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ABSTRACT: The synthesis of a crosslinked copolymer of
hydrophobic and hydrophilic monomers, diglycidyl ether
of bisphenol A vinyl ester (VE), and 2-acrylamido 2-methyl
1-propane sulfonic acid (AMPS) respectively, is discussed.
A methodology for real-time monitoring of the copolymer-
ization reaction using transmission mode near infrared
(NIR) spectroscopy was employed that resolves overlap-
ping peaks associated with the reactive double bonds. The
influence of solvent, monomer ratio, and initiator concen-
tration on the kinetic behavior of the system was investi-
gated. The method of Mayo and Lewis was used to provide
a qualitative understanding of the microstructure being
formed. At low conversions (<15%) and within the compo-
sitions of interest, greater VE homopolymerization as com-
pared with AMPS homopolymerization was observed and
the product of the reactivity ratios (rAMPS.rVE) was close to

0.5, suggesting the formation of a moderately random
copolymer structure. Thermo-mechanical analysis shows
large concentrations of AMPS had a plasticizing effect on
the network structure. Solvent removal using supercritical
carbon dioxide and thermal drying were compared, and the
drying technique were shown to have an effect on the glass
transition temperature (Tg), with the lowest Tg being 146�C
for supercritically dried samples and 121�C for thermally
dried systems. Gel permeation chromatography shows that
there is a significant fraction of an unbound mobile phase
within the network structure that might be acting as a
plasticizing agent for the copolymer structure. VC 2009 Wiley
Periodicals, Inc. J Appl Polym Sci 115: 1419–1427, 2010
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INTRODUCTION

A major research thrust has been the design of
polymeric materials combining mechanical strength
with functionality such as electrical responsiveness,1

optical switching capabilities,2 or ionic conductivity3

for a number of applications.4,5 Mechanically strong
polymers are generally hydrophobic, whereas ‘‘func-
tional’’ polymers are hydrophilic,6 causing chal-
lenges associated with the controlled combination of
such dissimilar materials. Several approaches for
generating combinations of these materials have
been realized, such as the use of surfactants,6 irradi-
ation techniques,7,8 polymer blends,9 synthesis of
polymeric systems with comb-type or dendrimer-
type geometries,10,11 or block copolymers.12 Specific
control over the balance between hydrophobicity

and hydrophilicity in polymer systems translates
into control over the desired microstructure and
material properties and numerous polymerization
schemes may be utilized for this purpose.13 Conven-
tional free radical copolymerization is a well-estab-
lished technique for which a diverse group of
monomers have been studied,13,14 where comonomer
reactivities are strongly influenced by steric and
electronic effects. Most of the work so far combining
hydrophobic and hydrophilic monomers have been
developed for the synthesis of graft copolymers15 or
linear copolymers.16 Preparation of crosslinked net-
works combining hydrophobic and hydrophilic
monomers has typically been carried out using
embedded17 or interpenetrating networks,18 or graft-
ing of hydrophilic groups onto thermosets.19 There
are few reports on the copolymerization of cross-
linked hydrophobic and hydrophilic monomers,20

and it is of interest to investigate such combinations
to ascertain the possibility of preparing membranes
which are mechanically robust and hydrophilic.
The material system of interest here combines the

hydrophobic difunctional vinyl ester (VE) (dimetha-
crylate of diglycidyl ether of bisphenol A [DGEBA])
with a hydrophilic monofunctional comonomer,
2-acrylamido 2-methyl-1-propane sulfonic acid
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(AMPS). This combination of monomers in N,N-
dimethyl formamide (DMF) as a common diluent
forms a crosslinked network. The VE serves as the
crosslinking portion of the polymer that results in
thermal and mechanical stability,21 whereas AMPS
acts both as a chain extender and an ion-conducting
pathway within the crosslinked network.3,19

A unique method to determine copolymerization
kinetics based on near infrared (NIR) spectroscopy
(8000–4000 cm�1) has also been developed. Signifi-
cant work has been done in evaluating free radical
polymerization kinetics using a variety of techniques
such as calorimetry,22 infrared spectroscopy, NMR
spectroscopy,23 and fluorescence probe methods.24

Calorimetric techniques provide an evaluation of
overall reaction kinetics and not individual mono-
mer reaction rates, whereas mid-infrared spectros-
copy has sample preparation difficulties associated
with using a solvent at elevated temperatures.25

Monitoring of polymerization reactions using NIR
spectroscopy has been widely used,26–28 although
there are very few reports discussing the difficulties
associated with resolving peak overlap between
acrylate and methacrylate peaks in chain copolymer-
izations,25,29 which typically requires the need for
peak deconvolution. The method discussed here for
monitoring such reactive groups on both comono-
mers suggests a facile technique to monitor individ-
ual monomer reaction rates. An understanding of
the structure being formed is necessary to validate
the presence of networks with well-dispersed como-
nomers. The polymerization kinetics evaluated using
NIR spectroscopy was employed to elucidate the
type of copolymer structure being formed from a
terminal reaction model, using the linearization
method of Mayo and Lewis.13,30 This analysis has
been used by numerous researchers for copolymer-
izations in systems such as VE/styrene,31 maleic
anhydride/norbornene,32 or acrylonitrile/methyl
acrlyate33 using real-time NIR spectroscopy. The
determined structure was linked to properties
through thermo-mechanical analysis to show signifi-
cant differences based on the initial comonomer
ratios, and the technique used to remove DMF, i.e.,
either by thermal drying or by the use of supercriti-
cal carbon dioxide.34

The objectives of this work are: (i) to report the
synthetic protocol for these new crosslinked
copolymer system comprised of VE and AMPS (ii)
to present and validate a method for accurately
monitoring the copolymerization kinetics of this
system using NIR spectroscopy, (iii) to evaluate the
effects of various processing parameters, and (iv) to
qualitatively postulate network structures being
formed based on the values of reactivity ratios
obtained from kinetic analyses and thermo-
mechanical characterization.

EXPERIMENTAL

Materials

Difunctional VE resin was prepared as discussed
previously35 via a catalyzed methacrylation of 4,40-
diglycidyl ether of bisphenol A (DGEBA) (EPON
828, Miller Stephenson). Monofunctional 2-acryla-
mido 2-methyl 1-propane sulfonic acid (AMPS, 99%,
Sigma Aldrich) was used as obtained. N,N-dimethyl
formamide (DMF, 98%, Sigma Aldrich) and benzoyl
peroxide (BPO, 99%, Sigma Aldrich) were also used
as obtained. Figure 1 shows the chemical structures
of the monomers and solvent used.

Synthesis

Varying molar ratios of VE to AMPS were prepared
in DMF at known solvent weight fractions. The
initiator concentration was fixed at either 0.02 or
0.002 mole fraction of BPO to vinyl groups present
in the mixture. All reaction mixtures were typically
prepared in 20 mL glass scintillation vials, and BPO
was added only after complete dissolution of mono-
mers in DMF. The reactant mixtures were immedi-
ately transferred into ampoules of fixed internal
diameter and wall thickness (1.60 � 0.05 mm). These
ampoules were then hermetically sealed.

Spectroscopic analysis

Fourier transform infrared analysis was performed
using a Nicolet Nexus 670 Spectrometer in the range
of 4000–8000 cm�1 using a DTGS detector at an
aperture setting of 100. The resolution was set at
8 cm�1, and 32 scans were taken per spectrum. The
sealed ampules were placed in a custom built
sample holder equilibrated at 60�C as discussed in
previous work.36 Spectra were collected every 120
seconds until complete conversion was ascertained
by the disappearance of the vinyl peak.

Figure 1 Chemical structure of reagents used.
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Figure 2 shows the characteristic acrylate C¼¼C
peak at �6152 cm�1 for pure AMPS (subscript 1)
and the characteristic methacrylate CAC peak at
�6163 cm�1 associated with pure VE (subscript 2) at
a 71.5 wt % solvent fraction. Spectra of mixtures of
the unreacted monomers show a resultant peak posi-
tion lying between these two limits. Figure 3 shows
the resultant peak position at different times during
the reaction and also indicates that the reaction
appears to be going to completion. Table I reports
the peak position at a representative solvent fraction
for varying comonomer ratios, which shows a direct
relationship between monomer ratio and peak posi-
tion. It should be noted that the second decimal
place was a reproducible number for a calibrated

sample setup. In analyzing this peak information
two independent parameters are of interest. First,
the peak position was a function of the molar ratio
of VE to AMPS. Second, the peak area was directly
dependent on the total C¼¼C bond concentration as
per Beer’s Law:

A ¼ ecl (1)

where A ¼ absorbance (AU), e ¼ molar absorptivity
(L mol�1 cm�1), l ¼ path length (cm) and c ¼ con-
centration (mol L�1). Assuming linear additivity37 of
the absorbances of VE and AMPS, the total peak
area was solely a function of the total concentration
of C¼¼C bonds present in the system defined as

At ¼ e1c1l1 þ e2c2l2 (2)

where At is the total absorbance due to both the
monomers. Equation (2) reduces to Eq. (3) when l is
constant between experiments and e0 ¼ el.

At ¼ e01c1 þ e02c2 (3)

Figure 4 shows the absorbance for AMPS in DMF
and VE in DMF at different concentrations. From
Beer’s Law (1), the molar absorptivity is determined
from the slope of a plot of absorbance versus con-
centration. These were found to be e2’ ¼ 0.28
L mol�1 (for VE) and e1’ ¼ 0.281 L mol�1 (AMPS).
Plots of the ratio between the molar concentration

of VE (c2) to AMPS (c1), i.e., c1/c2 versus peak posi-
tion were fitted to a second-order equation (Fig. 5)
at a given solvent content. Individual plots for reac-
tions in different solvent contents were used as there
is a very slight dependence of peak position on
solvent content. The fitted equation gives this molar
ratio c1/c2 at any instant during the reaction as a
function of peak position and was taken to be valid
throughout the course of the reaction. At every
instant at which c1/c2 was obtained, the peak area
was recorded to give the total concentration of
unreacted acrylate and methacrylate C¼¼C present.
From the peak position and peak area obtained

during the course of the reaction, individual values
of c1 and c2 were determined using eqs. (4)–(6).

Figure 2 Representative plot of near-IR absorbances of
(–) pure VE and (- -) pure AMPS at a solvent fraction of
71.5 wt %.

Figure 3 Representative IR spectra at VE : AMPS molar
ratio of 2 : 3 at a 71.5 solvent (DMF) wt % indicating the
decrease in peak area and shift in peak position as reaction
proceeds with time. The spectra shown is between t ¼ 12
min and t ¼ 1000 min; at which time the reaction is appa-
rently complete. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

TABLE I
Dependence of Peak Position on Molar Concentration

of AMPS at a Fixed Solvent Content

AMPS
(mol %)

Solvent
content (wt %)

Peak
position (cm�1)

0 71.5 6162.75
33 71.5 6161.26
50 71.5 6160.42
100 71.5 6152.41
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Defining a as

a ¼ c1
c2

(4)

and solving eqs. (3) and (4) results in:

c2 ¼ At

ðe01aþ e02Þ
(5)

The following are reasonable assumptions made
in this analysis: (i) The molar absorptivities of VE
and AMPS were independent of each other.38 (ii)
Peak interference due to the presence of DMF was
negligible at all times. (iii) The ratio c1/c2 calculated
using peak positions can be computed at all instan-
ces based on the calibration curve obtained at initial
times. (iv) The minor dependence of peak position
on solvent content does not appreciably affect the
computation of fractional conversion.

Supercritical drying, dynamic mechanical analysis,
and gel permeation chromatography

Samples for thermo-mechanical testing were pre-
pared as follows. An assembly consisting of micro-
scope glass slides separated by thin (�500 lm) Tef-
lonVR sheets held together with TeflonVR tape were
immersed in monomer solutions. Sealed containers
of these were then cured at 60�C to completion (as
determined by NIR spectroscopy). Samples were
dried using supercritical carbon dioxide as detailed
in previous work.34 Viscoelastic behavior of the syn-

thesized copolymers was evaluated using a TA
Instruments 2980 DMA in film tension geometry on
rectangular samples that were cut down to premeas-
ured sizes. The glass transition temperature, Tg was
determined as the Tan d maximum of the third tem-
perature ramp taken at frequency of 1 Hz and a
deflection of 5 lm, with a preload force of 0.01 N.
The temperature ramp on the third run was between
35 and 250�C at a rate of 2�C/min. The first two
temperature ramps were taken up to 200�C at a rate
of 5 and 2�C/min, respectively, to remove the
solvent.
Following cure, the extractable fraction might con-

tain species other than the DMF used for the synthe-
sis of the gels. Analysis of this fraction can shed light
on the nature of this phase. This soluble portion was
extracted by immersing a measured quantity of the
crosslinked polymer (both critically dried and wet
gels) in THF at a concentration of 2 mg of polymer/g
of THF. This solution was passed through a 0.45 lm
NalgeneV

R

syringe filter and the extract used for analy-
sis. Gel permeation chromatography (GPC) was car-
ried out on these extracts using a WatersV

R

515 GPC
with two 30 cm long, 7.5 mm diameter, 5 lm styrene-
divinyl benzene columns in series. The columns were
equilibrated and run at 30�C using THF as an eluent
at a flow rate of 1 mL/min. The effluent was
monitored using a WatersV

R

2487 UV detector set at
254 nm for the detection of phenyl groups. Since
AMPS and large crosslinked species will not dissolve
in THF, the extract from the polymer-solvent mixture
should essentially be a measure of the presence of
unattached high molecular weight molecules and
unreacted VE, if any.

Figure 5 Representative calibration plot of comonomer
molar ratio versus peak position at 75 wt % solvent frac-
tion with a second order curve fit.

Figure 4 Plots of absorbance versus concentration of (O)
VE and (X) AMPS at various molar concentrations of C¼¼C
bonds within the reactant mixture. The pure component
molar absorptivity is taken as the slope of fitted line.
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RESULTS AND DISCUSSION

Cure behavior in VE-AMPS copolymers

Variations in comonomer ratios, solvent fractions, or
initiator concentrations affects cure behavior and the
resultant network structure. To study the homopoly-
merization of VE, pure VE monomer was dissolved
in DMF at 33, 25, and 20 wt % VE in DMF with a
BPO concentration of 0.02 molar fraction of vinyl
groups. Figure 6 shows temporal conversion profiles
for the three monomer concentrations. Spectroscopic
data was analyzed using the method described in
the experimental section for copolymerizing systems.
The data show that inhibition times increase with
increasing solvent concentrations. Moreover, the first
order reaction rate constants as computed by taking
the slope of the reaction profile are found to be
0.032, 0.026, and 0.019 sec�1 for the 33, 25, and 20 wt
% VE in DMF, respectively. This change in reaction
rates at varying degrees of dissolution suggests dif-
ferences in the rates of diffusion-controlled termina-
tion and the subsequent autoacceleration. This trend
is in agreement with the work of other researchers,39

where termination via segmental rearrangement of
radical chain ends lower reaction rates due to the
decrease in diffusion limitations. Analysis of the
spectral data showed no shift in peak. This is
expected and lends support to our assertion that
peak position shifts as a result of the presence of
AMPS as a comonomer.

The influence of initiator concentration on reactiv-
ity was evaluated by keeping the molar ratio of VE :
AMPS constant at 1 : 2 at a solvent content of 80 wt

%. The initiator concentration was either 0.02 and
0.002 mol fraction of vinyl groups. Figure 7 shows
temporal conversion profiles for both these composi-
tions. As expected a significant increase in reactivity
of the VE and AMPS was observed at higher initia-
tor concentration. This increase is due to the increase
in the number of polymer chain ends initiated.
Reaction mixtures with solvent weight fractions of

71.5 and 80 wt % DMF at a 1 : 2 VE : AMPS molar ra-
tio were compared with evaluate the influence of sol-
vent fraction on reactivity, Figure 8 shows temporal
conversion profiles for these experiments. A distinct
influence of solvent content on the onset of the
Trommsdorf effect in both the VE and the AMPS was
observed with the onset occurring earlier and at
lower conversion for lower solvent content. It is also
apparent that the increase in reactivity at the onset of
autoacceleration is higher for the AMPS moieties
when compared with VE. This suggests differences in
the rates of termination and propagation of active
species due to diffusion limitations resulting from
network growth. The plots show that both the mono-
mers continue reacting in such solvent-loaded sys-
tems apparently until complete conversion. This is in
contrast to systems where a solvent is not present.
For example in VE-Styrene systems, only styrene con-
tinues reacting after a certain point while the VE dou-
ble bonds trapped in microgel structures do not.40

The addition of a comonomer affects the reaction
rates of the VE and influences final material proper-
ties. Increasing the AMPS fraction yields softer mate-
rials. To evaluate a subset of materials for which

Figure 6 Temporal profile of fractional conversion in the
homopolymerization of VE in DMF at (h) 33 wt %, (*) 25
wt % and (^) 20 wt % VE in DMF.

Figure 7 Temporal conversion profiles at 0.002 mol %
BPO (open markers) and 0.02 mol % BPO (filled markers)
at a VE : AMPS molar ratio of 1 : 2 and 80 wt % solvent
content for (h, n) VE and (*, l) AMPS.
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both the reactivity and mechanical characteristics
may be studied, VE : AMPS molar ratios of 2 : 1, 1 :
1, 2 : 3, or 1 : 2 were selected.

Significant differences in reactivity when changing
the comonomer ratio were observed. Temporal con-
version profiles at VE : AMPS comonomer molar
ratios of 1 : 1, 2 : 3, and 1 : 2, and solvent content of
75 wt % are given in Figure 9. The plot indicates
that increasing the proportion of AMPS increases the
rates of conversion in both the VE and AMPS double
bonds, similar to findings by others.41 Higher
fractions of AMPS result in a tendency for VE
double bonds to react more rapidly. This suggests
an increased affinity of activated AMPS moieties for
VE monomers. Such behavior is further elucidated
by an analysis of the relative reactivity between
the AMPS and VE moieties. An understanding of
the monomer reactivity ratios sheds light upon the
relation between reactivity and structure in radical
polymerization reactions. The copolymer composi-
tion equation, developed and used extensively else-
where,13,21,30 was used as the basis for determining
the reactivity ratios. For the VE-AMPS system, the
four propagation equations are written as

ðaÞ AMPS� þAMPS �!k11 AMPS�

ðbÞ AMPS� þ VE �!k12 VE�

ðcÞ VE� þAMPS �!k21 AMPS�

ðdÞ VE� þ VE �!k22 VE�

kij represents the rate constant while the asterisk (*)
represents an active chain end. The reactivity ratios
for this copolymer system is defined as,

rAMPS ¼ k11
k12

; VE ¼ k22
k21

and are a measure of the relative rates of homopoly-
merization versus copolymerization in a system. The
values for r were obtained for conversions below
15%. These are not truly a measure of intrinsic
kinetic behavior since the monomer concentration

Figure 8 Temporal profiles of fractional conversion for a
fixed molar ratio of VE (open markers) to AMPS (filled
markers) of 1 : 2 at solvent fractions of (*, l) 71.5 wt %
and (h, n) 80 wt % showing the Trommsdorf effect.

Figure 9 Plots of fractional conversions as a function of
time for (top) VE and (bottom) AMPS at 75 wt % solvent
fraction and molar ratios of VE to AMPS of (h) 1 : 2, (^)
2 : 3, and (*) 1 : 1.
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and extent of reaction is high.21 Nevertheless, the
results are instructive in the study of thermosets as
they provide direct information of what is occurring
in the early stages of polymerization. Furthermore,
the early stage development of network structure
has been found to influence ultimate network struc-
ture since gelation occurs at relatively low conver-
sion in these systems, setting network and morpho-
logical structure early in the cure process. On the
basis of the copolymer equation values of rAMPS and
rVE were generated and plotted as shown in Figure
10 for a sample set that spans two different copoly-
mer compositions (at VE : AMPS ratios of 2 : 1 and
1 : 2) and two different solvent contents (66.7 wt %
and 75 wt %). The optimum values were determined
to be rVE ¼ 1.35 � 0.1 and rAMPS ¼ 0.35 � 0.1. These
were taken as the x and y values at the intersection
of the lines of best fit, and the standard deviations
were taken as the breadth of the region of
intersection.

From these values of reactivity ratios as well as
thermomechanical analyses in the following section,
it is evident that significant copolymerization of both
monomers is occurring; the absence of which might
otherwise lead to ‘‘blocky’’ diphasic or interpenetrat-
ing types of networks structures and an overall heter-
ogenous monomer distribution. The value of rVE
being close to 1 suggests that the rate of homopoly-
merization of VE is comparable to the addition of a
reactive AMPS unit onto a VE. On the other hand,

since rAMPS is less than 1, this suggests that the
copolymerization of AMPS with reactive VE units is
favored more than the homopolymerization between
AMPS moieties. The product of rVE and rAMPS gives
information about the overall copolymer structure in
between being an ideal random structure (rVE.rAMPS

� 1) or alternating (rVE.rAMPS � 0).13,32 Since the prod-
uct between rVE and rAMPS lies between this range
with a value close to 0.5, the overall copolymer struc-
ture is expected to be a moderately random arrange-
ment of VE and AMPS in the composition range
investigated. Also, since rVE > 1 while rAMPS < 1, it is
expected that at initial times, there is a faster con-
sumption of VE (through both homopolymerization
and copolymerization) as compared with AMPS. This
reflects the higher reaction rates of VE as compared
with AMPS discussed in previous sections.
The occurrence of a random dispersion of AMPS

within a network structure is desirable for applica-
tions where the requirement is to obtain sufficient
ionic conductivity which in turn depends on the
connectivity between sulfonic acid groups on AMPS
moieties. The reason for this is that although the
development of VE network structure provides
greater mechanical stability, the mobility required for
large scale ionic aggregate formation through rear-
rangement after complete cure which occurs in linear
polymers is curtailed in crosslinked structures. The
investigation of proton conductivity in these materi-
als is the subject of a separate communication.42

Figure 10 Reactivity ratios of AMPS (rAMPS) and VE (rVE)
determined by the Mayo-Lewis method. Plot shows repre-
sentative data with lines of best fit at VE : AMPS ratios of
[( ), ( )] 2 : 1 and [( ), ( )] 1 : 2, and solvent frac-
tions of [( ), ( )] 75 wt % and [( ), ( )] and 66.7
wt %. Intersection of lines gives the optimal values of
rAMPS and rVE.

Figure 11 Variation in Tg with solvent content at differing
comonomer feed ratios and solvent contents; supercritically
dried samples at VE:AMPS comonomer ratios of (n) 0, (l)
2 : 1, (^) 1 : 1 and (~) 1 : 2 and (- - -) VE without supercriti-
cal extraction. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Thermomechanical behavior and solvent effects on
network structure

Dynamic mechanical tests were used to connect
comonomer reactivities to mechanical behavior.
Figure 11 shows the values of the glass transition
temperature, Tg, taken as the tan d maximum for
copolymers at VE : AMPS molar ratios of 2 : 1, 1 : 1,
and 1 : 2 dried using supercritical carbon dioxide.
The plot also shows the Tg for supercritically dried
VE homopolymers at different solvent fractions and
pure VE. At molar ratios of 1 : 1 and 1 : 2, the Tg’s
are lower than that of the homopolymers at compa-
rable solvent fractions. This is probably due to the
plasticizing effect that AMPS has on a highly cross-
linked VE network and is similar to trends observed
previously in VE-styrene systems,43 where a higher
styrene content results in lowered Tg’s. At a VE :
AMPS ratio of 2 : 1 though, the Tg’s are higher than
those of the VE homopolymers. It suggests that low
AMPS concentrations might cause previously inac-
cessible vinyl groups to further react into the net-
work. This could result in the reduced formation of
microgels which are known to occur in VE net-
works,21 that could otherwise potentially lower the
Tg by trapping unreacted chain ends.

An increase in the solvent fraction at constant
comonomer ratios does not cause appreciable
declines in Tg that might be expected due to cycliza-
tion.44–46 Rather, Figure 11 shows a generally con-
stant or slightly increasing trend in the Tg of the VE
homopolymer and the copolymers. Table II com-
pares the Tg’s of the thermally and supercritically
dried out films at two comonomer ratios and differ-
ent solvent fractions. The increase in the Tg of the
copolymers with increased solvent fractions occurs
irrespective of drying technique. The observed
increase in Tg is probably due to a higher ultimate
conversion at high solvent fractions,47 as the Tg of a
polymer is known to be proportional to the conver-
sion. The increased Tg does not appear to be explain-
able in any other way, since the presence of residual
solvent or cyclization, would lead to a decrease in

Tg. Although Figure 2 shows an apparent comple-
tion of the reaction, it is known that IR instrumenta-
tion is not sensitive to within a few percent48 and
this could be an explanation for the absence of meas-
urable reaction at very high degrees of conversion.
From Table II, the measured Tg’s of the supercriti-

cally dried samples are higher than the thermally
dried samples. This suggests that the presence of
any residual solvent may not be the primary reason
for the depressed Tg in thermally dried samples but
is rather due to the presence of some other fraction
that softens the thermoset. Figure 12 shows GPC
traces comparing the soluble extract from thermally
and supercritically dried copolymers at a 75 wt %
solvent fraction and a 1 : 1 molar ratio of VE to
AMPS. The GPC trace of pure VE is also shown for
comparison. The plot suggests a small fraction of an
extractable phase with a retention time of 11.5
minutes (Mw ¼ 32,000, based on polystyrene stand-
ards) and corresponds to molecules that are not
covalently bound to the crosslinked network.
Although these molecules show up in both the ther-
mally and supercritically dried samples, it occurs at
a relatively lower concentration in the latter. This
implies that the fraction of chains not contributing to
overall network formation is being extracted with
the aid of the CO2 used during the drying process.
The extraction does not take place during thermal
drying as only the DMF may be vaporized during
temperature ramps. It is possible that it is this
increased fraction of unbound molecules in ther-
mally dried samples which contributes toward a net
lowered Tg.

TABLE II
Comparison Between Thermally Dried and

Supercritically Dried Films at Varying Solvent Contents
and Molar AMPS Concentration

Solvent
content
(%)

67%
(Thermal)

(�C)

67%
(Scdried)

(�C)

50%
(Thermal)

(�C)

50%
(Scdried)

(�C)

50 124 146 126 167
66.7 121 147 a 164
75 128 152 141 160
80 135 a 152 a

83.3 139 a a a

a Not measured.

Figure 12 Representative GPC traces of liquid phase
extract showing unbound, high molecular weight, and
unreacted lower molecular weight fractions from samples
that are (a) thermally dried versus (b) supercritically dried
at a VE : AMPS ratios of 1 : 1 and a 75 wt % solvent frac-
tion compared with (c) pure VE.
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SUMMARY

The results of this work show that it is possible to
realize a combination of hydrophobic and hydro-
philic, well-dispersed, and mechanically stable
copolymers via a thermally initiated, free radical
copolymerization scheme. The method developed to
track the methacrylate-acrylate reaction was found
to be useful in studying polymerization kinetics. The
analysis developed can be used to study the kinetics
of similar copolymerizing methacrylate-acrylate type
systems. The computed reactivity ratios indicates a
random copolymer structure being formed for the
investigated comonomer ratios while thermo-me-
chanical analysis indicates a minimum glass transi-
tion temperature of 121�C in a solvent-free mem-
brane. Increasing solvent fractions causes an increase
in the Tg and is suggested to be due to increased
ultimate conversions. Comparisons between drying
techniques indicated a small fraction of a high-mo-
lecular weight, soluble phase within the network
that lowered the glass transition temperature.
Ongoing work on the analysis of proton conductiv-
ity and water uptake behavior will shed light on the
properties that make these membranes interesting in
electrochemical applications.
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