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Pure gas permeability coefficients of a series of copolymers based on polar, hydrophilic poly(ethylene
glycol) dimethacrylate, n ¼ 14 (PEGDMA) and siloxane-based co-monomer, [methyl bis(trimethylsiloxy)
silyl] propyl glycerol methacrylate (SiGMA) are reported. SiGMA is miscible with PEGDMA and able to
form homogeneous films. SiGMA contains a bulky siloxane-based end group, which acts to increase
permeability, and an eOH pendant group, which increases miscibility with polar co-monomers, such as
PEGDMA. As the SiGMA content in these copolymers increases to 53 vol%, CO2 permeability increases
from 95 to 255 barrer, while CO2/N2 and CO2/H2 pure gas selectivities decrease from 58 to 20 and 6.4 to
3.2, respectively. At the same time, fractional free volume of the copolymer increases from 0.118 to 0.140.
Comparisons to a similar copolymer system are made to rationalize the permeability and selectivity
trends of this series of copolymers.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The separation of carbon dioxide from mixtures with other
gases is important for a range of applications, such as natural gas
purification (CO2 removal from mixtures with CH4) [1], syngas
purification (CO2 separation from mixtures with H2) [2] and post-
combustion carbon capture (CO2 removal from mixtures with N2)
[3]. In addition, membrane materials with high CO2/O2 selectivity
are of interest in food packaging applications [4]. Ethylene-oxide
based polymers have been studied extensively in recent times for
some of these applications due to the favorable interaction of CO2
with ether oxygenmoieties in suchmaterials, which promotes high
CO2/H2, CO2/N2 and CO2/O2 selectivity [5e14].

A recent study of post-combustion carbon capture using
membranes suggests that materials with higher CO2 permeability
and moderate CO2/N2 selectivity may be of interest for that appli-
cation [3]. Along these lines, several approaches have been
suggested in the literature for increasing the permeability of
ethylene-oxide based polymers [15e18]. For example, Yave, Car and
Peinemann blended low molar mass poly(ethylene-oxide) (PEO)
with a polyether-based block copolymer, Pebax�, and observed
increased CO2 permeability and increased CO2/H2 selectivity [18].
Reijerkerk et al. blended Pebax� with a poly(dimethyl siloxane)
(PDMS) oligomer grafted with low molecular weight PEG; an
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increase in CO2 permeability was observed without a decrease in
CO2/H2 selectivity [17]. In general, these publications report incor-
poration of permeability increasing siloxane-based additives, either
by copolymerization, blending, grafting, or incorporation of highly
mobile, low molar mass polyethers.

One challenge inmodifying ethylene-oxide based polymerswith,
for example, permeability increasing siloxane groups is the inherent
thermodynamic incompatibility of the polar ethylene-oxide based
monomers and non-polar siloxane-based monomers. Recently, we
proposed copolymerization of a permeability increasing siloxane-
based co-monomer, 3-[tris(trimethylsiloxy)silyl] propyl acrylate
(TRIS-A), with an ethylene-oxide based cross-linker, poly(ethylene
glycol) diacrylate (PEGDA) (cf. Table 1) [15]. TRIS-A is structurally
similar to components used in soft contact lenses to increase oxygen
permeability [19,20]. The monomeric components used to prepare
these copolymers are not miscible with one another, prompting the
use of toluene, a common solvent, to permit mixing of the mono-
meric species prior to polymerization. Following polymerization,
toluene is removed by solvent evaporation, and the resulting
copolymers cannot undergo large-scale phase separation due to the
covalent chemical bonds linking these inherently thermodynami-
cally incompatible components into a cross-linked network.

Tanaka et al. proposed several monomers that have perme-
ability increasing siloxane units but also contain structural
elements designed to enhance thermodynamic compatibility with
polar co-monomers used in contact lens formulations [21]. Such
co-monomers can be employed to eliminate the use of solvent in
making copolymers with ethylene-oxide based co-monomers. One
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Table 1
Chemical structures of PEGDMA, SiGMA and related materials.

Name Structure

PEGDMA

PEGDA

SiGMA

TRIS-A

PEGMEA

NOTE: Chemical structures of PEGDA, PEGMEA, and TRIS-A are provided for comparison.
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of these compounds, [methyl bis(trimethylsiloxy)silyl] propyl
glycerol methacrylate (designated “SiGMA” by Tanaka et al.), was
used to prepare a series of cross-linked PEO (i.e., XLPEO) copoly-
mers in this study (cf. Table 1). Despite the good miscibility of
SiGMA with PEGDA, PEGDA/SiGMA copolymers are visibly phase-
separated due to the very different reactivity of the methacrylate
and acrylate groups in SiGMA and PEGDA, respectively [22]. Hence,
in this study, SiGMAwas copolymerized with poly(ethylene glycol)
dimethacrylate (n ¼ 14) (PEGDMA), which results in visually
homogeneous copolymers following UV cross-linking. CO2, CH4,
H2, N2 and O2 permeability coefficients of PEGDMA/SiGMA copol-
ymers with varying compositions of SiGMA were determined. To
assist in interpretation of the gas permeability results, physical
properties such as density and glass transition temperature were
also characterized.

2. Experimental methodology

2.1. Materials

Poly(ethylene glycol) dimethacrylate (PEGDMA; nominal Mw
750) was obtained from Aldrich Chemical Company (Milwaukee,
WI). SiGMA ([methyl bis(trimethylsiloxy) silyl] propyl glycerol
methacrylate) was obtained from Gelest, Inc. (Morrisville, PA) as
SIM6481.15, (methacryloxy-hydroxy propoxy-propyl)methyl bis
(trimethylsiloxy)-silane, 95% tech. grade. The UV photoinitiator,
1-hydroxyl-cyclohexyl phenyl ketone (HCPK), was obtained from
Aldrich. Toluene (extra dry grade with molecular sieves, 99.85%)
from Acros Organics (Geel, Belgium) was used to extract any
unreacted monomers or other species not bound to the network as
a result of polymerization. All reagents were used as received. All
gases were obtained from Airgas Southwest Inc. (Corpus Christi,
TX) with purity of at least 99.9% (except for methane: 99.0%) and
were used as received.

2.2. Monomer characterization

The molecular weight and purity of PEGDMA and SiGMA were
verified using 1H NMR, 13C NMR and mass spectrometry. The
experimental details are furnished in a separate Supplementary
section.

2.3. Film preparation

PEGDMA and SiGMA monomers were mixed directly at the
desired proportions using mechanical stirring with 0.1 wt% HCPK
photoinitiator. These components were completely miscible. After
mixing, these mixtures were sandwiched between parallel quartz
plates, separated by spacers of desired thicknesses, and exposed to
312 nm UV light at 3 mW/cm2 in a UV cross-linking chamber
(Spectrolinker XL-1000, Spectronics Corporation, Westbury, NY) to
produce films with uniform thickness. This method was previously
applied to polymerize acrylate-based monomers [7,12,13]. Due to
lower reactivity of the methacrylate group [23], longer irradiation
time was necessary to achieve essentially complete conversion of
the methacrylate group. The minimum irradiation time, 270 s, was
established by monitoring conversion of methacrylate group using
FTIR-ATR (see below) and was sufficient for all mixtures with
varying PEGDMA/SiGMA compositions.

Toluenewas used to extract any sol after UV-irradiation and FTIR-
ATR analysis. The films were placed in a sealed mason jar full of
toluene for 5 days at ambient conditions (100 ml for 3 g of film),



Fig. 1. FTIR-ATR spectra of PEGDMA and SiGMA monomers and polymers prepared
from 100/0, 50/50 and 0/100 wt% PEGDMA/SiGMA. All polymers were extracted
using toluene and air-dried prior to analysis. The spectra have been displaced
vertically for clarity. Characteristic peaks for methacrylate groups are denoted by
dashed line.
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shakendailywithout changing the toluene. The resulting transparent
films were fairly fragile. Therefore, upon removal from toluene after
extraction, the films were dried slowly at ambient conditions under
a glass petri dish to slow the toluene evaporation rate. The typical
film yield based on monomer mass is greater than 98%, indicating
that the sol fraction is not significant; thus, the polymer composition
is assumed to be equal to the monomer composition in the pre-
polymer mixture. All compositions reported in this study are based
on PEGDA/SiGMA concentrations in the pre-polymer mixtures. Dry
film thicknesses were determined to within �0.5 mm using a low
force digital micrometer (Litematic VL-50A series 318, Mitutoyo
Table 2
Representative properties of cross-linked PEGDA and PEGDMA.

Properties XL-PEGDA

Density [g/cm3] 1.190 � 0.
FFV 0.120 � 0.
Tg [�C] �37
Infinite dilution pure gas permeability

[barrer] at 35 �Cb
CO2 110 � 6
H2 15 � 0.8
CH4 5.5 � 0.3
O2 5.1 � 0.3
N2 1.9 � 0.1

Pure gas selectivity CO2/H2 6.9 � 0.6
CO2/CH4 19 � 2
CO2/O2 21 � 2
CO2/N2 56 � 5
O2/N2 2.7 � 0.3

a Fractional free volume of DM14 is re-calculated from density using the occupied vo
b For DM14, permeability values are for an upstream pressure of 98 kPa (i.e., 1 atm) a
Corp., Japan). The films produced were typically between 350 and
600 mm thick.

2.4. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy was performed using
a Thermo-Nicolet (Madison, WI) Nexus 470 spectrometer with
attenuated total reflection (ATR) accessory. Each spectrum was
averaged over 128 scans at a resolution of 4 cm�1. Indicators for the
disappearance of methacrylic double bonds were the peak at
1640 cm�1 (ascribed to C]C stretching) and at 820 cm�1

(H2C ¼ twisting) [22,24]. The paired peaks at 1330 and 1300 cm�1,
and at 1170 cm�1, all ascribed to methacrylic CeOeC stretching
vibrations [24], also disappeared after polymerization. Represen-
tative FTIR-ATR spectra of the PEGDMA/SiGMA copolymers are
presented in Fig. 1.

2.5. Density measurement

Dry polymer film density was calculated based on Archimedes’
principle using a Mettler Toledo (Switzerland) density determi-
nation kit for a Mettler Toledo analytical balance model AG204.
This method compared the mass of dry polymer film to its mass in
an auxiliary liquid that had no significant uptake in the polymer.
PEGDMA/SiGMA copolymers, like the PEGDA/TRIS-A copolymers
reported previously, were amphiphilic, so the auxiliary liquid
chosen was a perfluorinated alkane, 3M Fluorinert� FC-77
(obtained from Acros Organics) [15]. The densities of the PEGDMA/
SiGMA copolymers in this study were estimated based on the FC-
77 density value reported previously (i.e., 1.765 � 0.001 g/cm3 at
23 �C). The effect of water vapor absorption in the polymer film
was minimized by degassing the films in a vacuum oven at
ambient temperature overnight, after which the chamber was
filled with dry nitrogen. The subsequent re-sorption of water
vapor into the polymer films, between the purge and measure-
ment times, was determined to be negligible within the uncer-
tainty of the experiment.

2.6. Thermal analysis

Differential scanning calorimetry (DSC) was used to determine
thermal transitions of the PEGDMA/SiGMA copolymers in this
study. The instrument is a TA Instruments (New Castle, DE) Q100
DSC. Samples (10e15mg) were initially heated to 150 �C, quenched
to�90 �C, and then scanned twice between these two temperatures
at 10 �C/min under dry N2 purge flow. The glass transition
temperature (Tg)was taken as themidpoint of the heat capacity step
[12] DM14 [28] XL-PEGDMA (this study)

004 1.180 1.180 � 0.004
003 0.118a 0.118 � 0.003

�42 �37
45 (25 �C); 107 (50 �C) 95 � 5
e 15 � 0.7
e 4.8 � 0.3
e 4.7 � 0.3
0.7 (25 �C); 2.8 (50 �C) 1.6 � 0.1
e 6.4 � 0.5
e 20 � 2
e 20 � 2
68 (25 �C); 38 (50 �C) 58 � 5
e 2.9 � 0.3

lume (v0) parameters in this study instead of those in Ref. [28].
t the temperatures specified in table.



Fig. 2. a) Second scan DSC thermograms for cross-linked PEGDMA with SiGMA at
different concentrations. The heating rate was 10 �C/min. The thermograms have been
displaced vertically for clarity. b) Comparison of glass transition temperature (Tg) of
PEGDMA/SiGMA (A) copolymers with PEGDA/TRIS-A (:) copolymers, as determined
from the midpoint of the heat capacity step change during glass transition. The lines
are drawn to guide the eye.
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change that appeared in the second heating scan. All samples
exhibited no crystallization peaks, so these materials are amor-
phous, as expected.

2.7. Gas permeation measurement

Pure gas permeability was experimentally determined by
measuring steady state gas flux through a film of known thickness
under a fixed pressure difference [25]:

PAh
NA$l

p2 � p1
(1)

where PA is the permeability coefficient of the polymer to gas A,NA is
the steady state flux of gas A, l is the film thickness, p2 and p1 are the
upstream and downstream pressures of gas A, respectively.
Permeability coefficients in this study are reported in the customary
units of barrer, where 1 barrer ¼ 10�10 cm3 (STP) cm/(cm2 s cmHg).
The steady state gas flux is determined by measuring the rate of
pressure increase in a pre-evacuated downstream vessel of known
volume. Film area was defined by masking a sample with imper-
meable aluminum tape (Nashua 324A from Covalence Adhesives,
Franklin,MA) thatwas glued using epoxy (Devcon 5Minute� epoxy,
Danvers, MA) to the upstream face of the film. The upstream gas
pressures are between 3 and 10 atm. At the temperature of the
experiment, 35 �C, all gases in this study are considered to behave
ideally. Since the experimental setup gives the condition where
p2 >> p1, p1 was considered zero in the calculations.

3. Results and discussion

3.1. Monomer and cross-linker characterization

The number average molecular weight of PEGDMA by 1H NMR
analysis was found to be 757 Da, which is consistent with the
supplier’s specification of w750 Da. MALDI-MS analysis further
reveals that PEGDMA is relatively monodisperse, with poly-
dispersity indexof 1.02 around number averagemolecularweight of
860 Da. 1H NMR, 13C NMR andmass spectrometry analysis of SiGMA
confirmed the molecular structure of this monomer and indicated
the presence of some impurities. Full analysis of this cross-linker
and monomer are given in a Supplementary section.

3.2. Physical characteristics of PEGDMA/SiGMA copolymers

The physical properties of UV cross-linked PEGDA (XL-PEGDA),
which was characterized earlier [7,12,13,26,27], are compared with
those of XL-PEGDMA in Table 2. Plasma-polymerized XL-PEGDMA
for CO2/N2 separation was studied by Hirayama et al. [28]; the
properties of this polymer (designated DM14 in Ref. [28]) are also
tabulated. The use of methacrylate instead of acrylate as the poly-
mer backbone is expected to reduce the torsional mobility of the
cross-linked network, leading to increased Tg of the methacrylate-
based network [23]. In practice, this effect is minimal because the
physical properties of both rubbery cross-linked polymers appear
to be dominated by the flexible ethylene-oxide chains, as evi-
denced by their similar glass transition temperatures and fractional
free volumes. Because gas diffusivity in a polymer is typically
strongly influenced by chain stiffness and fractional free volume
[12,13], it is not surprising that the gas transport properties of XL-
PEGDA and XL-PEGDMA are also similar to each other. Further
comparisons of PEGDMA/SiGMA with previously-studied PEGDA
copolymer systems, e.g. PEGDA/TRIS-A, can thus be made with
minimal regards to the reactive monomer groups in the pre-poly-
mer solution, viz. methacrylate vs. acrylate.
Fig. 2a presents the DSC scans of PEGDMA/SiGMA copolymers. A
single glass transition event is observed in all copolymers studied,
suggesting that the PEGDMA and SiGMA mixtures are homoge-
neous, resulting from random polymerization of these monomers.
Addition of SiGMA qualitatively results in a slight broadening of
glass transition, a reduction in the magnitude in the heat capacity
change at the glass transition, and small changes in glass transition
temperature. A similar broadening effect was previously shown
and quantified using DMTA for the PEGDA/TRIS-A copolymers, and
it was attributed to the increasing heterogeneity of the network,
with increasing TRIS-A content, due to the different chemical
properties of TRIS-A and PEGDA [15]. As shown in Fig. 2b, Tg was
essentially unchanged in PEGDA/TRIS-A until above 80wt% TRIS-A,



Table 3
Density, fractional free volume and glass transition of PEGDMA/SiGMA copolymers.

PEGDMA
[wt%]

PEGDMA
[vol%]

Density [g/cm3] FFV Tg [�C] � 1 �C

100 100 1.180 � 0.004 0.118 � 0.003 �37
80 78 1.148 � 0.002 0.126 � 0.002 �32
70 67 1.132 � 0.001 0.130 � 0.002 �32
60 57 1.115 � 0.003 0.136 � 0.003 �30
50 47 1.100 � 0.001 0.140 � 0.002 �30
40 37 1.086 � 0.002 0.143 � 0.002 �29
30 27 1.069 � 0.004 0.149 � 0.003 �30
20 18 1.055 � 0.004 0.153 � 0.003 �35
10 9 1.039 � 0.003 0.158 � 0.002 �35
0 0 e e �45

NOTE: The volume fraction of PEGDMA (41) at a particular weight fraction (w1) was
estimated from the copolymer density (rP) and the density of pure PEGDMA (rM, i.e.,
1.180 g/cm3) using the relation 41 ¼ rPw1/rM.

Fig. 3. a) Density and b) fractional free volume (FFV) of PEGDMA/SiGMA (A) copoly-
mers at room temperature. The results of this copolymer series are compared with
those of PEGDA/TRIS-A, which were prepared with 37 wt% toluene in the pre-polymer
solution (:). The lines are drawn to guide the eye.
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at which point Tg increased from �42 �C to �7 �C for the TRIS-A
homopolymer. In contrast, the Tg of PEGDMA/SiGMA copolymers
increases from �37 �C to �29 �C as concentration of SiGMA
increases from 0 to 60 wt%. Increasing SiGMA concentration past
60 wt% decreases Tg down to �45 �C for SiGMA homopolymer.
These Tg trends are also in direct contrast with PEGDA copolymers
with monoacrylates containing ethylene-oxide groups (i.e., chem-
ically more compatible co-monomers), where Tg trends follow the
Fox equation [6,12,13].

The unusual Tg trend of the PEGDMA/SiGMA copolymers is
rationalized as follows. As shown in the previous studies, the choice
of terminal functional groups on reactive monoacrylate groups in
these monomers affects the Tg trend. For instance, 2-hydroxyethyl
acrylate (2-HEA, with a eOH terminal group) can form hydrogen
bonds with polar ether oxygens in the cross-linker and with each
other. Consequently, Tg increases from�37 �C for XL-PEGDA to 14 �C
for XL-2-HEA [12]. Increased compatibility of SiGMA with
hydrophilic materials, as compared to TRIS and TRIS-A, is due to
both reduced siloxy content and addition of an -OH side group
(cf. Table 1). The Tg of PEGDMA/SiGMA with increasing concentra-
tion of SiGMA evolves due to the interplay between increasing�OH
content, which can hydrogen bond with polar groups and would
tend to increase Tg,with the reduction of overall polar group content
as ether oxygen concentration decreases andnon-polar siloxygroup
concentration increases, which would tend to decrease Tg. The
polymer chains seem to be, on average, least mobile when there is
an optimum concentration of �OH groups to hydrogen bond with
the polar groups (ether oxygen and other �OH groups), which
occurs around 40 wt% PEGDMA/60 wt% SiGMA (i.e., w5 ether
oxygen per �OH moiety). The relatively small variations in chain
mobility over the range of SiGMA compositions, however, likely
mean that the contribution of changes in chain mobility to gas
permeability would be minimal.

Fractional free volume (FFV) is a measure of chain packing effi-
ciency, characterizing the amount of free space available for gas
permeation in the polymer [29]. Thus, gas transport properties in
a polymer are often rationalized in terms of FFV [30]. FFV is esti-
mated from polymer density measurement as follows [29]:

FFV ¼ v� v0
v

(2)

where v is the specific volume of the polymer and v0 is the specific
occupied volume at 0 K, estimated by the group contribution
method as 1.3 times the van der Waals volume of the chemical
moieties in the polymer repeat unit. The van der Waals volume is
estimated using a group contribution method described in van
Krevelen [31].

Table 3 presents FFV values of the PEGDMA/SiGMA copolymers.
Comparisons of FFV and density with those of PEGDA/TRIS-A
copolymers are given in Fig. 3. Addition of TRIS-A to PEGDA leads to
significant reductions in polymer density, which translates into
increased FFV. A comparable increase in FFV is obtained upon
addition of SiGMA to PEGDMA. The two monomers, TRIS-A and
SiGMA, were designed with similar siloxane-based terminal groups
which, due to their bulk and non-polar nature, were expected to
increase the local free volume available for gas transport by
opening up the largely-polar network. However, FFV is not a sole
determinant for gas transport properties of these copolymer
systems, as will be discussed in the following section.

3.3. Gas transport properties

The influence of upstream pressure on gas permeability of
a representative PEGDMA/SiGMA copolymer is shown in Fig. 4. The
order of permeability, CO2 > H2 > CH4 z O2 > N2 is consistent with
the order exhibited by other XLPEO copolymers and rubbery
polymers in general [6,12,13,15], showing that PEGDMA/SiGMA
membranes are CO2-selective, even over small molecules such as



Fig. 4. Effect of upstream pressure on pure gas permeability coefficients at 35 �C in
a 50/50 wt% PEGDMA/SiGMA copolymer film. The gases are; CO2, 6 H2, B: CH4, >:
O2 and :: N2. The lines are drawn based on equation (3). The average uncertainty is
�6% of the permeability value.

Fig. 5. Effect of SiGMA content on infinite dilution gas permeability at 35 �C. The a)
PEGDMA/SiGMA series is compared with the b) PEGDA/TRIS-A series of copolymers,
which is reproduced from Ref. [15]. The average uncertainty is �6% of value. The gases
are ; CO2, 6 H2, B: CH4, >: O2 and :: N2.
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H2. The high permeability of CO2 is believed to be due to favorable
interactions with ethylene-oxide moieties in the cross-linker, its
high condensability (as characterized by its high critical tempera-
ture) and its fairly small size (kinetic diameter of 3.325 Å [32]). CO2
permeability increases somewhat with increasing upstream pres-
sure, which is consistent with results in other polyether-based
materials [7,12,13]. The order of the permeability coefficients of the
three permanent gases (H2, O2 and N2) is consistent with their sizes
(2.875, 3.347 and 3.568 Å, respectively) [32]. CH4, despite being the
biggest molecule in the group (with a kinetic diameter of 3.817 Å)
nevertheless has permeability on the same order as O2, presumably
due to its higher solubility [12,15].

To provide a uniform basis for comparison of intrinsic perme-
ability coefficients, the permeability data were extrapolated to
infinite dilution (i.e., upstream pressure of zero) using the following
empirical relationship [33]:

PA ¼ PA;o
�
1þmP;Eðp2 � p1Þ

�
zPA;o

�
1þmP;Ep2

�
(3)

where PA,o is the infinite dilution gas permeability and mP,E is an
adjustable constant at a given temperature. This extrapolation is
exemplified by the lines shown in Fig. 4. Using PA,o, the broader
permeability trend with addition of SiGMA to PEGDMA is shown in
Fig. 5a (see also: Table 4), with side-by-side comparison to those of
PEGDA/TRIS-A in Fig. 5b (taken from Ref. [15]). One interesting
feature of the PEGDA/TRIS-A copolymer is the significant increase
in gas permeability with increasing concentration of TRIS-A. The
permeability increase is greater than those seen following the
addition of comparable amount of ethylene-oxide-based co-
monomers such as PEGMEA (cf. Table 1) [10,15]. While gas
Table 4
Infinite dilution pure gas permeability and selectivity of PEGDMA/SiGMA copolymers at

PEGDMA
content

Permeability [barrer] S

wt% vol% CO2 H2 CH4 O2 N2 C

100 100 95 15 4.8 4.7 1.6 6
80 78 113 24 7.5 8.1 2.8 4
60 57 173 44 18 16 8.4 3
50 47 255 79 42 37 13 3

NOTE: Permeability uncertainty is �6% of value; selectivity uncertainty is �8% of value.
permeability also increases with increasing SiGMA concentration in
PEGDMA/SiGMA copolymers, these increases are less than those
observed in the PEGDA/TRIS-A copolymer system. For instance, N2
permeability increases from 1.6 to 13 barrer with addition of 53 vol
% SiGMA to PEGDMA; over similar TRIS-A concentration range, N2
permeability increases from 2.6 to 20 barrer in PEGDA/TRIS-A
copolymers diluted with 37 wt% toluene in pre-polymer solution.
Ideal CO2/light gas selectivity (defined by the ratio of the pure gas
permeability of two gas species) decreases similarly with
35 �C.

electivity

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

.4 20 20 58 2.8 9.1

.6 15 14 40 2.9 8.7

.9 9.9 11 21 1.9 5.2

.2 6.0 6.8 20 3.0 6.3
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increasing SiGMA or TRIS-A concentration, as shown in Fig. 6. For
example, CO2/N2 selectivity decreases from 58 to 20 by adding
53 vol% SiGMA to PEGDMA. For comparison, CO2/N2 selectivity
decreases from 55 to 25 for cross-linked PEGDA and cross-linked
46/54 vol% PEGDA/TRIS-A, respectively [15]. CO2 permeability
increases only from 95 to 255 barrer with addition of 53 vol%
SiGMA to PEGDMA, while CO2 permeability increases from 143 to
490 barrer with addition of 54 vol% TRIS-A.

The increase in gas permeability with increasing TRIS-A
concentration was rationalized in terms of changes in gas diffu-
sivity and solubility [15] according to the solution-diffusion model
[34] (i.e., P ¼ S � D). CO2 diffusivity increased from 7 � 10�7 cm2/s
for neat XL-PEGDA to 4 � 10�6 cm2/s for 20/80 wt% PEGDA/TRIS-A.
Changes in solubility largely contributed to the selectivity trends:
CO2/light gas selectivity decreased as TRIS-A concentration
increases. These trends were attributed to a significant increase in
non-polar/permanent gas solubility in the polymer instead of
a decrease in CO2 solubility: for instance, as TRIS-A concentration
increased from 0 to 80 wt%, CH4 solubility increased from 0.08 to
Fig. 6. Effect of co-monomer content on infinite dilution gas selectivity at 35 �C. The
solid lines through the data are drawn to guide the eye. The selectivity data shown are
for: a) CO2/CH4 and b) CO2/H2. Copolymers shown are PEGDMA/SiGMA (-), PEGDA/
TRIS-A (6) [15] and PEGDA/PEGMEA (A) [10].
0.33 cm3(STP)/(cm3 atm). This increase in solubility is likely due to
incorporation of non-polar TRIS-A, which makes the chemical
character of the membrane more similar to that of the non-polar
penetrants. The same rationale, due to the similar character of TRIS-
A and SiGMA, is likely applicable to explain the increase in gas
permeability and decrease in CO2/light gas selectivity found in the
PEGDMA/SiGMA copolymers (cf. Fig. 6).

The comparatively lower gas permeability of the PEGDMA/
SiGMA copolymers with PEGDA/TRIS-A at similar co-monomer
concentrations may be due to a structural difference between
SiGMA and TRIS/TRIS-A structure: the eOH side group. Previously
[12], eOH terminated 2-hydroxyethyl acrylate (2-HEA) copolymers
with PEGDA exhibited decreases in gas permeability, solubility and
diffusivity, in contrast to PEGDA copolymers with similar co-
monomers containing relatively non-polar end-groups, i.e., ‑OCH3
and ‑OC2H5. The hydroxyl group’s ability to form hydrogen bonds
with polar ether oxygen and other polar moieties in the network
tends to reduce chain mobility and thus gas diffusivity. Due to the
relatively non-polar nature of the mobile, bulky siloxy end-groups
Fig. 7. Comparison between experimental and predicted infinite dilution permeability
based on the free volume model (equation (5)) for: a) CO2 and CH4 and b) H2 and N2.
The co-monomer content increases from right to left. Copolymers shown are PEGDMA/
SiGMA (-/,), PEGDA/TRIS-A (:/6) [15] and PEGDA/PEGMEA (A/>) [10]. Model
lines for XL-PEGDA from Ref. [26] were displayed for comparison.
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in SiGMA, gas diffusivity of the PEGDMA/SiGMA copolymers may
remain high, as evidenced by the increase in permeability of all
gases. However, the hydroxyl pendant groups and their propensity
for hydrogen bonding nonetheless impose some restrictions on
chain motion, as evidenced by the slight increase in Tg with addi-
tion of up to 63 vol% SiGMA (cf. Table 3). The reduced chain
mobility, which tends to reduce gas diffusivity, could account for
the lower gas permeability in PEGDMA/SiGMA compared to the
PEGDA/TRIS-A within the composition range studied.

Lin et al. showed that the gas diffusivity in certain XLPEO
materials (cross-linked PEGDA and PEGDA/PEGMEA copolymers) is
a strong function of FFV according to the following model [6,26]:

Deff ¼ ADexp
�
� B
FFV

�
(4)

where Deff is the effective diffusion coefficient, and AD and B are
temperature-independent adjustable constants. The model does
not always apply to other XLPEO materials containing different
functional groups that interact strongly with the polymer chains
[12,13]. Nevertheless, it illustrates that increasing polymer free
volume often increases gas diffusivity, which, in turn, strongly
Fig. 8. Permeability/selectivity map for a) CO2/H2, b) CO2/CH4, c) CO2/O2 and d) CO2/N2, and
PEGDA/PEGMEA [10], ,: Polyactive/PEG blends [38], Pebax� 1647 blends with B: polyethy
were between 30 and 35 �C and with less than 0.6 atm pressure differential (infinite dilution
(labeled “Freeman’s prediction”) [36] and, where available, Ref. [35] (labeled “new upper b
influences gas permeability. As gas permeation through a dense
polymeric membrane is described by the solution-diffusion mech-
anism, i.e., P ¼ S � D, permeability is then correlated with FFV by:

PA ¼ SA � ADexp
�
� B
FFV

�
(5)

where SA is the solubility coefficient (ratio of gas concentration in
the polymer to the pressure of the gas on the feed side of the film).
Since gas solubility in XLPEO often varies weakly with chemical
structure of the polymer, at least among the polymers considered to
date, SA � AD is often consolidated as a constant, AP.

The correlation between gas permeability and polymer FFV in
PEGDMA/SiGMA copolymers is shown in Fig. 7, with PEGDA/TRIS-A
and PEGDA/PEGMEA copolymers given for comparison. The bulky
siloxane-based end-groups in TRIS-A and SiGMA lead to a more
open polymer structure in networks with PEGDA or PEGDMA, and
the subsequent increases in FFV appear to account for the corre-
sponding increase in permeability. However, one set of adjustable
constants (i.e., AP and B) cannot be applied to predict the separation
performance of the various XLPEO polymers presented in Fig. 7. For
instance, in the case of PEGDA/TRIS-A copolymers, the significant
comparison of -: PEGDMA/SiGMA copolymers studied to :: PEGDA/TRIS-A [15], A:
lene glycol dimethyl ether [18] and with >: PDMS-PEG graft copolymers [17]. All data
data provided where available). Upper bound lines were drawn based on equation (6)

ound line”).



V.A. Kusuma et al. / Polymer 51 (2010) 5734e57435742
increase in non-polar gas (e.g., CH4) solubility with increasing
concentration of non-polar TRIS-A leads to an increasing contri-
bution of the solubility component to equation (5) above: i.e., AP is
not constant. The changing solubility contribution effect might
likewise be applicable to the PEGDMA/SiGMA copolymers. In
addition to changes in chemical character of the polymers, other
factors such as free volume distribution and chain mobility may
contribute to the different trends shown in Fig. 7.

Gas separation performance of polymeric membranes typically
exhibits a trade-off between permeability and selectivity, i.e., poly-
mers with high permeability are typically less selective [35]. The
basis of this trade-off was discussed by Freeman in terms of differ-
ences in gas kinetic diameters and relative solubilities, formulated as
follows [36]:

lnaA=B ¼ �
"�

dB
dA

�2

�1

#
lnPA þ

(
ln
�
SA
SB

�
�
"�

dB
dA

�2

�1

#

�
�
b� f

�
1� a
RT

�
� lnSA

�)
ð6Þ

where aA/B is the selectivity of gas A over gas B, with gas A taken to
be the faster penetrant; d is the penetrant kinetic diameter, indic-
ative of the penetrant size; a and b are parameters related to the
correlation between diffusion front factor and activation energy
[37]; f is a polymer-dependent parameter related to the average
distance between polymer chains. Robeson et al. found the equa-
tion above to provide a good fit to actual experimental data for gas
permeation in glassy polymers [32]. A consequence of this analysis
is that the upper bound can be exceeded by changing the relative
solubility of the gas pair, e.g., by choosing a polymer matrix that has
particular affinity to CO2 for use in CO2 separation applications.
Rubbery polymers such as PDMS and XLPEO, which typically have
high permeability and are weakly size-selective, are ideal for this
approach.

The separation performance of PEGDMA/SiGMA copolymers is
compared to other recent solubility-selective rubbery polymers in
Fig. 8. In addition to PEGDA/TRIS-A [15] and PEGDA/PEGMEA [10],
data from several recent Pebax� 1657 blends [17,18] and poly-
ethylene oxide-poly(butylene terephthalate) (Polyactive) blends
[38] are provided. CO2/CH4 and CO2/N2 arewell-studied separations
and common target applications for size-selective separation
membranes; therefore, the upper bound lines for these separations
are well established [35]. Equation (6) is employed to draw the
upper bound for CO2/O2 separation and the so-called “reverse-
selective” CO2/H2 separation with the following parameters: a has
the universal value of 0.64, b has a value of -ln(10�4 cm2/s)¼ 9.2 for
all rubbery polymers, f is set to zero as a first approximation, kinetic
diameter values are taken fromRef. [32], and solubility parameters S
are estimated from LennardeJones condensability parameters
using ln SA ¼ �9.84 þ 0.023 K�1 (eA/k), with (eA/k) taken from van
Krevelen [31,36]. Critical to the success of Freeman’smodel is proper
prediction of solubility based on the LennardeJones condensability
parameter. Because CO2 solubility may have not been properly
predicted solely by the LennardeJones parameter [32], equation (6)
is less successful in predicting upper bound lines involving CO2 as
a component and polymers that exhibit specific interactions with
CO2, which accounts for the difference in the two upper bound lines
for CO2/CH4 and CO2/N2 (cf. Fig. 8b and d, respectively).

The performance trade-off between permeability and selectivity
is apparent in the PEGDMA/SiGMA, like it was in the PEGDA/TRIS-A
copolymer system. Both PEGDA/TRIS-A and PEGDMA/SiGMA copol-
ymers experience significant reductions in CO2/light gas selectivity
with increasing permeability. The selectivity decrease in these solu-
bility-selective materials is primarily the result of the changing
chemical character of the copolymers with addition of the siloxane-
containing co-monomers. Since CO2 permeabilities in PEGDMA/
SiGMA system are lower than those in the analogous PEGDA/TRIS-A
materials, the gas separation performance of PEGDMA/SiGMA
copolymers are generally further away from the upper bound than
those of PEGDA/TRIS-A.

4. Conclusions

Siloxanemoietieswere introduced into cross-linked PEO (XLPEO)
membranes via copolymerization of SiGMA, a siloxane-bearing
methacrylate with chemical structure designed for compatibility
with hydrophilic XLPEO precursors. Unlike TRIS-A, which required
toluene as a common solvent to improve miscibility with PEGDA,
SiGMA was readily miscible with PEGDMA at all concentrations,
polymerizing into homogeneous films that can be used as gas
separation membranes. Gas permeability increased with increasing
SiGMAcontent in themembrane, i.e., asmore siloxanemoietieswere
introduced. Addition of the relatively non-polar siloxane moieties
resulted in decreasing CO2/light gas selectivity as gas permeability
increases. The increase in CO2 permeability with addition of SiGMA
to PEGDMAwas less thanwhat can be achieved by adding the same
amount of TRIS-A into PEGDA. This phenomenon may be attributed
to the ‑OH side group in SiGMA, which accounted for the slightly
lower chain mobility in PEGDMA/SiGMA copolymers through
hydrogen bond formation, thus presenting additional resistance to
gas diffusion.
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