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a b s t r a c t

Gas transport properties of rubbery cross-linked poly(ethylene oxide) films containing short phenoxy-
terminated pendant chains are reported. Poly(ethylene glycol) diacrylate (PEGDA) was UV-polymerized
with poly(ethylene glycol) phenyl ether acrylate co-monomers of two different ethylene oxide repeat unit
lengths: n = 2 (DEGPEA) and n = 4 (PEGPEA). Although fractional free volume increased with increasing
vailable online 6 June 2009
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co-monomer concentration, gas permeability did not rise accordingly. For instance, while FFV increased
from 0.120 to 0.135 in both series of copolymers, CO2 permeability went from 110 to 35 barrer (DEGPEA)
or to 100 barrer (PEGPEA). At the same time, glass transition temperature increased from −37 to −12 ◦C
(DEGPEA) or to −28 ◦C (PEGPEA). The observed decrease in chain mobility with phenoxy-terminated co-
monomer content indicated by increasing glass–rubber transition temperature apparently had a stronger

t pro
ractional free volume
tructure/property relationship

influence on gas transpor

. Introduction

Selective removal of acid gases such as carbon dioxide and
ydrogen sulfide from other light gases and hydrocarbons is of
onsiderable industrial interest, and novel high performance mem-
rane materials are needed for membrane modules to compete
conomically with established processes, such as absorption, in
chieving this goal [1]. Among the membrane materials studied
or this purpose is the cross-linked poly(ethylene oxide) (XLPEO)
amily of copolymers [2–10]. These materials are attractive due to
he high concentration of polar ether oxygen groups that they con-
ain, which interact favorably with acid gas components, increasing
heir solubility in the polymer [2] and boosting overall perme-
bility and selectivity over other light gases [11,12]. Examples of
eparation applications for this family of materials are natural gas
weetening [6], reverse-selective hydrogen purification [7], carbon

ioxide sequestration [13,14], and modified atmospheric packaging
15]. XLPEO polymers can be obtained by free-radical photopoly-

erization of acrylate monomers containing uninterrupted runs
f poly(ethylene oxide) (PEO); by limiting the length of the ethy-
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perties than the increase in fractional free volume.
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lene oxide segments, crystallization is eliminated, leading to fully
amorphous networks [4].

Modification of XLPEO network structure via strategic copoly-
merization can be used to vary transport properties [8,9,13,16].
In an earlier study, PEGDA was copolymerized with one of two
monoacrylate co-monomers with similar chemical composition:
poly(ethylene glycol) methyl ether acrylate (PEGMEA, containing
8 ethylene oxide repeat units) or poly(ethylene glycol) acrylate
(PEGA, containing 7 ethylene oxide repeat units) [8]. Despite the
similarity in ethylene oxide content, copolymerization of PEGDA
with PEGMEA significantly increased XLPEO gas permeability,
while this was not true for copolymerization with PEGA. For
instance, CO2 permeability (35 ◦C) increased from 110 to 510 bar-
rer with addition of 90 wt% PEGMEA to PEGDA. The difference
in gas permeability among the two copolymer formulations was
attributed to the terminal functional group of the co-monomer: the
–OCH3 terminated PEGMEA branches acted to increase local free
volume, while the ability of the –OH terminated PEGA branches
to do the same was apparently suppressed by hydrogen bonding
between the hydroxyl end group and the surrounding polar net-
work [8,16]. In another study on XLPEO copolymer networks, ethoxy
(–OC2H5) terminal groups were found to be potentially even more
effective than –OCH3 terminal groups in increasing gas permeabil-

ity [9]. Further permeability increase in XLPEO seems achievable by
introducing bulky, non-polar, non-interacting terminal groups into
the copolymer networks to expand local free volume and increase
overall polymer fractional free volume (FFV). To assess this hypothe-
sis, we report the physical and transport properties of cross-linked

http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:freeman@che.utexas.edu
dx.doi.org/10.1016/j.memsci.2009.05.043
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Table 1
Chemical structures of XLPEO precursors considered in this study. PEGDA is the cross-linker. DEGEEA, DEGPEA and PEGPEA are the principal co-monomers (highlighted in
boldface). References for previous studies involving the PEGDA/co-monomer systems are given where applicable.

Name (EO wt%) Figure symbol Structure

PEGDA (82%) N/A

DEGEEA (47%) [32] �

DEGPEA (37%) �

PEGPEA (54%) ©

PEGMEA (81%) [6–8,10,16] ♦

PEGA (81%) [8,10,16] �

2-EEA (31%) [9] �
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EGDA prepared with two phenoxy-terminated co-monomers of
ifferent chain lengths. PEGDA copolymers prepared with a flexible,
thoxy-terminated co-monomer of comparable length are explored
or comparison.

The two phenoxy-terminated co-monomers are di(ethylene gly-
ol) phenyl ether acrylate (DEGPEA) and poly(ethylene glycol)
henyl ether acrylate (n = 4) (PEGPEA), containing 37 wt% EO and
4 wt% EO, respectively. The ethoxy-terminated co-monomer is
i(ethylene glycol) ethyl ether acrylate (DEGEEA); like DEGPEA, it
ontains two ethylene oxide moieties per monomer. In DEGEEA,
he concentration of ethylene oxide (47 wt% EO) is higher than
hat of the ethoxy-terminated co-monomer studied previously (2-
thoxyethyl acrylate (2-EEA); 31 wt% EO [9]). Chemical structures
re given in Table 1, and a schematic of XLPEO synthesized from
hese co-monomers is provided in Fig. 1. Characterization of the as-
repared copolymer networks included bulk density measurement

or the estimation of fractional free volume, as well as thermal anal-

sis studies for the elucidation of the glass transition and overall
olymer chain mobility. Transport properties of the correspond-

ng copolymer networks were established based on experimental
etermination of pure gas permeability (CO2, CH4, H2, O2 and N2)
nd pure gas solubility (CO2 and CH4) at 35 ◦C.
2. Background

The gas permeability is defined as [17]:

PA ≡ NA · l

f2 − f1
(1)

where NA is the steady state gas flux through the film, l is the film
thickness, and f2 and f1 are the upstream and downstream fugacities
of gas A, respectively. Fugacity is used instead of pressure to account
for non-ideal gas phase behavior [3], which can be significant for
some penetrants (such as carbon dioxide) at high pressure, and all
fugacity values were calculated from the virial equation of state
using literature parameters [18]. The transport of gases through a
dense polymeric film is often described by the solution-diffusion
mechanism [19]. Assuming that the process obeys Fick’s law and
the downstream fugacity is much less than the upstream fugacity,
the permeability is given by [19]:
PA = DA × SA (2)

where PA is the permeability of a polymer to a gas A, SA is the sol-
ubility coefficient (defined as the ratio of gas concentration in the
polymer at the upstream face of the membrane to the fugacity of
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ig. 1. Scheme of representative network elements in XLPEO, with R represent-
ng the functional end-group of the monoacrylate co-monomer (R = CH2CH3 for
EGEEA, C6H5 for DEGPEA and PEGPEA) and n representing the average number
f ethylene oxide group repeat units (n = 2 for DEGEEA and DEGPEA, 4 for PEGPEA).

he gas in the gas phase contiguous to the upstream face of the
embrane), and DA is the average effective diffusivity in the film.

The ideal selectivity of a polymer film for gas A over gas B is
he ratio of their pure gas permeabilities. This ratio can be further
escribed in terms of diffusivity and solubility ratios [12]:

A/B = PA

PB
=

[
DA

DB

][
SA

SB

]
(3)

here DA/DB is the diffusivity selectivity, which is influenced by
he size difference between the penetrant molecules and the size-
ieving ability of the polymer matrix, and SA/SB is the solubility
electivity, which is controlled by the penetrants’ condensability
nd relative affinity for the polymer matrix [12]. Separation in rub-
ery polymers is typically dominated by solubility selectivity due
o their weak size-sieving character [20]; this effect is evident in
LPEO [8,9].

Free volume has been widely used to rationalize the relationship
etween polymer structure (i.e., chain packing) and gas transport
roperties [21]. Among the many free volume models proposed, the
ujita-modified Cohen–Turnbull model [22] has been used to relate
ree volume and gas diffusivity in XLPEO [5,10]:

A = AD exp
(

− B

FFV

)
(4)

here AD is a pre-exponential factor, B is a constant that depends on
enetrant size, and FFV is the fractional free volume in the polymer.
enerally, diffusivity increases with increasing FFV. Combining Eqs.

2) and (4) yields the following expression for permeability:

A = AP exp
(

− B

FFV

)
(5)

here AP is a pre-exponential factor that is equal to AD multiplied
y the solubility of penetrant A in the polymer, SA. Direct correlation
f permeability and free volume is possible when SA exhibits little
ariation with FFV.

FFV is commonly used to characterize the efficiency of chain

acking and the amount of free space available for gas permeation

n the polymer [23]:

FV = v − v0

v
(6)
ane Science 341 (2009) 84–95

where v is the specific volume of the amorphous polymer at the
temperature of interest (obtained from density measurements),
and v0 is the specific occupied volume at 0 K calculated using the
Bondi’s group contribution method, estimated as 1.3 times the van
der Waals volume by van Krevelen [24]. Further details on the free
volume calculation method of XLPEO were given in a previous study
[9].

For the PEGDA/PEGMEA network, FFV was correlated with the
glass transition temperature by Lin and Freeman [2] as follows [25]:

FFV = FFV(Tg) + ˛r(T − Tg) (7)

where FFV(Tg) is the apparent fractional free volume at Tg, and
˛r is the thermal expansion coefficient of the fractional free vol-
ume. The parameters for PEGDA/PEGMEA are as follows: FFV(Tg)
is 0.055 ± 0.001, and ˛r is (8.4 ± 2.6) × 10−4 K−1 [2,5]. This correla-
tion suggests a direct relationship between overall polymer chain
mobility (indicated by Tg) and free volume, on the basis that, in
these particular polymers, compositions containing more flexible
chains tend to have higher free volume. The result is an observed
decrease in Tg of approximately 25 ◦C with increasing PEGMEA con-
tent across the copolymer series [2]. However, these parameters
are not universal for all PEGDA-based copolymers [9]. Copolymer-
izing PEGDA with short-chain 2-ethoxyethyl acrylate (2-EEA), for
instance, increases free volume due to the expansion effect of the
ethoxy-terminated 2-EEA branch ends. At the same time, the short
branches impart stiffness to the main network backbone by poten-
tially hindering chain motion. The result is a substantial increase in
polymer fractional free volume, but virtually no change in Tg [9].

3. Experimental

3.1. Materials

Poly(ethylene glycol) diacrylate (PEGDA; nominal Mw

700 g/mol) was obtained from Aldrich Chemical Company,
Milwaukee, WI. The molecular weight and polydispersity were
characterized previously [4]. This PEGDA has a number-average
molecular weight of 743 Da (by NMR), consistent with a monomeric
repeat value of n ∼ 14. The acrylate co-monomers, di(ethylene gly-
col) ethyl ether acrylate (DEGEEA; Mw = 118, technical grade),
di(ethylene glycol) phenyl ether acrylate (DEGPEA, listed in the
catalog as poly(ethylene glycol) phenyl ether acrylate (n = 2);
Mw ∼ 236) and poly(ethylene glycol) phenyl ether acrylate (n = 4)
(PEGPEA; Mw ∼ 324), were also obtained from Aldrich, as was
1-hydroxyl-cyclohexyl phenyl ketone (HCPK; purity 99%) photoini-
tiator. 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 they were used as
received.

3.2. Film preparation

Films were prepared via UV photopolymerization using a pro-
cedure similar to that described for other PEGDA copolymers [8,9].
Liquid prepolymerization mixtures were prepared with the desired
proportions of PEGDA cross-linker and an acrylate co-monomer,
as well as 0.1 wt% HCPK photoinitiator. This mixture was sand-
wiched between parallel quartz plates, separated by spacers, and
then exposed to 312 nm light for 90 s at 3 mW/cm2 in a UV cross-
linking chamber (Spectrolinker XL-1000, Spectronics Corporation,
Westbury, NY). Film thicknesses were between 350 and 550 �m

for transport measurements, ∼1 mm for the dynamic mechanical
specimens, and ∼350 �m for the dielectric specimens. The exact
thickness was determined within ±1 �m using a digital microme-
ter (ABSOLUTE Digimatic series 547, Mitutoyo Corp., Japan). Before
further use, the resulting freestanding films were extracted for 5
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Table 2
Physical properties of PEGDA/DEGEEA, PEGDA/DEGPEA and PEGDA/PEGPEA copolymers.

Co-monomer PEGDA mol% PEGDA wt% Tg (◦C) �P (g/cm3) FFV

— 100 100 −37 ± 1 1.190 ± 0.004 0.120 ± 0.003

DEGEEA 80 94 −38 ± 1 1.184 ± 0.004 0.123 ± 0.003
60 85 −39 ± 1 1.180 ± 0.004 0.126 ± 0.003
40 71 −41 ± 1 1.171 ± 0.004 0.131 ± 0.003
20 48 −44 ± 1 1.159 ± 0.004 0.139 ± 0.003
10 29 −46 ± 1 1.148 ± 0.004 0.146 ± 0.003

DEGPEA 80 92 −35 ± 1 1.188 ± 0.004 0.123 ± 0.003
60 82 −32 ± 1 1.193 ± 0.004 0.122 ± 0.003
40 66 −29 ± 1 1.195 ± 0.004 0.126 ± 0.002
20 43 −23 ± 1 1.199 ± 0.002 0.129 ± 0.002
10 25 −17 ± 1 1.201 ± 0.004 0.133 ± 0.003

0 0 −12 ± 1 1.209 ± 0.003 0.135 ± 0.002

PEGPEA 80 90 −37 ± 1 1.185 ± 0.002 0.124 ± 0.002
60 77 −35 ± 1 1.186 ± 0.003 0.125 ± 0.003
40 59 −33 ± 1 1.188 ± 0.004 0.126 ± 0.003
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ays in ultrapure water (Milli-Q water purification system, Milli-
ore Corporation, Bedford, MA), with water changed daily. Films so
reated consisted of three-dimensional networks (gel) and a negli-
ible amount of low molecular weight polymer (sol) that was not
ound to the network [4]. Afterward, the films were dried in air at
mbient conditions prior to measurements.

.3. Fourier transform infrared spectroscopy

Attenuated total reflection Fourier transform infrared spec-
roscopy (FTIR-ATR) analysis was performed using a Thermo-
icolet (Madison, WI) Nexus 470 spectrometer, with each average

pectrum obtained from 128 scans at 1 cm−1 resolution. The con-
ersion of acrylate double bonds due to polymerization led to a
ecrease in sharp peaks at 810 cm−1 (ascribed to the twisting vibra-
ion of the acrylic CH2 CH bond), at 1410 cm−1 (deformation of
he CH2 CH bond) and at 1190 cm−1 (acrylic C O bond) [8]. The
ross-linking method used for copolymer mixtures with PEGDA
f this molecular weight produced essentially complete reaction
onfirmed by the total disappearance of the acrylate double bond
ignature peaks (spectra not shown) [8,9,26]. Weight loss due to
he water extraction step was considered negligible.

.4. Film density

The density of the dry polymer films was determined by hydro-
tatic weighing using a Mettler Toledo balance model AG204
Switzerland) and a density determination kit. The density was
etermined using the difference between the polymer mass in
ir and in an auxiliary liquid, n-heptane. The sample preparation
ethod described below follows that of the previous study [9]. The

olymer samples were first degassed overnight in a vacuum oven
t ambient temperature, then purged and transferred under dry
itrogen into the balance prior to density determination. The time
aken for density measurements was much less than the timescale
f vapor re-sorption into the polymer as determined from sorption
xperiments, and thus the density measurements were performed
t ambient conditions without nitrogen blanketing.
.5. Thermal analysis

Thermal transitions were determined using a TA Instruments
New Castle, DE) Q100 differential scanning calorimeter (DSC).
A Instruments indicates that the accuracy in the temperature
−31 ± 1 1.190 ± 0.004 0.128 ± 0.003
−28 ± 1 1.186 ± 0.004 0.135 ± 0.003

reported by this instrument is ±0.1 ◦C. Samples (∼10 mg) were ini-
tially quenched to −90 ◦C and scanned twice at a heating rate of
10 ◦C/min up to 150 ◦C under a dry N2 purge flow rate of 50 ml/min.
The glass transition temperature (Tg) was taken as the midpoint of
the heat capacity step change that appeared in the second heating
scan. No crystallization peaks were observed for any of the networks
examined in this study.

Dynamic mechanical thermal analysis was performed using
a Polymer Laboratories DMTA (Amherst, MA) operating in sin-
gle cantilever bending geometry. Films (thickness ∼1.0 mm) were
held under vacuum at room temperature for at least 24 h prior to
measurement. The sample mounting procedures were designed to
minimize exposure to ambient moisture. Storage modulus (E′) and
loss tangent (tan ı) were measured at a heating rate of 1 ◦C/min with
test frequencies of 0.1, 1, and 10 Hz. All experiments were carried
out under an inert (N2) atmosphere.

Dielectric measurements were conducted using the Novocon-
trol Broadband Dielectric Spectrometer (Hundsangen, Germany).
Dielectric constant (�′) and loss (�′′) were recorded in the fre-
quency domain (0.1 Hz to 1 MHz) at isothermal intervals from −150
to 50 ◦C. Concentric silver electrodes were applied to each sample
film (thickness ∼350 �m) using a VEECO (Plainview, NY) thermal
evaporation system and all samples were dried under vacuum at
room temperature prior to measurement. Dispersion spectra were
analyzed using the Novocontrol WINFIT software to establish relax-
ation time (�MAX) as a function of temperature for both the sub-glass
and glass rubber relaxation processes.

3.6. Permeation and sorption measurements

Pure gas permeability values were determined using a constant
volume/variable pressure apparatus [27,28]. The gas flux was mea-
sured from the pressure rise in a pre-evacuated downstream vessel
of known volume when pure gas was applied on the upstream side
at a known high pressure (in this case, 3–15 atm); the correspond-
ing pure gas permeability was calculated according to Eq. (1). The
polymer samples were partially masked with impermeable alu-
minum tape that was glued with epoxy to the upstream face of
the film. This masking procedure was used to accurately define the

surface area available for mass transport and to prevent damage
to the films during permeation testing. Gas solubility coefficients
for each polymer sample were determined using a dual-volume,
dual-transducer apparatus based on the barometric pressure-decay
method [29] as described previously [9]. All permeability and solu-
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this study are shown in Fig. 5. In all cases, the introduction of the
PEG-based side chains produces an increase in FFV with increasing
co-monomer content. For PEGDA/DEGEEA, the relatively flexible,
compact DEGEEA pendants lead to a progressive reduction in Tg
ig. 2. Fractional free volume of PEGDA copolymers as a function of PEGDA content
n the prepolymer solution. The co-monomers are (�) DEGEEA, (♦) PEGMEA, (�)
EGPEA and (©) PEGPEA. Free volume for PEGMEA was calculated using density
ata measured for this study according to assumptions detailed in Ref. [9].

ility experiments were performed at 35 ◦C, with errors calculated
ased on standard propagation of error method [30].

. Results and discussion

.1. Fractional free volume and chain mobility

Density, glass transition temperature and fractional free volume
FFV) data for the copolymer films prepared in this study are pre-
ented in Table 2. Increasing the amount of phenoxy-terminated
–OC6H5) co-monomers (DEGPEA or PEGPEA) in the cross-linked
EGDA networks leads to a systematic increase in FFV. Similar to
he methoxy- or ethoxy-terminated monomers, such as PEGMEA
8], 2-EEA [9] and DEGEEA (cf. Table 1), the bulky, non-polar phe-
oxy groups at the end of the flexible pendant chains appear to
e responsible for the observed increase in local free volume in
he networks. As illustrated in Fig. 2, the increases in FFV across
he PEGDA/DEGPEA and PEGDA/PEGPEA network series appear to
e similar, despite the difference in pendant chain length. How-
ver, the FFV increases are lower than the trend observed for the
EGDA/DEGEEA networks.

The glass transition temperature provides an indication of the
verall copolymer chain mobility. Representative DSC scans for
he PEGDA/PEGPEA copolymers are shown in Fig. 3. Fig. 4 com-
ares the glass transition temperatures of the PEGDA/DEGPEA
nd PEGDA/PEGPEA copolymers to those of the PEGDA/DEGEEA,
EGDA/2-EEA [9] and PEGDA/PEGMEA [8] networks. The glass tran-
ition temperatures follow a random copolymer model as given by
he Fox equation [31]:

1
Tg

=
∑

i

wi

Tgi
(8)

here wi is the weight fraction of each component in the pre-
olymer solution, and Tgi is the glass transition temperature of the
ure polymerized component, as measured experimentally using
SC. For the XLPEGDA copolymer networks containing phenoxy-

erminated side chains, an increase in glass transition temperature

s observed with increasing co-monomer content, the effect being
tronger in copolymers containing shorter DEGPEA pendant groups.
he increase in Tg is presumably due to the bulky character of the
henoxy terminal group, which introduces considerable steric hin-
rance to segmental motions associated with the glass transition.
Fig. 3. Second scan DSC thermograms for PEGDA/PEGPEA copolymers. The heating
rate was 10 ◦C/min. The thermograms have been displaced vertically for clarity.

The glass transition temperatures of the DEGEEA-based copoly-
mers, in contrast, decrease with increasing co-monomer content,
and fall between those of PEGDA/2-EEA and PEGDA/PEGMEA. This
result appears to be primarily a reflection of side chain length,
as determined by the number of flexible repeat units within the
respective co-monomers [31].

While changes in FFV can be correlated with overall polymer
chain mobility and Tg (see Eq. (7)), such correlations are not nec-
essarily universal across various copolymer series. Both the length
of the co-monomer side chains and the nature of the side chain
terminal groups can significantly affect the glass transition tem-
perature and free volume characteristics of the resulting networks
[8,9,16,32]. FFV-Tg correlations for the copolymers considered in
Fig. 4. Effect of PEGDA content in the prepolymer solution on glass transition tem-
perature determined by DSC. The co-monomers are (�) 2-EEA, (�) DEGEEA, (♦)
PEGMEA, (�) DEGPEA and (©) PEGPEA. The model lines are drawn based on Eq. (8)
(Fox equation). Data for PEGMEA are reproduced from Ref. [8], and those for 2-EEA
are from Ref. [9]. The uncertainty is ±1 ◦C.
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ig. 5. Fractional free volume of XLPEO vs. (T − Tg), where T = 35 ◦C and Tg is the glass
ransition temperature of the corresponding copolymer. Tg data are obtained from
ig. 4 and plotted against FFV from Fig. 2. (�) 100% PEGDA, (�) PEGDA/DEGEEA, (♦)
EGDA/PEGMEA, (�) PEGDA/DEGPEA and (©) PEGDA/PEGPEA.

ith increasing branch concentration, a trend that is consistent
ith the results for the PEGDA/PEGMEA series. However, for net-
orks containing the phenoxy-terminated side chains, the steric
indrance introduced by the terminal phenyl group drives Tg

pwards with increasing branch content, an effect that is especially
ronounced for the shorter DEGPEA pendant, which is spatially
ore strongly correlated to the network backbone. The outcome

s distinct FFV-Tg relations that appear to independently reflect
he influence of co-monomer repeat length, and the relative bulk
nd chemical nature of the side chain terminal groups. As such,
ncreased FFV in the phenoxy-terminated copolymer series does
ot reflect increased polymer chain flexibility.

Additional insights into the structure and relaxation properties
f the copolymer networks were obtained via dynamic mechan-

cal and dielectric spectroscopy measurements; these results
omplement detailed dynamic studies on XLPEGDA networks
eported previously. Representative dynamic mechanical data for
he PEGDA/PEGPEA copolymer series are shown in Fig. 6, and
emonstrate the influence of increasing co-monomer content on
he glass–rubber relaxation. Similar data for the PEGDA/DEGEEA
eries were presented earlier [32]. With increasing PEGPEA co-

onomer, the glass transition temperature shifts to higher values

onsistent with the calorimetric results; the associated peak tem-
eratures (T˛, based on peak in tan ı at 1 Hz) are reported in
able 3. The observed increase in relaxation intensity with co-
onomer content is primarily a reflection of the stoichiometrically

able 3
haracteristics of PEGDA/DEGEEA and PEGDA/PEGPEA as determined via dynamic
echanical analysis.

o-monomer PEGDA [wt%] T˛ (1 Hz) (◦C) ˇKWW

100 −35 0.30

EGEEAa 80 −36 0.29
60 −38 0.33
50 −38 0.32

EGPEA 80 −32 0.23
60 −31 0.21
50 −27 0.20
40 −27 0.19

ote: T˛ [◦C] is the dynamic mechanical peak temperature at 1 Hz; ˇKWW is the
ohlrausch–Williams–Watts distribution parameter [33].
a PEGDA/DEGEEA data are taken from [32].
Fig. 6. (a) Dynamic mechanical storage modulus (E′) [Pa] and (b) tan � vs. temper-
ature [◦C] for PEGDA/PEGPEA copolymers at 1 Hz; all compositions expressed on a
wt% basis. Inset on (b): normalized tan � vs. T/T˛ for PEGDA/PEGPEA copolymers.
Symbols are defined in Fig. 6a.

controlled decrease in cross-link density across the copolymer
series.

Time–temperature superposition was used to establish storage
modulus master curves for each copolymer composition, con-
sistent with prior studies [16,26]. The resulting master curves
were fit using the Kohlrausch–Williams–Watts (KWW) stretched-
exponential function, with the corresponding exponent designated
as ˇKWW [33]. Values of ˇKWW can range from 0 to 1, with
ˇKWW = 1 corresponding to a pure Debye relaxation response. The
exponent determined for the XLPEGDA homopolymer network,
ˇKWW = 0.30 [26]. Across the highly flexible PEGDA/PEGMEA series,
the glass–rubber relaxation was observed to narrow with increas-
ing co-monomer content and correspondingly lower cross-link
density [16]. For the PEGDA/PEGPEA series studied here, however,
the introduction of bulky side pendants leads to a broadening
of the relaxation and a progressive decrease in the ˇKWW expo-
nent, despite the reduced cross-link constraint associated with
increasing co-monomer content (see Table 3). The inset to Fig. 6b
(normalized tan ı vs. normalized relaxation temperature) indicates
that most of this broadening occurs on the high-temperature side
of the glass–rubber relaxation.

Dielectric measurements performed on the PEGDA/PEGPEA
copolymers provide information with respect to the intensity and
time–temperature behavior of both the sub-glass and glass–rubber

relaxations. Dielectric studies on crystalline PEO and the XLPEGDA
homopolymer indicate two local sub-glass relaxations (ˇ1 and ˇ2),
as well as the glass–rubber relaxation (˛) with increasing temper-
ature [34]; the influence of co-monomer content on the dielectric
dispersion characteristics of various PEGDA copolymers has been
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ig. 7. Arrhenius plot of fMAX [Hz] vs. 1000/T [K] for PEGDA/PEGPEA copolymers
ased on dielectric measurements; all compositions expressed on a wt% basis. Sym-
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eported in detail [32,35]. An Arrhenius plot (fMAX vs. 1000/T) for
he PEGDA/PEGPEA copolymers studied here is shown in Fig. 7,
here fMAX = [2��MAX]−1 and �MAX is the relaxation peak time.

or both sub-glass processes, a linear result is obtained, consis-
ent with the localized, essentially non-cooperative character of
hese relaxations. The data are independent of copolymer com-
osition, with corresponding activation energies identical to the
00% XLPEGDA result: EA(ˇ1) = 41 kJ/mol, and EA(ˇ2) = 65 kJ/mol
34]. This comparison indicates that despite their bulky nature,
he presence of the phenoxy-terminated side chains does not alter
he time–temperature character of the sub-glass transitions. Across
he glass–rubber relaxation, the data indicate a non-Arrhenius pro-
ess that is cooperative in character, and which can be described
y the Williams–Landel–Ferry (WLF) relation (see solid curves in
ig. 7) [36]. The relative position of each copolymer data set reflects
he progressive increase in Tg (or relaxation time) with increasing
o-monomer content.

The dielectric relaxation response characteristics of the
EGDA/PEGPEA copolymers are similar in many respects to the
esults obtained for the model PEGDA/PEGMEA series, and are not
etailed here in the interest of brevity. For more information regard-

ng the dielectric relaxation behavior of the XLPEGDA copolymers,
he reader is referred to Ref. [35].

.2. Gas transport properties

The permeability of light permanent gases and methane through
LPEO is essentially independent of gas fugacity, due to the low
olubility of these gases in XLPEO [3,5,8]. Of the gases considered in
his study, only carbon dioxide has high solubility at high fugacity,
eading to plasticization of the polymer and higher permeability.
herefore, to compare the permeability values of carbon dioxide
ith those of the other gases on a consistent basis, the data were

nterpolated to infinite dilution (i.e., an upstream fugacity of zero)
rom several measurements performed at various fugacities [9,37]:

A = PA,0(1 + mP,E�f ) = PA,0(1 + mP,Ef2) (9)

here mP,E is an adjustable constant at a given temperature, and
f is the difference between the upstream and downstream fugac-

ty, �f = f2 − f1. Because the downstream fugacity, f1, is much less
han f2, �f can be approximated by f2. PA,0 is the infinite dilution

ermeability. The order of the gas permeability values in all XLPEO
ystems, including those in this study, is: CO2 > H2 > O2 ≥ CH4 > N2
8,9]. Permeability is a function of gas molecule size (as charac-
erized by kinetic diameter), condensability (as characterized by
ritical temperature) and particularly in the case of CO2, affinity
ane Science 341 (2009) 84–95

with the polymer. Among the gases examined here, CO2 has the
highest permeability by virtue of its relatively small size, high con-
densability and favorable interaction with the polar ether oxygen
groups in XLPEO. Methane, which is the largest molecule in the
group, displays condensability second only to CO2 and thus has
higher permeability than its size would otherwise indicate.

Fig. 8 presents gas permeability as a function of co-monomer
content. The data obey the following random binary copolymer
model [38]:

ln PA = ϕ1 ln PA,1 + ϕ2 ln PA,2 (10)

where ϕ1 and ϕ2 are the volume fractions of PEGDA and co-
monomer in the polymer, respectively. The volume fractions were
estimated as follows: ϕ1 = �Pw1/�1, where w1 is the weight frac-
tion of PEGDA in the copolymer, �P is the density of the copolymer,
and �1 is the density of XLPEO polymerized from 100% PEGDA;
ϕ2 = 1 − ϕ1. Given the relatively small variations in density encoun-
tered across each polymer series, the resulting ϕi values are nearly
identical to the wt% figures reported in Table 2. PA,1 was deter-
mined by experimental measurement of 100% PEGDA polymer.
For the DEGPEA and PEGPEA series, PA,2 was determined by direct
experimental measurement of the polymerized acrylate monomer.
However, for the DEGEEA series, PA,2 could not be determined
directly due to a lack of structural integrity for the pure polymerized
DEGEEA film. In this case, PA,2 was estimated instead by applying
Eq. (10) to the sample polymerized with the least amount of PEGDA.

In general, permeability of all gases increases with DEGEEA co-
monomer content in XLPEGDA, which is consistent with the results
obtained for its shorter analogue, 2-EEA [9], as well as with PEG-
MEA. According to Eq. (5), permeability should increase as FFV
increases. Therefore, the observed FFV increase with increasing
DEGEEA content appears to account for the observed increase in
gas permeability. The increase in permeability for light gases other
than CO2 is nearly the same in PEGDA/DEGEEA as in PEGDA/2-EEA
and is attributable to the comparable structure of the two short-
chain ethoxy-terminated co-monomers, leading to similar FFV and
gas diffusivity at the same monomer concentrations. DEGEEA, how-
ever, contains an additional ethylene oxide group and this ethylene
oxide unit results in increased CO2 affinity with the polymer and,
in turn, higher CO2 permeability in PEGDA/DEGEEA as compared
to PEGDA/2-EEA. The CO2 permeability increase in PEGDA/DEGEEA
with increasing co-monomer content nearly matches the increase
observed in the PEGDA/PEGMEA system, despite the lower EO con-
tent of DEGEEA.

Given the FFV increase encountered upon increasing PEGPEA or
DEGPEA concentration in the XLPEO networks, which was similar
to that encountered in PEGDA/PEGMEA, one might anticipate an
increase in gas permeability of these materials. However, this result
is not observed. Instead, gas permeability of the PEGDA/PEGPEA
series varies little with PEGPEA content, increasing only slightly for
penetrants other than CO2. Gas permeability decreases significantly
with addition of the shorter DEGPEA co-monomer. For example,
CO2 permeability decreases from 110 barrer for pure XLPEGDA to
35 barrer for polymerized DEGPEA.

Pure gas ideal selectivity data are presented in Fig. 9. The gas
selectivity trends in XLPEO primarily result from the changing gas
affinity due to changes in polymer chemical properties (in the case
of CO2), and changes in the size-sieving ability of the polymer due to
changes in free volume and chain stiffness [9]. An increase in size-
sieving ability favors the transport of gases with smaller kinetic
diameter, and can be illustrated by considering the selectivity of

permanent gases [7,9]. Selectivity comparisons for the permanent
gases (i.e., H2/N2 and O2/N2) are presented in Fig. 9a. For these
gas pairs, any changes in permanent gas selectivity should be due
mainly to size differences: H2 (2.89 Å) vs. N2 (3.64 Å), and O2 (3.46 Å)
vs. N2 (3.64 Å) [39]. As shown in Fig. 9a, changes in permanent gas
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electivity as a result of changing polymer size-sieving characteris-
ics for PEGDA/DEGEEA, PEGDA/DEGPEA and PEGDA/PEGPEA series

re not significant within the measurement uncertainty.

Fig. 9b and c shows selectivity values for CO2/CH4 and CO2/H2.
cross each series, the overall EO content of the network decreases
ith increased DEGEEA, DEGPEA or PEGPEA concentration. In

ig. 9b, CO2/CH4 selectivity generally decreases with increasing co-
ugh the data are based on Eq. (10). The gases are (a) CO2, (b) CH4, (c) H2, (d) O2 and
PEA, (�) PEGA. PEGMEA and PEGA data were reproduced from [8] and 2-EEA data

monomer content regardless of the co-monomer, even the ones
containing high EO content such as PEGMEA. As such, the relative

affinity of CO2 and CH4 for the polymer does not appear to play a sig-
nificant role in differentiating the selectivity trends for each series.
In contrast, H2 molecules are much smaller and less condensable
than CH4. Apparently, the combined effects of size discrimination,
however minimal, and the change in CO2 affinity for the polymer
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ig. 9. Effect of PEGDA content on infinite dilution gas selectivity at 35 ◦C. The solid
nd (c) CO2/H2. The co-monomers are (�) DEGEEA, (♦) PEGMEA, (�) 2-EEA, (�) DEG

etwork compared to H2 were sufficient to produce more distinct
rends in CO2/H2 selectivity for the various copolymers, as shown
n Fig. 9c.

In order to directly assess CO2 and CH4 affinity for the poly-
er networks, sorption isotherms were obtained by measuring

as uptake in the polymer at equilibrium as a function of fugacity.
he isotherms were linear in all cases, so solubility coefficients are
eported as Henry’s law coefficients [20]. The solubilities of perma-
ent gases in XLPEO were too low to measure. The infinite dilution
olubility coefficients are plotted as a function of copolymer com-
osition in Fig. 10, along with data from several copolymer systems
tudied previously.

The CO2 solubility coefficients tend to increase with increas-
ng DEGEEA content, consistent with trends previously observed
n 2-EEA [9] and PEGMEA [8,40]. Addition of DEGEEA, like 2-EEA,
ntroduces branches with relatively non-polar ends and lower EO
ontent as compared to PEGDA, and thus increasing the amount
f DEGEEA tends to lower overall polar content while simulta-
eously reducing cross-link density. Given the reduction in EO
ontent with increasing DEGEEA, CO2 solubility would be expected

o decrease with increasing DEGEEA concentration [20]. How-
ver, as observed in Fig. 10a, the CO2 solubility coefficients in
EGDA/DEGEEA copolymers increase with increasing DEGEEA con-
ent. As DEGEEA concentration increases, the lower polar content
n the polymer will lead to a decrease in overall polymer cohesive
are drawn to guide the eye. The selectivities are (a) H2/N2 and O2/N2, (b) CO2/CH4,
(©) PEGPEA. The average uncertainty is ± 8% of the selectivity value.

energy density and a reduction in the energy required to open a gap
in the polymer matrix of sufficient size to accommodate a penetrant
molecule [9,20]. This reduction in cohesive energy density would be
expected to act to increase solubility of all gases, and in the case of
CO2, it is apparently strong enough to counter a lower affinity to CO2
that presumably accompanies the reduction in polar group content
as DEGEEA concentration increases. Additionally, the reduction in
cross-link density with increasing DEGEEA content would act to
increase solubility as well.

In contrast, the CO2 solubility in both phenoxy-terminated
copolymer systems decreases with increasing co-monomer con-
tent. The phenyl terminal groups of the DEGPEA or PEGPEA
branches are less polar than the alkoxy end groups on 2-EEA,
DEGEEA or PEGMEA. Lower polar content in the PEGDA/DEGPEA
and PEGDA/PEGPEA networks, due to lower ethylene oxide con-
tent and the addition of phenoxy groups, may be the decisive
factor with respect to CO2 solubility for these series, particu-
larly for PEGDA/DEGPEA (n = 2 EO in side chains). A decrease in
CO2 solubility has also been observed in PEGDA copolymerized
with hydroxy-terminated 2-hydroxyethyl acrylate (2-HEA), where

strong hydrogen bonds led to enhanced inter-chain interactions,
possibly contributing to increased cohesive energy density.

Infinite dilution diffusion coefficients can be calculated from
permeability and solubility data using Eq. (2); these results are
shown in Fig. 11. As in the other XLPEO systems, the gas diffusivity



V.A. Kusuma et al. / Journal of Membrane Science 341 (2009) 84–95 93

F and (b
a EGA a

f
e
D
i
l
l
A
fi
C
t
a
t
a

c
D
F
C
p
t

t
r

F
P

ig. 10. Effect of PEGDA content on infinite dilution gas solubility at 35 ◦C, (a) CO2

re drawn to guide the eye. Comparison data with (♦) PEGMEA, (�) 2-EEA, and (�) P

ollows the trends in permeability to a substantial degree [8,9]. As
xpected, both CO2 and CH4 diffusivity increases with increasing
EGEEA concentration: gas diffusivity tends to be slightly higher

n the PEGDA/DEGEEA copolymers than in PEGDA/2-EEA at simi-
ar co-monomer content owing to the higher chain mobility (i.e.,
ower Tg) imparted by the longer, more flexible DEGEEA branches.
s shown in Figs. 12 and 13, the permeability and diffusivity coef-
cients in the PEGDA/DEGEEA series are well-described by the
ohen–Turnbull model (cf. Eqs. (4) and (5)). Good agreement with
he model is observed when adjustable parameters given by Lin et
l. [5] are applied, consistent with results reported previously for
he PEGDA/PEGMEA series [5] and its shorter alkoxy-terminated
nalogs [9].

Conversely, the gas diffusivity does not change appreciably with
o-monomer content for the PEGPEA series and decreases for the
EGPEA series, again despite the apparent increase in estimated
FV as co-monomer content increases in both sets of copolymers.
onsequently, as shown in Figs. 12 and 13, gas diffusivity of the

henoxy-terminated copolymers does not follow the expected
rends as predicted by the Cohen–Turnbull model.

An explanation for the gas diffusion behavior in phenoxy-
erminated networks may lie in the polymer chain mobility, as
eflected in Tg. van Amerongen found that the logarithm of gas

ig. 11. Effect of PEGDA content on infinite dilution gas diffusivity at 35 ◦C, (a) CO2 and (b
EGMEA, (�) 2-EEA, (©) PEGPEA, (�) DEGPEA, (�) PEGA. The average uncertainty is ±7%
) CH4. The co-monomers are (�) DEGEEA, (©) PEGPEA and (�) DEGPEA. The lines
re given when available [8,9]. The average uncertainty is ±0.04 cm3(STP)/cm3 atm.

diffusion coefficients of permanent gases in a variety of rub-
bery polymers depended nearly linearly on (T − Tg) (i.e., the
difference between the measurement temperatures and the glass
transition) [20]. Certainly, in the case of the PEGDA/DEGPEA and
PEGDA/PEGPEA copolymers, (T − Tg) appears to be a stronger cor-
relating factor for gas diffusivity as compared to free volume. Lin et
al. [5] accounted for chain mobility effects in the PEGDA/PEGMEA
system by noting that FFV was positively correlated with (T − Tg)
using Eq. (7). For the PEGDA/DEGPEA and PEGDA/PEGPEA copoly-
mer systems, this correlation is not obeyed, i.e., FFV has a negative
correlation with (T − Tg). While insertion of the bulky phenoxy-
terminated side chains seems to increase FFV, at the same time it
also increases steric hindrance for chain motion and reduces chain
mobility, as characterized by increasing Tg (cf. Fig. 5).

In a sense, the copolymers containing phenoxy-terminated side
chains exhibit behavior reminiscent of glassy polymers, where
insertion of functional groups into the polymer structure simul-
taneously increases chain stiffness and FFV [41,42]. For example,

among substituted glassy polysulfones, tetramethyl bisphenol-A
polysulfone (TMPSF) exhibits a Tg that is ∼55 ◦C higher than that
of bisphenol-A polysulfone (PSF); TMPSF also has higher FFV than
PSF. Transport measurements indicate gas diffusivities that are
greater in TMPSF as compared to PSF [41]. In these glassy polymers,

) CH4. The lines are drawn to guide the eye. The co-monomers are (�) DEGEEA, (♦)
of the CO2 diffusivity and between ±30 and ±40% of the CH4 diffusivity.
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ig. 12. Comparison between experimental and predicted infinite dilution permeab
op to bottom) (a) CO2 and CH4, (b) H2 and N2. The dashed line indicates the free vol
f PEGDA are (�) DEGEEA, (�) 2-EEA, (�) DEGPEA and (©) PEGPEA, with increasing

he macromolecular chains are already highly hindered, such that
as diffusivity may be influenced more strongly by increasing FFV,
ather than by the observed variation in chain stiffness. In rubbery
LPEO with phenoxy-terminated branches, the polymer chains are

airly mobile, and the decrease in chain mobility that is a result
f increasing branch content may have a stronger impact on dif-
usivity relative to the observed increase in FFV. A similar contrast
s encountered when comparing the gas diffusion characteristics
f (rubbery) polyethylene [PE] vs. (glassy) poly(ethylene tereph-
halate) [PET]. In PE, gas diffusion coefficients in the amorphous
hase are substantially reduced by the presence of impermeable
rystalline domains, which impose constraints on chain movement
hat persist into the amorphous regions [43]. In semicrystalline PET,
he inherently rigid character of the PET backbone appears to be the
ontrolling factor for chain mobility, and increasing levels of crys-
allinity do not significantly perturb the mobility of the amorphous

hase chains [44]. As such, the gas diffusivity ascribed to the amor-
hous phase remains essentially constant in PET, independent of
rystallinity.

An alternative explanation for the potentially disparate trends
n diffusivity and permeability with FFV in the PEGDA/DEGPEA

ig. 13. Correlation between infinite dilution gas diffusivity at 35 ◦C and polymer
ree volume. The data shown are for CO2 ((�) PEGDA/DEGEEA, (�) PEGDA/DEGPEA
nd (�) PEGDA/PEGPEA) and CH4 (analogous open symbols). The vertical dashed
ine indicates the free volume of polymer prepared from 100% PEGDA. The model
arameters are from Ref. [9].
ased on the free volume model, with model parameters given in Ref. [9], for (from
f polymer cast from 100 wt% PEGDA in the prepolymer solution. The co-monomers
nt of co-monomer further away from the dashed line.

and PEGDA/PEGPEA systems would be that the assumptions in
the FFV calculation for these copolymer systems are not strictly
valid. Bondi’s group contribution method, which was used to esti-
mate FFV in this work, assumes the absence of strong non-covalent
inter-chain interactions for van der Waals volume calculations
[24,45,46]. Certain interactions, such as hydrogen bonding between
polar groups, have been previously observed to influence the FFV-
diffusivity correlation [9]. One possible interaction in the polymers
containing phenoxy groups is localized stacking of the terminal
phenyl rings as a result of �–� bond interactions, as has been pro-
posed for the phenyl rings in benzene [47] or polystyrene [48]. In
this regard, even slight differences in van der Waals volume esti-
mates of individual functional groups could produce significant
changes in the FFV trends [46,49]. Further, localized stacking of
terminal phenyl rings could account for the decreased chain mobil-
ity that is observed, especially for the shorter DEGPEA branches.
An experimental exploration of free volume characteristics in the
phenoxy-terminated co-monomers may be performed using, for
example, Positron Annihilation Lifetime Spectroscopy (PALS), but
such studies were beyond the scope of this investigation.

5. Conclusions

This study presented the influence of phenoxy-terminated side
chains on the transport properties of cross-linked poly(ethylene
oxide) (XLPEO) networks. Poly(ethylene glycol) diacrylate, n = 14
(PEGDA) was UV-polymerized with poly(ethylene glycol) phenyl
ether acrylate co-monomers encompassing two different ethy-
lene oxide repeat lengths: DEGPEA (n = 2) or PEGPEA (n = 4). These
copolymer systems were compared with PEGDA networks prepared
using an ethoxy-terminated co-monomer, i.e., di(ethylene glycol)
ethyl ether acrylate (DEGEEA). While the introduction of phenoxy-
terminated branches in XLPEGDA increased the calculated polymer
fractional free volume, it did not increase gas permeability; instead,
gas permeability decreased with increasing DEGPEA content and
remained essentially constant at all PEGPEA concentrations. Possi-
ble explanations for these results were provided in the context of
polymer chain mobility and network structure. Dynamic mechan-
ical studies of PEGDA/PEGPEA revealed an increase in the glass

transition temperature and substantial relaxation broadening with
increasing PEGPEA content, despite an overall decrease in cross-link
density. The PEGDA/DEGPEA networks also exhibited reduced over-
all chain mobility with increasing DEGPEA content, as indicated by
a strong positive shift in the glass transition temperatures of the
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