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ABSTRACT: The glass-transition and gas-transport prop-
erties of rubbery polymer nanocomposites based on cross-
linked poly(ethylene oxide) and metal oxide nanoparticles
were studied. Nanocomposite samples were prepared by
the UV photopolymerization of poly(ethylene glycol) dia-
crylate (n � 14) in the presence of magnesium oxide or silica
nanoparticles. The thermomechanical properties of the com-
posites were investigated with dynamic mechanical and
dielectric spectroscopy methods. The inclusion of nanopar-
ticles in the crosslinked poly(ethylene glycol) diacrylate net-
work led to a systematic increase in rubbery modulus and a
modest positive offset (�6�C) in the measured glass-transi-
tion temperature for both systems. Bulk density measure-
ments indicated only minimal void volume fraction in the

composites, and CO2 and light gas permeability decreased
with particle loading; for example, the CO2 infinite dilution
permeability at 35�C decreased from 106 barrer in the
unfilled polymer to 55 barrer in a nanocomposite containing
30 wt % magnesium oxide nanoparticles. The inclusion of
toluene diluent in the prepolymerization mixtures produced
a limited enhancement in sample permeability, but the size-
able increases in gas transport with particle loading
reported for certain other rubbery nanocomposite systems
were not realized in the crosslinked poly(ethylene glycol)
diacrylate composites. VC 2010 Wiley Periodicals, Inc. J Appl
Polym Sci 117: 2395–2405, 2010
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INTRODUCTION

The removal of acid gases such as carbon dioxide
from light gas mixtures via membrane separation
technology is an area of intense interest because of
the relevance of such separations for a range of
industrial processes. Recently, a series of rubbery co-
polymer membranes based on crosslinked poly(eth-
ylene oxide) (XLPEO) has been investigated for use
in CO2/light gas separations.1,2 The polymers dis-
play high CO2 permeability and favorable CO2/light
gas selectivity because of their rubbery character
and the presence of polar ether oxygens in the poly-
mer network that interact preferentially with CO2.

3

The strategic copolymerization of XLPEO has been
used to tailor the free volume and chemical compo-
sition of the networks; this led to the establishment
of material design rules for the optimization of gas
separation performance in these CO2-selective mem-
branes.4–8

The introduction of nanoscale structure in poly-
mers via the inclusion of inorganic nanoparticles
provides a range of variables that can be exploited
for the enhancement of material properties. In the
case of gas separation membranes, recent studies
have demonstrated improvements in gas separation
performance that can be achieved upon the incorpo-
ration of metal oxide nanoparticles into glassy and
rubbery polymers, with the presence of the filler
leading to changes in both the diffusivity and solu-
bility characteristics of the membranes. For example,
the introduction of hydrophobic fumed silica (SiO2)
into glassy, high-free-volume poly(4-methyl-2-pen-
tyne) produces a disruption in polymer chain pack-
ing that leads to a subtle, angstrom-level increase in
the free volume available for penetrant transport;
this results in a systematic increase in the diffusivity
with filler loading.9,10 The enhancement in gas-
transport properties is higher in samples containing
smaller nanoparticles, which suggests the impor-
tance of the surface-to-volume ratio in these
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materials. Similarly, the incorporation of metal oxide
nanoparticles into rubbery 1,2-polybutadiene (PB)
generates a marked increase in the permeability,
which reflects a combination of higher penetrant
solubility due to physical adsorption and increased
diffusivity.11,12 The enhancement in diffusivity for
the polybutadiene composites is due primarily to the
presence of a substantial void volume fraction
detected in the solvent-cast samples.

Because of the potential of XLPEO network poly-
mers for use as CO2-selective membranes and the
commercial availability of very small metal-oxide-
based nanoparticles, it is of interest to explore possi-
ble enhancements in XLPEO gas separation perform-
ance due to the incorporation of metal oxide nano-
particles; for example, magnesium oxide (MgO) and
SiO2. When one assesses the influence of nanopar-
ticles on gas transport, it is important to consider
the extent to which the particles perturb the sur-
rounding polymer, as changes in the polymer chain
mobility affect the size discrimination and the corre-
sponding penetrant diffusivity characteristics of the
matrix. In rubbery polymers, segmental mobility is
responsible for the creation of transient free-volume
elements by which gas diffusion occurs. The glass-
transition temperature (Tg) can be used as an indica-
tor of overall segmental mobility, and a number of
authors have reported correlations wherein the
measured light gas permeability and diffusivity
decreased systematically with increasing Tg across a
range of rubbery polymers.13

The vast amount of particle–polymer surface area
created in nanocomposites can have a substantial
influence on the segmental mobility of the polymer
chains because of both particle–polymer interactions
and physical confinement effects; these perturbations
to the bulk polymer chain dynamics are often mani-
fested by changes in Tg. Over the last several decades,
there have been numerous reports examining the
glass-transition characteristics of filled polymers rein-
forced with materials such as carbon black or SiO2,
and more recently, such systems have been studied
within the context of nanoscale phenomena. In filled
polymers, the inclusion of inorganic particles often
leads to an increase in Tg because of favorable interac-
tions between the particle surface and the polymer
chains that restrict chain mobility.14 Investigators
have reported positive offsets in Tg and the emer-
gence of a second (higher) Tg corresponding to the
presence of a distinct, constrained population of
chain segments in the vicinity of the particle sur-
face.15–19 For systems that exhibit poor wetting, Tg

reductions have also been encountered.20,21 In certain
cases, a direct correlation has been demonstrated
between the Tg values measured for bulk composites
and the influence of physical confinement on Tg

observed for ultrathin polymer films.22–24

In this study, we examined the glass-transition
and gas-permeability characteristics of a series of
rubbery polymer nanocomposites based on cross-
linked poly(ethylene glycol) diacrylate (XLPEGDA).
Nanocomposite samples were prepared by UV pho-
topolymerization of poly(ethylene glycol) diacrylate
(PEGDA) in the presence of various amounts of
nominally spherical MgO or SiO2 nanoparticles. The
glass–rubber relaxation characteristics of the result-
ing polymers were assessed with dynamic mechani-
cal analysis and dielectric spectroscopy. Gas-perme-
ability results are reported for CO2, CH4, O2, and
H2, along with the gas diffusion and solubility coef-
ficients. In addition, the influence of sample prepara-
tion in the presence of toluene as a potential particle
dispersion aid is reported.

EXPERIMENTAL

Materials

The crosslinker PEGDA (nominal molecular weight
¼ 700 g/mol) and the photoinitiator 1-hydroxyl
cyclohexyl phenyl ketone (HCPK) were obtained
from Aldrich Chemical Co. (Milwaukee, WI). The
molecular weight and polydispersity of the PEGDA
were characterized previously; a number-average
molecular weight of 743 g/mol was reported, con-
sistent with a monomeric repeat length of n � 14
(see ref. 4). Spherical MgO nanoparticles (99.2% pu-
rity) were obtained from Nanoscale Materials, Inc.
(Manhattan, KS). The manufacturer reported an
effective density for these particles of 2.4 g/cm3 and
a Brunauer–Emmett–Teller surface area of 600 m2/g;
this corresponded to a nominal particle diameter of
approximately 3 nm.11 SiO2 nanoparticles (99.5% pu-
rity, 10 nm diameter) were obtained from Aldrich,
with a reported Brunauer–Emmett–Teller surface
area of 590–690 m2/g and a density of 2.2 g/cm3.
Toluene (high-performance liquid chromatography
grade) was purchased from Fisher Scientific (Pitts-
burgh, PA). All gases were obtained from Airgas
Southwest, Inc. (Corpus Christi, TX), with purity of
at least 99.9% (except for methane, which had a pu-
rity of 99.0%), and were used as received.

Preparation of the nanocomposites

PEGDA, HCPK (0.1 wt % based on PEGDA), and
the nanoparticles were magnetically mixed in
desired proportions for at least 20 min; they were
then sonicated in an ultrasonic water bath for 10
min to eliminate bubbles (model FS60, Fisher Scien-
tific). In cases where toluene was added to aid parti-
cle dispersion (i.e., at higher particle loadings),
PEGDA, HCPK, and toluene were first magnetically
mixed for at least 20 min; then, the nanoparticles
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were added and mixed for an additional 20 min
before degassing. All of the mixtures were then sub-
jected to planetary mixing for 3 min at 2000 rpm in
a Thinky Planetary Mixer model AR-250 (Thinky
Corp., Laguna Hills, CA).

Samples were crosslinked via UV photopolymeri-
zation with a Spectrolinker XL-1000 crosslinker
(Spectronics Corp., Westbury, NY). The mixture was
sandwiched between parallel quartz plates with con-
trolled spacing and exposed to 312-nm UV light for
90 s at 3 mW/cm2, as per the method for XLPEGDA
polymerization described previously.4,25 After cross-
linking, the films were stored in vacuo at 25�C for at
least 24 h before further study. Films prepared with
toluene diluent were immediately covered after
crosslinking to control the rate of toluene evapora-
tion; after they were initially dried in a fume hood,
these samples were held in vacuo at room tempera-
ture (25�C). The thickness of the resulting nanocom-
posite films was approximately 1.0 mm for dynamic
mechanical specimens and approximately 0.30 mm
for samples prepared for dielectric measurement
and permeability tests; the precise thickness of each
film was determined with a digital micrometer with
a precision of 61 lm.

Film density

Bulk density measurements of the crosslinked nano-
composite films were conducted by hydrostatic
weighing at 25�C with a conventional density deter-
mination kit (Denver Instrument, Bohemia, NY); n-
heptane was used as the auxiliary liquid. A mini-
mum of three replicate measurements were com-
pleted for each sample tested.

Dynamic mechanical analysis

Dynamic mechanical analysis was performed with a
Polymer Laboratories (Amherst, MA) dynamic me-
chanical thermal analyzer operating in single-cantile-
ver bending geometry. All specimens were dried
in vacuo at room temperature for at least 24 h before
measurement, and the sample mounting procedures
were designed to minimize exposure to ambient
moisture. Storage modulus (E0) and loss tangent (tan
d) were recorded at a heating rate of 1�C/min with
test frequencies of 0.1, 1, and 10 Hz. Each measure-
ment was carried out under an inert (N2)
atmosphere.

Broadband dielectric spectroscopy

Dielectric measurements were conducted with a
Novocontrol broadband dielectric spectrometer
(Hundsangen, Germany). To promote electrical con-
tact during measurement, concentric 33-mm silver

electrodes were applied to each sample film with a
Veeco thermal evaporation system (Plainview, NY).
Samples were subsequently mounted between gold
platens and positioned in a Novocontrol Quatro Cry-
osystem. The dielectric constant (e0) and dielectric
loss (e00) were recorded at a heating rate of 2�C/min
with test frequencies ranging from 1 Hz to 2 MHz.

Gas-transport measurements

Pure gas-permeability values for CO2, CH4, O2, and
H2 were determined with a constant-volume/vari-
able-pressure apparatus.26,27 The gas flux was meas-
ured from the steady-state pressure rise in a pre-
evacuated downstream vessel of fixed volume when
pure gas was applied on the upstream side at a
known high pressure (3 to 15 atm for the studies
conducted here); the samples were partially masked
with impermeable aluminum tape on the upstream
face of each film to accurately define the surface
area available for mass transport and to prevent
damage to the film during testing. Permeability val-
ues were calculated from steady-state flux measure-
ments,6 whereas the diffusion coefficients were esti-
mated via time-lag measurements of transient gas
flux.27,28 The corresponding gas-solubility coeffi-
cients were determined according to the solution-dif-
fusion model (Solubility coefficient ¼ Permeability
coefficient/Diffusion coefficient).29 The permeability
values obtained for CH4, O2, and H2 were independ-
ent of upstream pressure, whereas CO2 exhibited
plasticization with increasing pressure (see ref. 4).
To compare the inherent permeability of the poly-
mers to different gases, the permeability values are
reported at infinite dilution (i.e., extrapolated to an
upstream pressure, p ! 0), consistent with our pre-
vious studies. All experiments were performed at
35�C.

RESULTS AND DISCUSSION

Dynamic mechanical studies

The UV photopolymerization of the PEGDA (n ¼ 14)
crosslinker in the presence of various loadings of
nanoparticles produced three-dimensional nanocom-
posite networks; this was consistent with the results
obtained for the PEGDA-based formulations studied
previously.4 Independent differential scanning calo-
rimetry studies (not shown) indicated that the poly-
mer matrix was fully amorphous, with no evidence
of crystallization.
Dynamic mechanical results for the PEGDA/MgO

and PEGDA/SiO2 nanocomposite films are pre-
sented in Figures 1 and 2, respectively, with E0 and
tan d plotted versus temperature at a frequency of
1 Hz. The 100% XLPEGDA (unfilled) network

CROSSLINKED POLY(ETHYLENE OXIDE) 2397

Journal of Applied Polymer Science DOI 10.1002/app



displayed a glassy modulus of approximately 2.5
GPa and a glass–rubber transition peak temperature
(Ta) of �35�C (1 Hz). The rubbery modulus for
XLPEGDA (0�C) was approximately 50 MPa. The
introduction of MgO nanoparticles had only a mini-
mal influence on the glassy modulus of the network
(i.e., <5% enhancement) but produced a strong sys-
tematic increase in the rubbery modulus with parti-
cle loading because of the larger difference in the
inherent moduli of the included and matrix phases
in this region.14,30 The observed increase in the rub-
bery modulus with loading was accompanied by a
systematic decrease in the intensity of tan d and a
shift in the peak position to higher temperatures,
that is, a progressive increase in the glass–rubber
relaxation temperature. Similar results were obtained
for the PEGDA/SiO2 system (see Fig. 2) but with a

slightly greater (�15%) enhancement in the glassy
modulus with loading evident below Tg.
In nanocomposite systems with favorable particle–

polymer interactions, increases in Tg with filler load-
ing are often observed, with the magnitude of the
increase reflecting a number of interrelated material
factors, which include particle size and correspond-
ing interfacial surface area, particle loading and its
implications for the average polymer layer thickness
surrounding each particle, particle–polymer interac-
tion energy, and relative stiffness of the polymer.22–24

The measured dynamic mechanical peak tempera-
tures for the PEGDA-based nanocomposites as a
function of loading are reported in Figure 3. Across
the range of compositions examined, an overall
increase in Ta of approximately 6�C was observed.
The trend was essentially the same for both systems.
Furthermore, there was no evidence to suggest the

Figure 1 Dynamic mechanical properties versus the tem-
perature for the PEGDA/MgO nanocomposites: (a) E0 and
(b) tan d (frequency ¼ 1 Hz; heating rate ¼ 1�C/min).

Figure 2 Dynamic mechanical properties versus the tem-
perature for the PEGDA/SiO2 nanocomposites: (a) E0 and
(b) tan d (frequency ¼ 1 Hz; heating rate ¼ 1�C/min).
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emergence of a second, distinct glass-transition pro-
cess in the composite samples (see Tsagaropoulos
and Eisenberg18).

The rubbery modulus measured for the various
nanocomposites is plotted versus the volume per-
centage of filler in Figure 4. Here, the volume frac-
tion of the filler (/F) was determined as follows:

/F ¼ wF

wF þ qF
qP
ð1� wFÞ (1)

where wF is the weight fraction of the particles, qP is
the density of the XLPEGDA polymer matrix
(1.183 g/cm3),4 and qF is the density of the filler par-
ticles. According to the suppliers, qF was 2.4 g/cm3

for MgO and 2.2 g/cm3 for SiO2.
The modulus data presented in Figure 4 could be

described with a modified version of the Mooney
equation, which, in its original form, describes the
viscosity of colloidal suspensions containing rigid
spherical particles.31 In the context of the mechanical
modulus, the Mooney equation can be expressed as
follows:

ln
E

EP

� �
¼ kE/F

1� /F=/M

(2)

where E is the measured rubbery modulus of the
composite, EP is the modulus of the polymer matrix
(50 MPa; see Fig. 1), kE is the Einstein coefficient,
and /M is the maximum volume fraction of the fil-
ler. The value of kE depends on the quality of the
particle–matrix interaction and on the particle distri-
bution (i.e., dispersed vs. agglomerated spheres). For
dispersed spheres with no slippage at the interface,
kE ¼ 2.5, with higher values obtained in agglomer-
ated systems. Likewise, /M depends on the packing
geometry and the extent of agglomeration, with a
maximum value of 0.74 corresponding to an ideal,
close-packed arrangement.14 For the data shown in

Figure 4, best-fit curves were obtained with kE and
/M serving as adjustable parameters. A single value
for /M was obtained for both systems (/M ¼ 0.45),
with kE ¼ 4.8 (MgO) and 5.8 (SiO2). The parameter
values indicated that the modulus–filler relation was
influenced to some degree by particle agglomeration
within the XLPEGDA matrix, with the effect being
slightly stronger in the case of the PEGDA/SiO2

composites.14

Time–temperature superposition was applied to
the dynamic mechanical results to obtain modulus–
frequency master curves for the composites at a
reference temperature of �40�C.32 The results are
presented in Figure 5 (PEGDA/MgO composites)
with E0 plotted versus xaT, where x is the applied

Figure 3 Ta versus the weight percentage of the filler for
the XLPEGDA nanocomposites: the glass–rubber transition.

Figure 4 Rubbery modulus (0�C) versus the volume per-
centage of the filler for the XLPEGDA nanocomposites.
The curves are best fits for eq. (2).

Figure 5 Time–temperature master curves (E0 vs xaT) for
the PEGDA/MgO nanocomposites [reference temperature
(TREF) ¼ �40�C]. The solid curves are based on the KWW
equation.
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test frequency (x ¼ 2pf, where frequency f is
expressed in hertz) and aT is the dimensionless shift
factor. The relative positions of the curves along the
horizontal axis reflect the effective glass–rubber
relaxation time for the samples, with higher MgO
loadings leading to longer relaxation times and cor-
respondingly higher Tg values. The time–tempera-
ture master curves could be satisfactorily described
with the Kohlrausch–Williams–Watts (KWW)
stretched-exponential relaxation time distribution
function:

aðtÞ ¼ exp �ðt=s0ÞbKWW

j k
(3)

where s0 is the central relaxation time and bKWW is
the distribution parameter. bKWW ranges from 0 to 1,
with values close to unity corresponding to a narrow,
single relaxation time response and lower values
reflecting broader transitions influenced by intermo-
lecular coupling, crosslinks, and the presence of crys-
tallinity or other internal constraints. For the data
shown in Figure 5, series approximations reported by
Williams et al.33 were used as the basis for the KWW
curve fits. A single value for the broadening parame-
ter, bKWW ¼ 0.25 6 0.01, was sufficient to describe
the relaxation response for both the PEGDA/MgO
and PEGDA/SiO2 composite series, independent of
particle loading. That is, no significant broadening of
the XLPEGDA glass–rubber relaxation was encoun-
tered with the addition of increasing levels of nano-
particles in these composites.

Dielectric spectroscopy studies

Broadband dielectric spectroscopy can serve as a
valuable complement to dynamic mechanical meas-
urements for the elucidation of relaxation processes
(e.g., the glass transition) in polymer systems.
Dielectric spectroscopy relies on the detection of
dipolar reorientations along the polymer molecules
as the basis for establishing motional transitions,
and modern dielectric instruments provide for
measurements across an exceptionally wide range
of test frequencies. However, in heterogeneous
media, the measured dielectric response is compli-
cated by the occurrence of interfacial polarization,
which results because of the build-up of charges at
the internal boundaries within the material.34 The
contributions to e0 and e00 from interfacial polariza-
tion can be substantial and are most pronounced at
low frequencies and temperatures above the glass
transition. Although a number of theories have
emerged that describe interfacial polarization effects
as a function of the electrical properties of the indi-
vidual constituents and their shape and distribu-
tion, the quantitative application of these models is

often difficult because of the complexity of the
morphology encountered in bulk composite
materials.
The dielectric relaxation properties of unfilled

XLPEGDA and related copolymers have been stud-
ied in detail and were reported in a series of prior
publications.35–37 Representative dielectric results for
the nanocomposites (PEGDA þ 30 wt % MgO) are
given in Figure 6. Examination of e0 versus tempera-
ture revealed three polarization processes that
appeared as incremental increases in e0: a merged
subglass (b) process at low temperatures (��100�C),
the glass–rubber (a) relaxation with an onset temper-
ature of approximately �50�C, and interfacial polar-
ization at temperatures beyond the a transition. Rel-
ative maxima in e00 were observed for each of the
three processes; at lower frequencies, the interfacial
contribution to e00 largely obscured the orientational
polarization response associated with the glass
transition.

Figure 6 Dielectric properties versus the temperature for
the PEGDA/30 wt % MgO nanocomposite: (a) e0 and (b)
e00 (heating rate ¼ 2�C/min; frequency ¼ 1 Hz to 2 MHz).
The arrow indicates the direction in which the test fre-
quency increases.
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A comparison of the dielectric results for
XLPEGDA and the PEGDA/MgO series of nano-
composites is presented in Figure 7. Plots of e0

versus temperature at 130 Hz clearly showed the
increasing magnitude of the interfacial polarization
component with increasing MgO content; note the
absence of this contribution for the unfilled
XLPEGDA network. At 130 Hz, there was consid-
erable overlap of the glass-transition and interfacial
polarization processes, and it was difficult to dis-
cern any clear trend in Tg with increasing MgO
loading. The inset plot, however, shows the e00

data at 85 kHz (XLPEGDA þ 30 wt % MgO com-
posite), where there was greater separation
between the glass–rubber and interfacial processes.
Here, the loss peak associated with the glass tran-
sition in the composite was offset upward by
about 8�C compared to the unfilled polymer net-
work, a result that was in good agreement with
the Tg trends obtained from the dynamic mechani-
cal studies.

Nanocomposite density

The measurement of bulk density for polymer
nanocomposite samples can often provide insight
into the nature of the particle dispersion within
the polymer matrix. In particular, negative devia-
tions from volume additivity are often indicative
of the presence of voids or defects around the fil-
ler particles or the possible formation of agglomer-

ates, features that can have a strong influence on
the mechanical and gas-transport properties of the
composite.38 For example, gas-transport studies on
rubbery PB nanocomposites reported by Matteucci
et al.11 revealed greater than 10-fold increases in
CO2, CH4, and N2 permeability in samples loaded
with increasing amounts of MgO nanoparticles (up
to 27 vol %). This trend, which ran counter to
conventional composite models that predict a
reduction in permeability with the incorporation of
impermeable filler, was found to correlate with the
presence of a substantial void volume fraction in
the PB/MgO composites, as indicated by density
measurements. Bulk density values for the compo-
sites displayed a strong negative deviation relative
to predictions on the basis of simple volume addi-
tivity, with the apparent void volume estimated to
be as high as approximately 50%.
Density measurements for the PEGDA/MgO

and PEGDA/SiO2 nanocomposites are reported as
a function of particle loading in Figure 8; eachFigure 7 e0 versus the temperature for the PEGDA/MgO

nanocomposites at 130 Hz. The inset shows e00 versus the
temperature for the XLPEGDA/30 wt % MgO composite
at 85 kHz.

Figure 8 Density (q) versus the weight percentage of the
filler for the XLPEGDA nanocomposites: (a) PEGDA/MgO
and (b) PEGDA/SiO2. The solid curves correspond to the
volume additivity prediction per eq. (4).
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plot includes the prediction of the composite den-
sity based strictly on volume additivity (qADD):

qADD ¼ qF/F þ qP/P (4)

where /P is the polymer volume fraction, qF is 2.4
g/cm3 for MgO and 2.2 g/cm3 for SiO2, and qP is
1.183 g/cm3, as mentioned previously. For the
PEGDA/MgO composites synthesized without any
added diluent, the measured density closely fol-
lowed the volume additivity model for loadings up
to 30 wt % MgO; this suggested relatively little void
volume formation during the preparation of these
materials. In the case of the PEGDA/SiO2 compo-
sites, a small negative deviation from volume addi-
tivity was observed at higher loadings. The
estimated void volume fractions ranged from 0.011
(10 wt % SiO2) to 0.026 (30 wt % SiO2).

Additional studies were completed on PEGDA/
MgO nanocomposites crosslinked in the presence
of toluene, which was added to possibly aid in
the dispersion of the nanoparticles before UV ex-
posure.11 The addition of toluene to the prepoly-
merization mixture had the potential to alter not
only the distribution of nanoparticles but also the
properties of the surrounding XLPEGDA matrix.
Photopolymerization in the presence of diluent can
lead to intramolecular cyclization or loop forma-
tion in the polymer network and a corresponding
decrease in the effective crosslink density.39,40 In a
separate publication, the influence of toluene on
the characteristics of XLPEGDA networks was
reported in detail:41 the photopolymerization of
PEGDA crosslinker in the presence of increasing
amounts of toluene led to a systematic reduction
in the rubbery modulus of the networks because
of the formation of loops (i.e., wasted crosslinks),
and this was accompanied by a modest decrease
in bulk density (qP ¼ 1.171 g/cm3 for samples
prepared with 40 wt % toluene). Density values
for the PEGDA/MgO nanocomposites prepared
with various levels of toluene are included in Fig-
ure 8(a), with toluene content expressed relative to
the amount of PEGDA crosslinker in the prepoly-
merization mixture. For all of the samples, a nega-
tive deviation in bulk density was observed rela-
tive to nanocomposites prepared under neat
conditions. The observed deviation was consider-
ably larger than the density decrease encountered
for unfilled XLPEGDA prepared with toluene and
may reflect a change in the underlying composite
morphology; this could have possibly led to an
increase in particle agglomeration and/or greater
void volume within the material. The implications
of this result with respect to gas permeability in
the samples are discussed below.

Gas transport

The remarkable increases in gas permeability
observed by Matteucci and coworkers11,12 for nano-
particle composites based on rubbery PB suggested
that similar enhancements could potentially be
achieved in CO2-selective XLPEGDA membrane net-
works. The inclusion of MgO is of particular interest,
as the nanoparticles are basic in character and have
the capacity to adsorb CO2. In the case of the PB/
MgO composites, reversible penetrant sorption by
the nanoparticles was a significant factor in deter-
mining gas-transport characteristics, both in terms of
the gas-solubility behavior of the materials and their
resultant permeability.
Permeability measurements for the PEGDA/MgO

nanocomposites were conducted for CO2, CH4, O2,
and H2 at 35�C and pressures ranging from 3 to 15
atm. The values were extrapolated to an upstream
pressure equal to 0, with the reported quantity corre-
sponding to the penetrant permeability at infinite
dilution. Although the measured permeabilities for
CH4, O2, and H2 were independent of upstream pres-
sure, CO2 permeability for the various samples at 15
atm was approximately 20–30% higher than the infi-
nite dilution permeability. The results for the
XLPEGDA composites as a function of MgO loading
are presented in Figure 9. For all gases tested, a sys-
tematic decrease in permeability was observed with
increasing MgO content, accompanied by a small
reduction in CO2/light gas selectivity. The trend of

Figure 9 Infinite dilution permeability versus the volume
percentage of the filler for the PEGDA/MgO nanocompo-
sites at 35�C [1 barrer ¼ 10�10 cm3 (STP) cm/cm2s cmHg
¼ 7.5 � 10�18 m3 (STP) m/m2s Pa]. The dashed lines
correspond to the Maxwell model [eq. (5)].
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the data followed models that describe molecular
transport through a polymer matrix containing
impermeable spherical filler particles, that is,
Maxwell’s equation:42,43

PC

PP
¼ ð1� /FÞ

1þ /F

2

� � (5)

where PC is the permeability of the composite and
PP is the permeability of the pure polymer network.
The results for CH4, O2, and H2 showed good agree-
ment with the Maxwell model (see Fig. 9) and were
consistent with data reported by Patel et al.44,45 for
PEGDA crosslinked in the presence of modified
fumed SiO2. The results for CO2 permeability in the
PEGDA/MgO composites were positioned below
the Maxwell prediction; this indicated a drop in CO2

transport with MgO loading that exceeded the
anticipated reduction based strictly on the Maxwell
expression.

An additional consideration in characterizing the
permeability of the PEGDA/MgO composites was
the potential influence of the toluene diluent present
during the sample preparation process. As noted
previously, the inclusion of toluene in the prepoly-
merization mixture resulted in a reduction in the
bulk density of the composites as compared to sam-
ples prepared under neat conditions. This led to an
increase in the infinite dilution permeability of these
samples, as demonstrated for CO2 in Figure 10.
Those composites prepared in the presence of tolu-
ene showed markedly higher CO2 permeability at
higher loadings of MgO (i.e., 20 and 40 wt %). How-
ever, for all of the composite samples, the permeabil-
ity remained below the value obtained for the
unfilled XLPEGDA network.

Estimates of the gas diffusion coefficients from the
transient flux measurements are given in Figure 11
for CO2, CH4, and O2 (the upstream pressure was
4.4 atm). In the case of H2, the time lag obtained for
these samples was too short to establish reliable val-
ues. The diffusion coefficients decreased with
increasing MgO loading; at 30 wt % (�17.5 vol %)
MgO, the CO2 diffusion coefficient was approxi-
mately one order of magnitude below that in
neat XLPEGDA. This reduction in diffusivity was
likely caused by the presence of the impermeable
particles (without any significant increase in the
void volume fraction), which increased the tortuosity
of the diffusion path. Another factor was the reduc-
tion in chain mobility of the polymer matrix with
particle loading, as indicated by the increasing
glass–rubber transition temperature (cf. Fig. 1). As
the chain mobility decreased, the diffusion coeffi-
cients could decrease as well; previous studies have
demonstrated the importance of polymer chain
mobility in determining the gas diffusion character-
istics of XLPEO networks.6,7

The solubility coefficients were estimated from the
permeability and diffusivity values determined at an
upstream pressure of 4.4 atm (Solubility coefficient
¼ Permeability coefficient/Diffusion coefficient);
these results are presented in Figure 12. A significant
increase in CO2 solubility was observed with
increasing MgO loading in a manner consistent with
the rubbery PB/MgO composites described by Mat-
teucci et al.11 In the latter case, the increased CO2

solubility was attributed to strong gas adsorption by

Figure 10 CO2 permeability at infinite dilution versus the
volume percentage of the filler for the PEGDA/MgO
nanocomposites at 35�C. The dotted line is a guide for the
eye.

Figure 11 Diffusion coefficient at an upstream pressure
of approximately 4.4 atm versus the volume percentage of
the filler for the PEGDA/MgO nanocomposites at 35�C as
estimated from transient transport measurements.
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the MgO nanoparticles. However, the marked
increase in void volume fraction observed in the
PB/MgO system was not apparent in the in situ
polymerized PEGDA/MgO composites studied here.
Thus, the potential benefits obtained from reversible
CO2 sorption by the nanoparticles were offset by the
decreasing overall gas diffusivity, which accounted
for the lack of any significant enhancement in the
permeability for the PEGDA/MgO system.

CONCLUSIONS

The glass-transition and gas-transport characteristics
of a series of polymer nanoparticle composites based
on XLPEO were investigated. UV photopolymeriza-
tion of the PEGDA crosslinker in the presence of
MgO or SiO2 nanoparticles led to the formation of
rubbery, amorphous nanocomposite networks. The
bulk density values for the nanocomposites were
close to volume additivity predictions, with only a
minimal void volume fraction indicated at higher
particle loadings. The introduction of the nanopar-
ticles in the XLPEGDA network led to a modest
increase in Tg for both systems, as measured by
dynamic mechanical and dielectric methods (Tg

increased by as much as 6�C), but the glass–rubber
relaxation breadth remained essentially unchanged
with particle loading. The relationship between the
rubbery modulus and filler content was described
by the Mooney equation, with the resulting parame-
ters suggesting some degree of particle agglomera-
tion within the matrix. Gas-permeability measure-
ments on the PEGDA/MgO series of samples

indicated a decrease in infinite dilution permeability
with increasing particle loading; this stood in con-
trast to prior results reported for rubbery PB/MgO
composites. The decrease in permeability was attrib-
utable to reduced penetrant diffusivity in the com-
posites, which offset enhancements in the (CO2) gas
solubility, resulting from nanoparticle adsorption.
PEGDA/MgO nanocomposites prepared in the pres-
ence of toluene displayed somewhat higher perme-
ability values compared to the neat formulations,
with the data correlating with reduced bulk density
and potentially greater void volume in the material.

The authors are pleased to acknowledge the contributions
of Sumod Kalakkunnath, Michael Danquah, and Scott
Matteucci to the early stages of this work.
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