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ABSTRACT: The dynamic relaxation properties of amorphous rubbery networks prepared by the UV
photopolymerization of poly(ethylene glycol) diacrylate [PEGDA] and poly(propylene glycol) diacrylate [PPGDA]
cross-linkers have been investigated using broadband dielectric spectroscopy. Effective cross-link density in the
networks was controlled by copolymerization of the diacrylate cross-linkers with monofunctional acrylates of
similar chemical composition. For all of the networks examined, three motional transitions were detected with
increasing temperature, including an intermediate “fast” relaxation located between the typical sub-glass and
glass-rubber processes and corresponding to a subset of constrained segmental motions that were more local
and less cooperative in nature as compared to those associated with the glass transition. The properties of the
intermediate relaxation were sensitive to the degree of constraint imposed by the cross-link junctions: the dielectric
intensity of the fast process decreased with decreasing effective cross-link density, and the characteristic relaxation
broadening associated with this transition was less pronounced in networks containing a lower degree of cross-
linking. The intermediate process detected in the cross-linked networks was comparable to a distinct sub-glass
dispersion measured in crystalline poly(ethylene oxide) [PEO] and which has been attributed to constrained motions
originating in the vicinity of the crystal-amorphous interface.

Introduction

The dynamic relaxation properties of cross-linked polymer
networks are highly sensitive to network composition and
polymer chain architecture. Changes in backbone structure,
cross-link density, or the introduction of pendant groups or
branches can have a dramatic effect on the characteristics of
the cooperative segmental motions associated with the glass
transition as well as on the more localized processes observed
below Tg. A broad literature has emerged that examines the
underlying relationships between network structure, chain
dynamics, and corresponding bulk properties in cross-linked
polymer networks and which encompasses a number of funda-
mental dynamic characterization techniques. One of the most
powerful and versatile methods for the measurement of molec-
ular dynamics in polymer networks is broadband dielectric
spectroscopy (BDS). The primary advantage of BDS is the
exceptionally wide range of frequencies that can be accessed:
commercial instruments provide for measurement from 10-5-
107 Hz, and an overall range of up to 18 decades can be achieved
by a combination of experimental configurations.1,2 Dielectric
spectroscopy has been used extensively for the characterization
of polymer networks, as it can be applied to monitor the
evolution of network formation in situ3,4 as well as to elucidate
polymer chain motions in the fully cured material as a function
of temperature and time scale.

Recently, we have undertaken a systematic study of rubbery
polymer networks based on the ultraviolet (UV) photopolym-

erization of poly(ethylene glycol) diacrylate [PEGDA] and poly-
(propylene glycol) diacrylate [PPGDA] cross-linkers.5-15 These
networks, which display high CO2 permeability and favorable
CO2/light gas selectivity, hold considerable promise for use as
CO2-selective gas separation membranes. An important variable
in the formulation of the networks is the effective cross-link
density, which can be controlled by copolymerizing the dia-
crylate cross-linker with monofunctional acrylates of similar
chemical composition. The stoichiometry of the copolymeriza-
tion reaction leads to a systematic reduction in the number of
cross-links as well as the insertion of fixed-length pendant or
branch groups along the network backbone (see schematic of
the resulting network in Figure 1.) The permeability and
selectivity characteristics of the networks were investigated
through a series of pure-gas and mixed-gas measurements that
demonstrated the sensitivity of the transport properties to
relatively subtle variations in network architecture.7-10,13-15

Small differences in branch end group, for example, produced
marked changes in the gas transport properties, suggesting that
appropriate material design strategies could be employed to
optimize gas separation performance.10

Three model copolymer network systems have been studied:
PEGDA copolymerized with poly(ethylene glycol) methyl ether
acrylate [PEGMEA], PEGDA copolymerized with poly(ethylene
glycol) acrylate [PEGA], and PPGDA copolymerized with poly-
(propylene glycol) methyl ether acrylate [PPGMEA]. The
corresponding chemical structures are shown in Table 1. In the
case of the PEGDA/PEGMEA and PEGDA/PEGA copolymers,
the molecular weights of the acrylates were selected so as to
maintain an approximately constant ethylene oxide (EO) content
in the copolymer networks (∼82 wt % EO), regardless of the
ratio of monomers in the prepolymerization reaction mixture.
For the PPGDA/PPGMEA networks, the molecular weight of
the respective monomers was such that increasing the amount
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of PPGMEA led to a decrease in overall propylene oxide (PO)
content; PO content ranged from 60 to 85 wt % for the
copolymer formulations examined.

A number of studies have examined the influence of cross-
linking and related structural modifications on the segmental
relaxation properties of polymer networks: dynamic mechanical
analysis (DMA) and dielectric spectroscopy have been used to
assess the effect of varying cross-link density on the glass
transition temperature and corresponding time-temperature
characteristics of the glass-rubber relaxation.16-24 For the
PEGDA and PPGDA networks investigated here, cross-link
density is varied by the inclusion of monofunctional acrylate
in the prepolymerization reaction mixture. The maximum cross-
link density (or minimum distance between cross-links) is
established by the molecular weight of the cross-linker. For
PEGDA, the monomeric repeat lengthn ) 14, while for PPGDA
n ) 12 (see Table 1). The acrylate comonomers, which contain
repeating groups that match their respective cross-linker, act as
chain extenders to reduce the effective cross-link density while

simultaneously introducing fixed-length pendant groups along
the -(CH2sCH2)- network backbone. Previous dynamic
mechanical studies on the PEGDA/PEGMEA,11 PEGDA/
PEGA,11 and PPGDA/PPGMEA15 networks provided detailed
information on the glass-rubber relaxation characteristics of
the copolymers and their relation to effective cross-link density.
However, DMA offered relatively little insight as to how the
sub-glass transitions operative in these materials were affected
by variations in network structure, since these sub-glass
processes involve localized motions that have only a very weak
influence on bulk mechanical properties.11,12 By contrast,
dielectric spectroscopy has proven to be highly effective in
probing the details of the sub-glass relaxations in these polymers.
In a companion paper, we have recently reported the dielectric
relaxation characteristics of 100% cross-linked networks based
on PEGDA and PPGDA (i.e., XLPEGDA and XLPPGDA,
where “XL” indicates cross-linked) as well as for crystalline
PEO.25 Each of these materials display three distinct dielectric
relaxations with increasing temperature: two sub-glass transi-
tions (labeled as theâ1 andâ2 processes) and the glass-rubber
transition (labeled as theR process). In their study on the
dielectric relaxation properties of PEO, Jin et al. assigned the
intermediateâ2 process to an apparent subset of amorphous-
phase segmental motions originating in the vicinity of the
crystal-amorphous interface.26 Owing to the constraint imposed
by the crystal lamellar surfaces and corresponding conforma-
tional limitations experienced by the responding chain segments,
a faster, more localized process emerges at temperatures below
the glass transition. A comparable process is observed in both
the XLPEGDA and XLPPGDA networks, presumably origi-
nating in the constrained regions near the cross-link junctions.25

An analogy has been drawn between the “fast” relaxation
observed in PEO and the networks, and a similar process
identified in PEO-based nanocomposites where noncrystalline
PEO is confined on the nanoscale within intercalated regions.27,28

In this paper, we examine the dielectric relaxation charac-
teristics of three series of UV-polymerized rubbery copolymer
networks as a function of varying cross-link density: PEGDA/
PEGMEA, PEGDA/PEGA, and PPGDA/PPGMEA. For the two
PEGDA series, the molecular weights of the acrylate comono-
mers (i.e., PEGMEA, PEGA) were intentionally chosen so as
to maintain an approximately constant EO content in the
networks while simultaneously inserting relatively long, flexible
PEG branches into the network architecture; this approach
facilitates the interpretation of changes in network dielectric
response independent of variations in overall composition. The
PPGDA/PPGMEA series, by contrast, has relatively short (n
) 2) pendant groups positioned along the backbone in a network
that contains a significantly higher fractional free volume as
compared to the PEGDA copolymers. The measurement of
dielectric response for these families of materials provides useful
insights as to the effect of cross-linking and associated
constraints on their sub-glass and glass-rubber relaxation
characteristics, and how variations in cross-linking influence
the static and dynamic properties of the networks and their
ultimate gas separation performance.

Experimental Section

Materials. Poly(ethylene glycol) diacrylate [PEGDA; MW)
700 g/mol)] and poly(propylene glycol) diacrylate [PPGDA; MW
) 900 g/mol] cross-linkers were obtained from Aldrich Chemical
Co. (Milwaukee, WI) along with poly(ethylene glycol) methyl ether
acrylate [PEGMEA; MW) 460 g/mol], poly(ethylene glycol)
acrylate [PEGA; MW) 380 g/mol], and poly(propylene glycol)

Figure 1. Schematic representation of ideal network based on the
polymerization of diacrylate cross-linker and acrylate comonomer;-R
corresponds to-CH3 or -H.

Table 1. Chemical Structures of PEGDA and PPGDA Diacrylates;
PEGMEA, PEGA and PPGMEA Acrylates (Monomeric Repeat

Values (n) as Indicated)
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methyl ether acrylate [PPGMEA; MW) 202 g/mol]. 1-Hydroxyl-
cyclohexyl phenyl ketone [HCPK] initiator was also purchased from
Aldrich. All reagents were used as received.

The molecular weights of the diacrylate cross-linkers and
monofunctional acrylates were characterized using proton nuclear
magnetic resonance (1H NMR) and fast atom bombardment mass
spectrometry (FAB-MS) in order to verify the values provided by
the supplier; complete details of these characterizations have been
reported previously.9,11,15The number-averaged molecular weight
for each reactant is indicated by the value of the monomeric repeat,
n, as shown in Table 1. For all reactants, FAB-MS measurements
indicated a narrow distribution of molecular weight (polydispersity
index <1.10).9,15

Copolymer Film Preparation. Cross-linked copolymer films
were prepared by UV photopolymerization. A liquid prepolymer
mixture comprised of diacrylate cross-linker (i.e., PEGDA or
PPGDA) and acrylate comonomer (PEGMEA, PEGA, or PPG-
MEA) was blended in the desired ratio with 0.1 wt % HCPK
initiator. The resulting mixture was sandwiched between two quartz
plates which were separated by spacers to control film thickness.
The mixture was polymerized by exposure to 312 nm UV light in
a UV cross-linker (model FB-UVXL-1000, Fisher Scientific) for
90 s at 3 mW/cm2. The solid films obtained by this procedure were
three-dimensional networks and contained a negligible amount of
low molecular weight polymer (i.e., sol) that was not bound to the
network. In order to remove any residual sol or unreacted cross-
linker, the films were washed with toluene in a Soxhlet extractor
(Chemglass) for 1 day. Film thickness for the cross-linked networks
was∼350 µm; the precise thickness for each film was measured
using a digital micrometer readable to(1 µm.

The extent of the polymerization reaction in the cross-linked
polymer films was determined using FTIR-ATR spectroscopy
(Nexus 470 spectrometer from Thermo Nicolet, Madison, WI); full
details for these copolymer series were reported previously.9,15 For
all films studied here, essentially 100% conversion of the acrylate
species was achieved, with no variation evident as a function of
film depth.

Dielectric Relaxation Spectroscopy.Dielectric spectroscopy
measurements were performed using the Novocontrol Concept 40
broadband dielectric spectrometer (Hundsangen, Germany). In order
to ensure optimum electrical contact during measurement, concentric
silver electrodes (33 mm diameter) were vacuum-evaporated on
each polymer sample using a VEECO thermal evaporation system.
Samples were then mounted between gold platens and positioned
in the Novocontrol Quatro Cryosystem. All samples were rigorously
dried under vacuum prior to measurement, and sample mounting
procedures were designed to minimize exposure to ambient
moisture. Dielectric constant (ε′) and loss (ε′′) were recorded in
the frequency domain (0.1 Hz-1.0 MHz) at discrete temperatures
from -150 to 100°C.

Results and Discussion

Properties of PEGDA/PEGMEA, PEGDA/PEGA, and
PPGDA/PPGMEA Copolymers.UV photopolymerization of
the PEGDA/PEGMEA, PEGDA/PEGA, and PPGDA/PPGMEA
prepolymerization mixtures led to the formation of amorphous
rubbery polymer networks with 100% conversion of the acrylate
and diacrylate end groups as verified by FTIR-ATR. The
calorimetric glass transition temperatures (Tg) and fractional free
volume (FFV) values associated with each network series have
been reported in previous papers10,11,15and are summarized in
Table 2. The copolymerization of PEGDA with either PEGMEA
(n ) 8) or PEGA (n ) 7) leads to a progressive reduction in
Tg, with the effect appearing more strongly in the PEGDA/
PEGMEA copolymers. There is a distinct contrast in the
fractional free volume trends associated with the two series:
FFV in the PEGDA/PEGMEA copolymers increases with
increasing comonomer (i.e., branch) content, while FFV in the
PEGDA/PEGA series decreases with comonomer content,

possibly due to the formation of hydrogen bonds involving the
-OH terminal group present on the PEGA monomer. This
difference in free volume characteristics appears to be a decisive
factor in the resulting gas permeability properties of the
networks.10 For the PPGDA/PPGMEA copolymers,Tg is
independent of copolymer composition, with the short PPGMEA
branches having little apparent influence on the glass transition
properties of the high free volume PPGDA networks. However,
FFV in the PPGDA networks increases strongly with comono-
mer content, and this increase is reflected in systematically
higher permeability values.15

Dielectric Results for PEGDA/PEGMEA and PEGDA/
PEGA Copolymers.Dielectric measurements for the PEGDA/
PEGMEA and PEGDA/PEGA copolymer networks reveal three
motional transitions with increasing temperature, and these have
been labeled as theâ1, â2, and R relaxations. Representative
contour plots for the PEGDA/PEGMEA copolymer series are
shown in Figure 2 (50/50 wt % PEGDA/PEGMEA network
composition), with dielectric constant (ε′) and loss (ε′′) plotted
vs temperature vs frequency. The observed sub-glass processes
merge into a single relaxation with increasing frequency, and
the combined (â) process eventually merges with the (glass-
rubber) R process at the highest frequencies measured. The
increase in dielectric loss at low frequency and high temperature
(i.e., on the far left side of Figure 2b) reflects the onset of
conduction associated with the transport of mobile charge
carriers in the rubbery amorphous matrix.29 Similarly, the
influence of electrode polarization is apparent in the values of
the dielectric constant at higher measurement temperatures.

Analysis of Sub-Glass Relaxations for PEGDA Copoly-
mers. The intensity and breadth of the sub-glass relaxations in
the PEGDA copolymers are sensitive to the degree of local
constraint experienced by the responding dipolar moieties. In
our previous dielectric studies on 100% XLPEGDA and
XLPPGDA, we reported that the characteristics of the (higher
temperature)â2 sub-glass relaxation in the cross-linked networks
were similar in many respects to an intermediate “fast”
relaxation process detected in crystalline PEO.25 In their analysis
of dielectric dispersions observed in PEO samples with various
thermal histories, Jin et al. identified a relaxation process with
local Arrhenius character positioned between the sub-glass and
glass-rubber relaxations that was assigned to segmental motions
occurring in the vicinity of the crystal-amorphous interface.26

It was proposed that this relaxation emerges as a result of

Table 2. Characteristics of Cross-Linked PEGDA10,11 and PPGDA15

Copolymer Networks: Calorimetric Glass Transition Temperature
and Estimated Fractional Free Volume

Tg (°C) FFVa

XLPEGDA -40 0.118

PEGDA/PEGMEAb

80/20 -44 0.122
50/50 -52 0.127
30/70 -57 0.128

PEGDA/PEGAb

80/20 -40 0.112
50/50 -42 0.112
30/70 -44 0.110

XLPPGDA -43 0.160

PPGDA/PPGMEAb

50/50 -44 0.179
30/70 -43 0.190
9/91 -44 0.194

a FFV values based on bulk density measurements at 25°C; see ref 10.
b Copolymer compositions are reported on a wt % basis.
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confinement effects which influence local chain conformation,
and corresponds to a subset of segmental motions that in the
absence of constraint would be shifted to longer relaxation times
(i.e., higher temperatures) and would contribute to the glass-
rubber relaxation of the bulk amorphous phase. Our measure-
ments on the XLPEGDA and XLPPGDA networks suggest that
this is a general phenomenon, with a separate “fast” segmental
process evident in PEO and poly(propylene oxide) [PPO]
materials subject to local constraints, including crystalline
samples, chemically cross-linked networks, and nanocomposites.

A distinguishing feature of theâ2 dispersion in PEO is its
breadth: Cole-Cole analysis indicated a broadening of theâ2

relaxation with increasing temperature that is opposite the trend
usually observed in polymers, where the sub-glass and glass-
rubber relaxations narrow with increasing thermal energy.30 It
has been proposed that this distinctive behavior for theâ2

relaxation in PEO reflects the inherent environmental asymmetry
that exists between the amorphous and crystalline phases.26 As
the temperature of the polymer increases, this asymmetry
becomes more pronounced, leading to a broader relaxation. A
similar broadening of theâ2 process with increasing temperature

was observed in the 100% cross-linked XLPEGDA and
XLPPGDA networks.

Dielectric loss (ε′′) for the PEGDA/PEGMEA copolymer
series is plotted vs frequency in Figure 3; the selected temper-
ature (-78 °C) corresponds to the midrange of the sub-glass
transitions. The data reveal a strong sensitivity of theâ2

relaxation intensity to copolymer composition. Increasing the
amount of PEGMEA comonomer in the prepolymerization
reaction mixture leads to a marked decrease inâ2 relaxation
intensity for the resulting copolymer films. This outcome
suggests that as the PEGMEA branch content increases, and
the corresponding cross-link density decreases, the overall
constraint imposed by the cross-link junctions is diminished.
As the constraint imposed by the cross-link junctions is
loosened, fewer segments assume the restricted conformations
associated with theâ2 process. With less local confinement,
some portion of the segments originally associated with theâ2

process in the fully cross-linked (100% PEGDA) network adopt
a conformation closer to that of the amorphous bulk, and
consequently, a smaller portion of the responding segments
contribute to the “fast”â2 process, leading to a reduction in the
measuredâ2 intensity.

In order to objectively establish the characteristics of the
individual sub-glass relaxations, theâ1 and â2 loss data were
fit in the frequency domain according to a dual Havriliak-
Negami (HN) model:31,32

whereεR andεU represent the relaxed (ω f 0) and unrelaxed
(ω f ∞) values of the dielectric constant for each individual
relaxation,ω ) 2πf is the frequency,τHN is the relaxation time
for each process, anda and b represent the broadening and
skewing parameters, respectively. All curve fits reported here
were obtained using the WinFIT software package provided with
the Novocontrol dielectric spectrometer. For the sub-glass
relaxations, it was observed that satisfactory fits to the dielectric
dispersions could be obtained with the skewing parameter (b)

Figure 2. Contour plot of dielectric response for 50/50 (wt %) PEGDA/
PEGMEA network: (a) dielectric constant (ε′) vs temperature (°C) vs
frequency (Hz);(b) dielectric loss (ε′′) vs temperature (°C) vs frequency
(Hz).

Figure 3. Dielectric loss (ε′′) vs frequency for PEGDA/PEGMEA
copolymer networks at-78 °C. Solid curves are dual HN fits.

ε* ) ε′ - iε′′ ) εU1
+ ∑

i)1

2 εRi
- εUi

[1 + (iωτHNi
)ai]bi

(1)
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set equal to 1 in all cases; this corresponds to the symmetric
Cole-Cole form of eq 1.33

The HN parameters for the PEGDA/PEGMEA series are
plotted in Figure 4 (relaxation intensity;∆ε ) εR - εU) and
Figure 5 (breadth), respectively. For both theâ1 and â2

processes, the relaxation intensity increases with temperature
(see Figure 4). Increasing the comonomer content leads to a
decrease in∆ε for both dispersions, but the drop in intensity is
much more pronounced for theâ2 relaxation, as discussed above.
Examination of Figure 5 reveals a progressive narrowing of the
â1 process as indicated by the increase in broadening parameter,
which reflects a tighter distribution of relaxation times with
increasing thermal energy. Theâ2 process, however, shows an
overall broadening with increasing temperature that appears to
be characteristic of this constrained relaxation. It is notable that
as the PEGMEA content in the networks is reduced, this effect
becomes weaker (see trend lines in Figure 5), a result that is
consistent with the reduction in cross-link constraint at higher
levels of comonomer incorporation.

The sub-glass relaxation results for the PEGDA/PEGA
copolymer series are presented in Figure 6 (ε′′ vs frequency at

-78 °C). Across this series of specimens, the influence of
copolymer composition on relaxation intensity is not as strong
as in the PEGDA/PEGMEA samples. For the PEGDA/PEGA
copolymers, the introduction of PEGA branches leads to a
reduction in FFV, possibly due to the formation of hydrogen
bonds involving the-OH groups located at the ends of the
PEGA segments. While the incorporation of the PEGA comono-
mer produces a decrease in overall cross-link density in the
networks, the potential for interactions involving the branch ends
results in the persistence of a significant degree of motional
constraint. Accordingly, only a modest decrease in the intensity
of the â2 relaxation with comonomer content is observed for
the PEGDA/PEGA series of copolymers.

The time-temperature characteristics of theâ1 and â2

dispersions in PEGDA/PEGMEA and PEGDA/PEGA are
presented as Arrhenius plots of log(fMAX) vs 1000/T (K) in
Figure 7. For the symmetric sub-glass processes,fMAX was
determined directly from the individual HN curve fits, withfMAX

) [2πτMAX]-1. Both theâ1 andâ2 relaxations display a linear,
Arrhenius time-temperature relationship that is consistent with
a local relaxation process and which is typical of sub-glass
relaxations in amorphous and semicrystalline polymers.34,35The
positions of theâ1 andâ2 relaxations are nearly independent of
copolymer composition, with a slightly greater spread in the
data evident across the PEGDA/PEGMEA series. For the
PEGDA/PEGA copolymers, the apparent activation energies
(EA) associated with theâ1 andâ2 processes are essentially the
same as those previously reported for the 100% XLPEGDA
network: EA(â1) ) 41 kJ/mol andEA(â2) ) 65 kJ/mol.25 In
the PEGDA/PEGMEA polymers, the activation energy for the
â1 process ranges from 41 kJ/mol (100% PEGDA) to 33 kJ/
mol (30/70 PEGDA/PEGMEA), while the activation energy for
the â2 process is approximately constant at 65 kJ/mol. These
values are quite similar to the sub-glass activation energies
determined for crystalline PEO, whereEA(â1) ) 32 kJ/mol and
EA(â2) ) 65 kJ/mol.25

Analysis of Glass-Rubber Relaxation for PEGDA Co-
polymers. In the vicinity of the glass-rubber relaxation, there
is significant overlap of theâ and R processes as well as a
sizable conduction contribution. A dual HN analysis was

Figure 4. Dielectric relaxation intensity (∆ε; determined from HN
fits) vs temperature for PEGDA/PEGMEA copolymer networks:â1

[filled symbols] andâ2 [unfilled symbols] sub-glass transitions.

Figure 5. Havriliak-Negami [HN] broadening parameter vs temper-
ature for PEGDA/PEGMEA copolymer networks. The broadening
parameter corresponds toa in eq 1.â1 [filled symbols] andâ2 [unfilled
symbols] sub-glass transitions.

Figure 6. Dielectric loss (ε′′) vs frequency for PEGDA/PEGA
copolymer networks at-78 °C. Solid curves are dual HN fits.
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performed at discrete temperatures nearTg in order to establish
the relaxation times (τHN) associated with the individual
processes and to remove the influence of conduction. The
governing equation is as follows:

whereσ is the conductivity andε0 is the vacuum permittivity.
For the mergedâ relaxation (â1 + â2), the skewing parameter
(b) was always taken equal to 1, such that the relaxation time
associated with the peak maximum,τMAX ) τHN. For the glass-
rubber (R) relaxation, high-frequency skewing was observed,
and the skewing parameter assumed values,b < 1. In this case,
the peak maximum relaxation time (τMAX) was determined from
the HN best-fit parameters:29

Dielectric loss data (-30 °C) and corresponding HN curve fits
for the PEGDA/PEGMEA and PEGDA/PEGA copolymer series
are plotted vs frequency in Figures 8 and 9, respectively. The
data are shown with the conduction contribution removed
according to eq 2.

Examination of the PEGDA/PEGMEA glass-rubber (R)
relaxation in Figure 8 indicates a strong shift in the relaxation

maximum to higher frequencies (i.e., shorter relaxation times)
that is consistent with the observed negative offset inTg with
increasing PEGMEA content (see Table 2). At lower cross-
linker contents, there is extensive overlap between the relax-
ations owing to the shift in theR relaxation to higher
frequencies. For the 30/70 PEGDA/PEGMEA specimen, a very
broad relaxation curve is obtained at-30 °C. PEGDA/
PEGMEA networks with high levels of PEGMEA and cor-
respondingly low cross-link densities have a tendency to
crystallize. Previous DMA scans on the 30/70 PEGDA/
PEGMEA network, for example, display cold crystallization just
aboveTg;11 a small degree of cold crystallization has also been
detected in DSC scans on lightly cross-linked PEGDA/PEG-
MEA networks.10 It is likely that a small amount of crystallinity
is present in the 30/70 PEGDA/PEGMEA specimen examined
via dielectric spectroscopy, evolving either during the initial
cooling of the specimen or possibly as cold crystallization in
the course of measurements just aboveTg. The presence of
crystallinity would be expected to subject the responding chain
segments to additional constraint, shifting the glass transition
to higher temperatures (i.e., lower frequencies) and broadening
the relaxation.35 Both effects are evident in the 30/70 PEGDA/
PEGMEA dispersion recorded at-30 °C.

The dielectric loss curves for the PEGDA/PEGA networks
(-30 °C; see Figure 9) show a somewhat clearer separation
between theR andâ relaxations across the series of copolymer
specimens: in this case, the position of theR relaxation is less
sensitive to composition, resulting in a lower degree ofR-â
overlap at higher PEGA comonomer content. The intensities
of both theR andâ dispersions increase with increasing PEGA,
although this trend reverses for the 30/70 copolymer (i.e.,
intensities for the 30/70 PEGDA/PEGA sample are lower than
those for the 50/50 network). This behavior may reflect
competing structural factors that influence the net dielectric
response. Although the overall chemical constitution of the
PEGDA networks remains constant across each series, decreas-
ing cross-link density correlates with an increase in the measured
dielectric intensity, most likely due to increased mobility of the
(-COO-) ester linkages located at the cross-link junctions.

Figure 7. Arrhenius plot offMAX (Hz) vs 1000/T (K): (a) PEGDA/
PEGMEA copolymer networks;(b) PEGDA/PEGA copolymer net-
works.

ε* ) ε′ - iε′′ ) εU1
+ ∑

i)1

2 εRi
- εUi

[1 + (iωτHNi
)ai]bi

- i( σ

ε0ω) (2)

τMAX ) τHN[sin( πab
2 + 2b)

sin( πa
2 + 2b)]

1/a

(3)

Figure 8. Dielectric loss (ε′′) vs frequency for PEGDA/PEGMEA
copolymer networks at-30 °C. Data are corrected for conduction
contribution according to eq 2. Solid curves are dual HN fits.
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However, in the case of the 30/70 PEGDA/PEGA sample, the
large number of-OH-terminated PEGA branches, and the
potential formation of hydrogen bonds involving these terminal
groups, may be responsible for a decrease in dipolar mobility
as compared to the 50/50 PEGDA/PEGA copolymer. The result,
as seen in Figure 9, is a net reduction in dielectric intensity,
driven primarily by a decrease in the strength of theR relaxation
response.

The peak maxima associated with theR and â relaxations
were determined across a range of temperatures in the vicinity
of the glass transition (-14 to-50 °C, depending on composi-
tion). The results for theR relaxation are plotted asfMAX )
[2πτMAX]-1 vs reciprocal temperature in Figure 7, whereτMAX

was determined from the individual HN curve fits according to
eq 3. For the PEGDA/PEGMEA and PEGDA/PEGA series, the
R relaxation displays time-temperature characteristics that are
consistent with a cooperative reorientation response and which
can be described by the Vogel-Fulcher-Tammann (VFT)
relation (see solid curves in Figure 7).36 In both cases, the
relative positions of the relaxation curves, which shift to higher
values of reciprocal temperature with decreasing cross-linker
content, are consistent with the glass transition results measured
by DMA and DSC.10,11 The offset in the curves is greater for
the PEGDA/PEGMEA polymers, in direct correspondence to
the data presented in Table 2.

Dielectric Results for PPGDA/PPGMEA Copolymers.The
PPGDA/PPGMEA rubbery copolymer networks, based on the
monomers shown in Table 1, differ from the PEGDA series in
a number of respects: (i) the 100% cross-linked network,
XLPPGDA, encompasses a much higher degree of fractional
free volume as compared to XLPEGDA (see Table 2); (ii) the
PPGMEA comonomer molecular weight is relatively low, such
that much shorter pendant branches (n ) 2) are inserted into
the network; and (iii) the introduction of PPGMEA comonomer
to the reaction mixture results in a change in the chemical
composition of the network, with increasing PPGMEA content
leading to an increase in the relative population of (-COO-)
linkages.

Figure 10 shows dielectric loss plotted vs frequency for the
PPGDA/PPGMEA series in the sub-glass transition range (-78

°C). For XLPPGDA and the PPGDA-based copolymers, the
intensities of the sub-glass transitions are much weaker than
those encountered in XLPEGDA, and this is consistent with
the character of the sub-glass process observed in un-cross-
linked PPO polymer37-39 (see the discussion in ref 25). Two
distinct sub-glass transitions are evident in the PPGDA copoly-
mer networks, with the position of theâ2 process quite close to
the “fast” relaxations observed in XLPEGDA and PEO. The
â2 relaxation in XLPPGDA and its copolymers likely has the
same underlying origin as theâ2 process observed in the
PEGDA copolymers and would presumably display a compa-
rable sensitivity to copolymer composition and the correspond-
ing degree of constraint imposed by the network junctions.
Examination of Figure 10 reveals that the relative intensity of
theâ2 process is diminished with decreasing cross-linker content,
in a manner similar to that observed for the PEGDA/PEGMEA
and PEGDA/PEGA series: as the overall network structure is
loosened, fewer segments adopt conformations that contribute
to the “fast” relaxation response. Unfortunately, the strong
degree of overlap between theâ1 andâ2 dispersions makes it
difficult to reliably determine the HN broadening parameters
associated with the individual relaxations at lower PPGDA
content. However, for the 100% XLPPGDA network, the HN
broadening parameter for theâ2 relaxation displays the same
trend with temperature that was observed for PEO and the
PEGDA copolymers and which is consistent with theâ2 process
originating at the constrained cross-link junctions.25

Owing to the relatively weak intensity of the sub-glass
processes in the PPGDA/PPGMEA copolymers, the dielectric
spectra for these materials can be fit in the range of the glass
transition using a single HN function. Representative dielectric
loss data (-30 °C) and corresponding HN curve fits for these
polymers are plotted vs frequency in Figure 11; HN best fits in
the glass transition region were used to establish the value of
τMAX for each copolymer as a function of temperature. Increas-
ing amounts of PPGMEA in the copolymers lead to an
enhancement in the intrinsic polarizability of the networks, as
manifested by a progressive increase in the unrelaxed value of
the dielectric constant,εU, as determined from the HN fits. The
intensity of the glass-rubber (R) relaxation increases systemati-

Figure 9. Dielectric loss (ε′′) vs frequency for PEGDA/PEGA
copolymer networks at-30 °C. Data are corrected for conduction
contribution according to eq 2. Solid curves are dual HN fits.

Figure 10. Dielectric loss (ε′′) vs frequency for PPGDA/PPGMEA
copolymer networks at-78 °C. Solid curves are dual HN fits.
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cally with increasing PPGMEA content owing to both an
increase in the number of (-COO-) ester moieties present in
the network as well as a likely increase in dipolar mobility with
increasing fractional free volume. However, there is little
variation in the dielectric peak position as a function of
copolymer composition, which is consistent with the relatively
constant values of glass transition temperature for this system
measured via calorimetric and dynamic mechanical methods (see
Table 2).15

The time-temperature characteristics of the PPGDA/PPG-
MEA networks can be compared by the construction of
cooperativity or fragility plots, which are normalized Arrhenius
plots wherein relaxation time (τMAX/τR) is plotted vs reciprocal
temperature (TR/T).16,40In this context,TR is the glass transition
temperature, andτR is the relaxation time associated withTR.
For the dielectric measurements reported here, we adopt a
convention wherebyTR is the transition temperature associated
with a value of the relaxation time,τR ) 1 s. The cooperativity
plots for XLPPGDA and its copolymers are presented in Figure
12, with the solid curves corresponding to VFT fits to the data.
The apparent activation energy for the individual networks can
be determined by evaluating the slope of each data curve atT
) TR. For the 100% XLPPGDA network, an apparent activation
EA ) 310 kJ/mol is obtained from the dielectric data, which is
very close to the value determined from DMA measurements
(i.e., 300 kJ/mol) whereTR was assigned to the dynamic
mechanical peak temperature at 1 Hz.15 Across the PPGDA/
PPGMEA copolymer series, a progressive decrease in apparent
activation energy is observed with decreasing cross-link den-
sity: this trend is consistent with our previous DMA results
for the PEGDA11 and PPGDA15 copolymers and has been
reported in the literature for other cross-linked homopolymer
systems.16,17,24 For the PPGDA/PPGMEA dielectric data re-
ported here, an apparent activation energyEA ) 280 kJ/mol is
obtained for the 80/20 copolymer composition, and anEA value
of 250 kJ/mol is obtained for the 50/50, 30/70, and 9/91
PPGDA/PPGMEA copolymers. The introduction of PPGMEA
into the network leads to a reduction in the cooperativity inherent
to the glass transition with decreasing effective cross-link
density. The net impact of copolymerization with the acrylate

comonomer is an overall increase in fractional free volume and
a decrease in the degree of constraint imposed by the cross-
link junctions such that less segmental cooperation is required
across the glass-rubber relaxation.

Conclusions

The relaxation characteristics of amorphous copolymer
networks based on PEGDA and PPGDA cross-linkers have been
investigated by dielectric relaxation spectroscopy. The glass-
rubber and sub-glass relaxation processes in these networks are
sensitive to the details of the network architecture, including
branch length and the nature and character of the branch end
groups. For the PEGDA-based networks, the inclusion of
acrylate comonomer in the prepolymerization reaction mixture
and corresponding insertion of flexible branch groups in the
resulting cross-linked networks led to a decrease in the measured
glass-rubber relaxation temperature and an overall increase in
dielectric relaxation intensity with reduced cross-link density.
In both the PEGDA- and PPGDA-based networks, an interme-
diate sub-glass relaxation (i.e., theâ2 process) was observed
that was analogous to a “fast” sub-Tg relaxation detected in
crystalline PEO and which has been attributed to a subset of
noncooperative segmental reorientations originating in the
vicinity of the cross-link junctions. The measured intensity of
the â2 process decreased with increasing comonomer content
owing to a loosening of the constraint imposed by the network
junctions at lower effective cross-link density. A characteristic
broadening of theâ2 relaxation was observed with increasing
temperature that reflected the contrasting mobility of the flexible
and constrained regions of the network; this distinctive broaden-
ing behavior was less pronounced in those copolymers contain-
ing lower degrees of cross-linking. For the short-branched
PPGDA networks, dielectric relaxation intensity increased
strongly with comonomer content across the glass transition
region owing to an increase in the number of (-COO-) ester
dipoles present along the network backbone. Normalized
cooperativity plots indicated a progressive decrease in the
dynamic fragility of the networks (i.e., lower apparent activation
energy atTg) with decreased cross-link density, a result that
was consistent with previous dynamic mechanical studies.

Figure 11. Dielectric loss (ε′′) vs frequency for PPGDA/PPGMEA
copolymer networks at-30 °C. Solid curves are dual HN fits.

Figure 12. Cooperativity plots ofτ/τR vs TR/T for PPGDA/PPGMEA
copolymer networks. Solid curves are VFT fits.
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