidobenzyl-
idene)cyclohexanone. All were supplied by Sigma Aldrich
Chemicals. These bis(azide)s were chosen because they are
chemically safe at the conditions of film formation and cross-
linking, have been shown to crosslink polymeric materials
effectively, and are commercially available at a reasonable
price [41e45]. Nonporous, hydrophobic fumed silica nanopar-
ticles (FS) (CabeOeSil TS530, a grade of FS available from
Cabot Corp., Tuscola, IL) were added to PTMSP to form
nanocomposite films. TS530 FS nanoparticles have a charac-
teristic dimension of 13 nm, and they have been chemically
treated with hexamethyldisilazane to replace hydrophilic hy-
droxyl surface groups with hydrophobic trimethylsilyl surface
groups [46]. TEM imaging of nanocomposite films of PTMSP
and fumed silica by De Sitter et al. showed that the silica par-
ticles were aggregated in the polymer matrixes in the size
range of several hundred nanometers [47]. Merkel et al.
showed that mean fumed silica aggregate size in poly-
(4-methyl-2-pentyne) [PMP] nanocomposite films was in the
range of 70e110 nm [48]. The nanocomposite films in this
study were prepared using a similar physical dispersion/solu-
tion casting method as used by De Sitter et al. and Merkel
et al., so it is reasonable to expect FS agglomerates in our films
to be in this size range. All solvents used in the experiments
had a purity of at least 99.8%. All materials and chemicals
were used as-received unless otherwise indicated.

2.2. Film preparation

Dense films of PTMSP and bis(azide) crosslinker (XL)
were cast from a toluene solution containing 1.5 wt.% poly-
mer. FS nanoparticles were added to these solutions if the final
films were going to be nanocomposite films. The solutions
were stirred for 2 days using a magnetic stir bar, and the
cast films were dried at ambient conditions for approximately
1 week until all toluene had evaporated. A variety of commer-
cially available bis(azide)s were considered for these studies.
However, the most effective crosslinker for PTMSP was
3,30-diazidodiphenylsulfone. Its chemical structure is shown
in Fig. 1. This crosslinker was chosen because films cross-
linked with 3,30-diazidodiphenylsulfone were less soluble in
toluene (a good solvent for PTMSP [2]) than films crosslinked
with equivalent amounts of other bis(azide)s considered, such
as 2,6-di( p-azidobenzyl)-4-methylcyclohexanone or 2,6-bis(4-
azidobenzylidene)cyclohexanone. A possible reason for this
behavior is that 2,6-di( p-azidobenzyl)-4-methylcyclohexa-
none and 2,6-bis(4-azidobenzylidene)cyclohexanone contain
30 wt.% water (to allow safe handling of them); since PTMSP
has a low affinity for water, the water content makes the bis-
(azide)s less compatible with PTMSP [49].

All films containing 3,30-diazidodiphenylsulfone cross-
linker were crosslinked in a vacuum oven at 180 �C for
90 min. The decision to thermally crosslink PTMSP was cho-
sen because Jia and Baker found a smaller decrease in

S

O

O
N3 N3

Fig. 1. Chemical structure of bis(azide) crosslinker 3,30-diazidodiphenyl-

sulfone.
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permeability when films were crosslinked thermally than when
crosslinking was initiated by uv light [25]. The crosslinking re-
action was performed in the absence of oxygen because ni-
trene molecules oxidize to form nitroso compounds, which
reduces the effectiveness of the crosslinking reaction [45]. A
temperature of 180 �C was required to facilitate formation of
a bis(nitrene) from its respective bis(azide) crosslinker; at
lower temperatures, the reaction did not proceed at a reason-
able rate. After 90 min in the vacuum oven, the peak associ-
ated with the azide group in the FT-IR spectrum at
2120 cm�1 disappeared, indicating that the azide molecules
had reacted to form nitrenes.

PTMSP displays strong hysteresis effects with respect to its
transport properties, FFV, and positron annihilation lifetime
spectroscopy parameters [14,15,18,50,51]. To insure prepara-
tion of PTMSP samples with reproducible properties, all films
were soaked in methanol (MeOH), which is a swelling non-
solvent for PTMSP, for 24 h following film preparation and
exposure to high temperature under vacuum to bring about
crosslinking. The length of the MeOH immersion insures
MeOH reaches equilibrium with the PTMSP films [18]. This
step helps to minimize sample to sample variability due to
slight differences in thermal processing history [18]. PTMSP
permeation properties are sensitive to thermal history [15], so
care is required when preparing and crosslinking PTMSP.
Crosslinking time and temperature are kept constant so that
each sample has the same thermal history. It is important to
insure that no contaminants (e.g., vacuum pump oil vapors)
contact the film during film preparation and crosslinking [2],
because these materials can alter the transport properties.
Contamination by vacuum pump oil vapors was minimized
by using two liquid N2 traps on the line between the vacuum
pump and the vacuum oven. The films were dried at ambient
conditions for 72 h after soaking to ensure that all MeOH has
evaporated from the films [18]. Afterwards, film thickness
was measured, and transport property testing was commenced.
Films used in pure gas permeation and sorption experiments
were approximately 100 mm thick, and films used in mixed
gas permeation experiments were approximately 500 mm thick.

2.3. Permeation measurements

2.3.1. Pure gas
Pure gas permeabilities were determined in a constant pres-

sure, variable volume permeation cell. At steady state, the fol-
lowing expression was used to evaluate the permeability of gas
A in a film [35]:

PA ¼
1

A
�V

t
� l

p2� p1

� 273:15K

T
� pa

76
� 1010 ð9Þ

where PA is the permeability coefficient (barrer), A is the film
area (cm2), V is the steady state volume of permeating gas
(cm3) collected during a time, t(s), l is film thickness (cm),
p2 is gas pressure of A on the upstream (i.e., high pressure)
side of the film (cmHg), p1 is the gas pressure on the down-
stream (i.e., low pressure) side of the film (cmHg), T is the
measurement temperature (K), and pa is atmospheric pressure
(cmHg). The area of the films was 13.8 cm2, and gas flow rates
were measured using a bubble flow meter. The gases were
tested in the following order: N2, O2, CH4, C2H6, C3H8, and
n-C4H10. N2 permeability was measured before and after
each gas to check for any conditioning effects that the previous
permeating gas may have had on the PTMSP films. Perme-
ation measurements with permanent gases (N2, O2, CH4,
C2H6) were performed at 35 �C and an upstream pressure of
4.4 atm. The permeability coefficients of C3H8 and n-C4H10

were measured at 35 �C and upstream pressures of 2.8 atm
and 1.3 atm, respectively. The downstream pressure in all
cases was atmospheric.

2.3.2. Mixed gas
Mixed gas permeabilities were measured using a constant

pressure, variable volume system connected to a gas chro-
matograph equipped with a thermal conductivity detector
(TCD) and a flame ionization detector (FID) [4]. By measur-
ing the permeate concentration of gas A in the sweep, x1A,
and the sweep gas flow rate, S (cm3/s), the permeability of
gas A was calculated as follows [4]:

PA ¼
x1ASl

xP
c A
�
f2;A � f1;A

	� 273:15K

T
� pa

76
� 1010 ð10Þ

where f2,A and f1,A are the feed and permeate fugacities of gas
A, and xP

c is the mole fraction of sweep gas in the permeate
stream. The ratio of permeate to feed flow rate (i.e., stage
cut), was always less than 1%. Under these conditions, the res-
idue and feed compositions were essentially equal. Helium
was used as the sweep gas in this study. The mixed gas perme-
ation films are thicker than the pure gas permeation films so
that the flux of gas permeating across the film is reduced in
the mixed gas experiments. In this way, a lower flow rate of
residue gas is required to maintain the stage cut below 1%,
which minimizes the consumption of feed gas. Mixed gas se-
lectivity values were calculated as the ratio of the permeability
coefficients determined in the mixed gas permeation experi-
ment, as indicated in Eq. (5).

2.4. Sorption measurements

Sorption isotherms in uncrosslinked and crosslinked
PTMSP were determined in a high-pressure barometric sorp-
tion apparatus [52]. The apparatus consists of a charge cell
and a sample cell, and the volumes of each cell are known.
The cells were kept at constant temperature in a water bath.
A known volume of polymer was placed in the sample cell,
and both the charge and sample cells were exposed to vacuum
overnight to degas the sample. The valve between the cells
was then closed, penetrant gas was introduced into the charge
cell and allowed to equilibrate, and the pressure was measured.
The valve between the charge and sample cells was opened,
introducing penetrant gas into the sample cell. The system
was allowed to equilibrate, and the pressure was measured
in both cells. Once both cell pressures had equilibrated, the
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process was repeated, and penetrant uptake was measured as
a function of pressure. The time required to reach equilibrium
was, at most, a few hours. After measuring each sorption iso-
therm, the polymer samples were degassed overnight before
the next isotherm was measured.

3. Results and discussion

3.1. Crosslinking PTMSP

Crosslinking renders PTMSP insoluble in solvents that read-
ily dissolve the uncrosslinked polymer [24e26]. Therefore,
a preliminary indication of successful crosslinking is the lack
of solubility of crosslinked films in known solvents for PTMSP.
In this study, crosslinked PTMSP was insoluble in toluene,
cyclohexane and tetrahydrofuran (THF), which are excellent
solvents for uncrosslinked PTMSP [1]. For example, as shown
in Table 1, when the crosslinker concentration is 2.4 wt.% or
greater, PTMSP films are insoluble in toluene. Insolubility of
crosslinked PTMSP films is defined when there is less than
1% weight loss in a dry film before and after soaking in toluene
for 24 h. Crosslinked PTMSP films have been soaked in toluene
for up to 2 years and, even after this long exposure period, the
films remained insoluble.

The theoretical number of monomers between each cross-
link is estimated using the following expression [53]:

Nm ¼
WP=MP

WXL=ð2MXLÞ
ð11Þ

where Nm is the average number of monomer units between
crosslinks, WP is the mass of PTMSP in the film (g), MP is
the molecular weight of the PTMSP repeat unit (g/mol), WXL

is the mass of bis(azide) in the film (g), and MXL (g/mol) is the
bis(azide) molecular weight (300 g/mol). This calculation
assumes that every azide moiety reacts and abstracts one hydro-
gen from a PTMSP repeat unit.

A plausible mechanism for the crosslinking reaction is pre-
sented in Fig. 2 [24,25]. After azide decomposition, the result-
ing nitrenes insert into a carbonehydrogen bond in PTMSP to
form a substituted amine. Since allylic CeH bonds are signifi-
cantly weaker (w85 kcal/mol) [54] than the CeH bonds in
Si(CH3)3 (w100 kcal/mol) [54], reaction at the allylic methyl
groups (C]CeCH3) along the PTMSP backbone should be
strongly favored [55]. Further support for this mechanism
was obtained by examining FT-IR spectra of the crosslinked
films which is shown in Fig. 3. The intensity of the characteris-
tic signals attributed to the alkene units in PTMSP (1600 cm�1,
C]C stretching) did not decrease upon crosslinking. This re-
sult effectively minimizes the possibility of a nitrene addi-
tion-type mechanism, which would connect polymer chains
via an aziridine linkage. The azide peak at 2120 cm�1 disap-
pears when the PTMSP film is crosslinked, indicating conver-
sion of the bis(azide) crosslinker to a reactive bis(nitrene).

3.2. Pure gas permeability

For all gases considered, permeability decreases as cross-
linker content increases, and density decreases, which reduces
free volume. Fig. 4 presents a typical example of such results.
N2 permeability decreases from 7400 barrers to 2000 barrers
as crosslinker content increases from 0 to 20 wt.%, while
FFV decreases from 0.294 to 0.24. The FFV values of cross-
linked samples are calculated using measured density values
and Bondi’s group contribution method [38e40].
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Fig. 2. Proposed reaction scheme for crosslinking PTMSP with bis(azide)s

[24].
Table 1

Solubility of crosslinked PTMSP films in toluene

Crosslinker (wt.%) 0 0.7 1.4 2.4 4.9 7.7 10 20

Toluene solublea Yes Yes Partially No No No No No

Monomer units between crosslinksb e e 90 55 26 16 12 6

a Films were soaked in toluene for 24 h. The films mass was measured before and after toluene immersion once all of the toluene had evaporated from the

sample.
b Calculated according to Eq. (11).
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It is of interest to understand whether the decrease in FFV
associated with higher crosslinker content is due to the pres-
ence of the crosslinker in PTMSP or related to densification
induced by the thermal annealing protocol. In this regard,
the FFV of a PTMSP film containing 5 wt.% crosslinker is
the same before and after exposure to the crosslinking condi-
tions (180 �C for 90 min in vacuum). Therefore, the reduction
in free volume is due to the mixing of high free volume
PTMSP with the initially crystalline crosslinker, which is ex-
pected to have a much lower inherent FFV than PTMSP, rather
than to thermally induced densification of the polymer.

The decrease in permeability can be correlated with the de-
crease in FFV [23]. The relationship between gas permeability
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and FFV is presented in Fig. 5. The N2 permeability decreases
from 7000 barrers to 4200 barrers, and the n-C4H10 permeabi-
lity decreases from 52,000 barrers to 40,000 barrers as the bis-
(azide) content increases from 0 to 10 wt.%. The gas and
vapor permeabilities for uncrosslinked PTMSP are consistent
with values at the same pressures and temperatures reported
by Merkel et al. [56]. A strong relationship between perme-
ability and 1/FFV is observed for all gases considered, which
is consistent with Eq. (8) [23]. An increase in the O2/N2 selec-
tivity from 1.37 to 1.5 is observed as crosslinker content in-
creases from 0 to 10 wt.%, suggesting a slight increase in
size selectivity upon crosslinking. These results are consistent
with the tradeoff between permeability and selectivity com-
monly observed in polymers [57,58].

3.3. Solubility and diffusivity

The permeability in a dense polymer is a function of gas
diffusivity and gas solubility. Fig. 6(aef) presents sorption
isotherms of N2, O2, CH4, C2H6, C3H8, and n-C4H10 in
uncrosslinked and crosslinked PTMSP at 35 �C. Within the
uncertainty of this measurement, the sorption of N2, O2,
CH4, C2H6, C3H8, and n-C4H10 in crosslinked PTMSP is the
same as in uncrosslinked PTMSP. Therefore, gas and vapor
solubility coefficients in PTMSP are not measurably affected
by the FFV decrease accompanying crosslinking. The sorption
data for a PTMSP film that was not crosslinked and not ex-
posed to high temperatures were fit to the dual mode sorption
equation [35], and a good fit was found for all gases and
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Fig. 6. Sorption isotherms of uncrosslinked and crosslinked PTMSP at 35 �C. (a) N2; (b) O2; (c) CH4; (d) C2H6; (e) C3H8; (f) n-C4H10. Except for the untreated
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� e PTMSP treated (i.e., sample without crosslinker exposed to 180 �C in vacuum for 90 min), : e PTMSPþ 2.8 wt.% XL, - e PTMSPþ 5 wt.% XL, and , e

PTMSPþ 10 wt.% XL.
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vapors. The dual mode model parameters for PTMSP from
this study are shown in Table 2, and they are similar to the
dual mode model parameters found by Merkel et al. [56], and
Morisato et al. [59].

Because gas solubility is not measurably influenced by
crosslinking, the decrease in gas permeability in crosslinked
PTMSP is due mainly to a decrease in gas diffusivity. The
gas diffusivities are calculated according to Eq. (3), using
the measured gas permeabilities and solubilities. Fig. 7

Table 2

Comparison of pure gas dual mode model parameters for uncrosslinked

PTMSP at 308 K

Gas kD (cm3

(STP)/cm3 atm)

b (atm�1) C0H (cm3

(STP)/cm3)

Reference

N2 0.08� 0.02 0.015� 0.001 70� 3 This work

0.08 0.014 74 Merkel et al. [56]

O2 0.31� 0.07 0.019� 0.001 99� 4 This work

0.19 0.014 80 Merkel et al.

CH4 0.74� 0.07 0.050� 0.004 50� 3 This work

0.50 0.05 62 Merkel et al.

C2H6 2.0� 0.2 0.26� 0.03 76� 3 This work

1.3 0.31 71 Merkel et al.

C3H8 7.7� 0.3 1.7� 0.3 55� 2 This work

5.3 1.1 60 Merkel et al.

5.8 2.5 50 Morisato et al.

n-C4H10 27� 2 21� 4 45� 2 This work

27.7 14.8 44 Morisato et al. [59]

10-5

10-4

4.03.83.63.43.2

D
i
f
f
u
s
i
v
i
t
y
 
[
c
m

2
/
s
]

1/FFV

N2

O2

CH4

C2H6

C3H8

n-C4H10

0 2.8 5 10

Fig. 7. Diffusivity of N2, O2, CH4, C2H6, C3H8 and n-C4H10 in uncrosslinked

and crosslinked PTMSP versus 1/FFV at 35 �C. The diffusivity values were

calculated at p2¼ 4.4 atm (N2, O2, CH4, and C2H6), p2¼ 2.8 atm (C3H8)

and p2¼ 1.3 atm (n-C4H10), p1¼ ambient in all cases. The filled symbols rep-

resent data from this study, while the open symbols represent data from Merkel

et al. for uncrosslinked PTMSP at the same pressure and temperature [56].

Films were crosslinked at 180 �C in vacuum for 90 min and soaked in

MeOH for 24 h, then dried for 72 h before permeation and sorption mea-

surements began. Film thickness was approximately 100 mm. The numbers

at the top of the plot represent the wt.% of crosslinker initially present in

the film.
presents the relationship between gas diffusivity in uncros-
slinked and crosslinked PTMSP and 1/FFV. The diffusivities
decrease as FFV decreases and as crosslinker content in-
creases. This result is expected according to Eq. (5), since dif-
fusivity is a strong function of FFV [37]. In Fig. 7, the
diffusivities of uncrosslinked PTMSP sample are compared
to the CH4, C2H6, and C3H8 diffusivities of uncrosslinked
PTMSP reported by Merkel et al. [56] at the same pressure
and temperature. The values from this study are similar to
the literature values. The N2, O2 and CH4 diffusion coeffi-
cients are an order of magnitude greater than the C3H8 and
n-C4H10 diffusion coefficients, since the kinetic diameters of
C3H8 and n-C4H10 are at least 0.5 Å larger than those of N2,
O2 and CH4 [60]. The same trend was found by Merkel
et al. for uncrosslinked PTMSP [56].

3.4. Nanoparticle addition to crosslinked PTMSP

Adding nanosized, inorganic particles such as TS530
fumed silica (FS) to high free volume polymers can increase
their permeability [61]. The permeability of filled glassy poly-
mers is enhanced because the nanoparticles frustrate polymer
chain packing. The nanoparticles increase free volume and,
possibly, the connectivity of free volume elements, which in-
creases permeability [10]. PTMSP films containing TS530
FS and bis(azide) crosslinkers were thermally crosslinked,
and they were insoluble in common PTMSP solvents such
as toluene. Fig. 8 illustrates the initial N2 permeability of un-
crosslinked and crosslinked PTMSP nanocomposite films con-
taining 30 wt.% TS530 FS. In all cases, there is a substantial
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increase in permeability due to nanoparticle addition, and the
relative N2 permeability enhancement upon adding 30 wt.%
TS530 FS is similar for all samples within the uncertainty of
the experiment. At the same FS loadings, Merkel et al. and
De Sitter et al. [47,48] observed a 62% and 75% increase in
N2 permeability, respectively. These increases are similar to
the approximately 80% permeability enhancement observed
in our experiments, suggesting that the FS particle dispersion
in our samples should be similar to the dispersion properties
reported in the literature [47,48].

The effect of varying the FS content in crosslinked PTMSP
films containing 10 wt.% crosslinker is presented in Fig. 9. As
TS530 FS content increases from 0 to 15 wt.%, the N2 perme-
ability increases from 4200 barrers to 5200 barrers; at 30 wt.%
FS content, the N2 permeability increases to 7700 barrers, and
at 45 wt.% FS, the N2 permeability is 11,000 barrers.

3.5. Mixed gas permeation

PTMSP exhibits enhanced vapor/gas selectivity in mixed
gas permeation experiments [4,6e8,10,62]. Table 3 presents
pure gas CH4 and n-C4H10 permeabilities and pure gas n-
C4H10/CH4 selectivities at 35 �C measured in the mixed gas
permeation cell. These permeability values are slightly greater
than the values measured in the pure gas permeation cell, and
the reason for this discrepancy is most likely due to differences
in the downstream penetrant partial pressure in the pure and
mixed gas cells [4]. The downstream of the mixed gas cell
is swept with helium, while the pure gas permeation cell is
at atmospheric pressure downstream. As expected, the pure
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gas permeabilities for uncrosslinked PTMSP are greater than
those of crosslinked PTMSP, while the addition of FS nanopar-
ticles to crosslinked PTMSP increases its permeability sub-
stantially. There is no significant difference between the pure
gas n-C4H10/CH4 selectivities of uncrosslinked and cross-
linked PTMSP. The addition of nanoparticles decreases the
pure gas n-C4H10/CH4 selectivity of crosslinked PTMSP
slightly, and this is caused by an increase in the CH4 perme-
ability relative to the n-C4H10 permeability [10].

A gas mixture containing 98 mol% CH4 and 2 mol%
n-C4H10 was permeated through uncrosslinked PTMSP, cross-
linked PTMSP, and crosslinked PTMSP containing 30 wt.%
FS at fugacities ranging from 4.3 to 14.5 atm. Fig. 10 presents

Table 3

Pure gas n-C4H10 and CH4 permeabilities and n-C4H10/CH4 selectivities at

35 �C measured in the mixed gas permeation cell

Uncrosslinked

PTMSP

Crosslinked

PTMSP

Crosslinked

PTMSPþ
30 wt.% FS

n-C4H10 permeability (barrers) 70,000 58,000 80,000

CH4 permeability (barrers) 20,000 15,000 24,000

n-C4H10/CH4 selectivity 3.5 3.9 3.3

The crosslinked films contain 5 wt.% crosslinker. To ensure that the films ex-

perienced the same thermal history prior to permeation testing, all films were

exposed to vacuum for 90 min at 180 �C, soaked in MeOH for 24 h, and dried

for 72 h at ambient conditions before permeation testing began. CH4 perme-

abilities are reported at p2¼ 4.4 atm, and n-C4H10 permeabilities are reported

at p2¼ 1.3 atm. The downstream side of the film was swept with helium, so

the downstream partial pressures of CH4 and n-C4H10 were approximately

0 atm.
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mixed gas n-C4H10 permeability at 35 �C as a function of feed
fugacity for uncrosslinked and crosslinked PTMSP films. The
mixed gas n-C4H10 permeabilities are lower in crosslinked
PTMSP than in uncrosslinked PTMSP. This result is expected
since the presence of the crosslinker decreases the polymer
FFV. The addition of FS nanoparticles to crosslinked PTMSP
increases the n-C4H10 permeability, and this result is expected
as FS addition has been shown to increase the free volume of
PTMSP [10]. The n-C4H10 permeability in all the films tested
decreases as feed fugacity increases, and this effect is probably
due to a decrease in n-C4H10 solubility coefficient with in-
creasing fugacity.

Fig. 11 presents the mixed gas CH4 permeability at 35 �C
as a function of feed fugacity for uncrosslinked PTMSP, cross-
linked PTMSP, and crosslinked PTMSP containing 30 wt.%
FS. For all films tested, there is a substantial decrease in
CH4 permeability as the feed gas fugacity and n-C4H10 activ-
ity increases. The decrease in CH4 permeability is due to
blocking [8]. Due to the very high FFV of PTMSP, there are
numerous free volume elements that appear to be connected,
forming something akin to a microporous network [3]. Most
of the transport is believed to occur through this intercon-
nected volume [3,8]. The condensable vapor (i.e., n-C4H10)
sorbs into the free volume elements, thereby reducing the abil-
ity of less condensable gases, such as CH4, to sorb and diffuse
in these free volume elements. The blockage reduces the per-
meability of permanent gases (e.g., CH4) [63,64]. In PTMSP,
blocking has been observed for large, strongly sorbing organic
vapors such as C3H8 and n-C4H10 [4,6e8,10,62] in mixtures
with permanent gases such as H2 and CH4. The addition of
30 wt.% FS to crosslinked PTMSP caused a greater relative
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increase in the mixed gas CH4 permeability than in the mixed
gas n-C4H10 permeability. The mixed gas CH4 permeability of
the crosslinked PTMSP containing 30 wt.% FS is substantially
greater than that of uncrosslinked PTMSP, while the mixed
gas n-C4H10 permeabilities of these two films were similar.
These results show that there is less blocking of the CH4 per-
meation by n-C4H10 in the crosslinked PTMSP film contain-
ing 30 wt.% FS than in the uncrosslinked and crosslinked
PTMSP films containing no FS nanoparticles. It was hypoth-
esized by Merkel et al. [10] that the addition of FS to PTMSP
creates free volume elements large enough to allow relatively
non-selective transport mechanisms, such as Knudsen flow, to
be important, and this hypothesis is consistent with our
results.

Fig. 12 presents mixed gas n-C4H10/CH4 selectivities as
a function of feed gas fugacity at 35 �C. For all films tested,
the mixed gas n-C4H10/CH4 selectivity increases as feed gas
fugacity increases due primarily to an increase in the blocking
effect when n-C4H10 activity in the feed increases. The
n-C4H10/CH4 selectivities are slightly greater in uncrosslinked
PTMSP films than in crosslinked films containing no FS nano-
particles. The crosslinked films have lower free volume and
are slightly more size-sieving than their uncrosslinked ana-
logs, which would be consistent with somewhat lower
n-C4H10/CH4 mixture selectivity values in the crosslinked
films. The addition of FS nanoparticles to crosslinked PTMSP
decreases the n-C4H10/CH4 selectivities, and this decrease is
caused by a decrease in the overall blocking effect in the nano-
composite film. The addition of FS nanoparticles creates large
free volume elements, which are thought to make CH4
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selective Knudsen flow more important in the overall transport
mechanism [10], which decreases the mixed gas selectivity.

4. Conclusion

PTMSP can be crosslinked using commercially available
bis(azide)s. Crosslinking increases the solvent resistance of
PTMSP, and crosslinked PTMSP is insoluble in good solvents
for PTMSP, such as toluene. The permeability and FFV of
crosslinked PTMSP decreased as crosslinker content in-
creased, and permeability was found to be proportional to
the exponential of 1/FFV. Gas sorption properties were unaf-
fected by crosslinking, while the diffusivity of crosslinked
PTMSP decreased as crosslinker content increased. The diffu-
sivity was proportional to the exponential of 1/FFV, consistent
with free volume theory. The addition of FS nanoparticles to
crosslinked PTMSP caused the permeability to increase sub-
stantially. Like uncrosslinked PTMSP, crosslinked PTMSP
displays high n-C4H10/CH4 selectivity, and blocking of CH4

permeation by more strongly sorbing n-C4H10 molecules
was observed. At 35 �C, the n-C4H10/CH4 selectivity in mixed
gas experiments using crosslinked PTMSP was slightly lower
than that of uncrosslinked PTMSP, while the addition of FS
nanoparticles to crosslinked PTMSP further decreased the
mixed gas n-C4H10/CH4 selectivity.
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