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Abstract

The molecular relaxation characteristics of rubbery amorphous crosslinked networks based on poly(ethylene glycol) diacrylate [PEGDA] and
poly(propylene glycol) diacrylate [PPGDA] have been investigated using broadband dielectric spectroscopy. Dielectric spectra measured across
the sub-glass transition region indicate the emergence of an intermediate ““‘fast” relaxation in the highly crosslinked networks that appears to
correspond to a subset of segmental motions that are more local and less cooperative as compared to those associated with the glass transition.
This process, which is similar to a distinct sub-T, relaxation detected in poly(ethylene oxide) [PEO], may be a general feature in systems with a
sufficient level of chemical or physical constraint, as it is observed in the crosslinked networks, crystalline PEO, and PEO-based nanocomposites.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The formulation of gas separation membranes for the selec-
tive removal of CO, from mixtures with light gases such as H,
or CH, is an area of growing interest, as such membranes
would be useful for a number of high-volume industrial appli-
cations [1]. In particular, membranes specifically formulated
to engender high CO, permeability and high CO,/light gas
selectivity could be used for the removal and potential seques-
tration of CO, as low-pressure permeate, with the light gas
components retained at or near feed pressure for subsequent
transport or use. Recently, rubbery polymeric membranes
based on crosslinked poly(ethylene oxide) [PEO] have been
the subject of extensive study for the preferential removal of
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CO, from gas mixtures. Neat (i.e. uncrosslinked) PEO exhibits
favorable selectivity for CO, over non-polar light gases owing
to quadrupole—dipole interactions between the CO, penetrant
molecules and the ethylene oxide units that constitute the
polymer chain backbone [2,3]. PEO, however, has a strong
tendency to crystallize, which limits the bulk permeability
that can be achieved with the homopolymer. As such, a number
of approaches have been explored to reduce or eliminate crys-
tallinity in PEO and related materials, while at the same time
maintaining the polar character of the polymer matrix to
ensure high CO, selectivity. The introduction of chemical
crosslinks, for example, can be used to suppress crystalliza-
tion in PEO. When the number of ethylene oxide segments
between crosslink junctions is limited to approximately 20
or less, fully amorphous networks can be obtained [4].

The synthesis of highly permeable, CO,-selective mem-
branes based on the ultraviolet (UV) photopolymerization
of poly(ethylene glycol) [PEG] and poly(propylene glycol)
[PPG] diacrylates has been investigated in our laboratories
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as a route to produce amorphous, rubbery crosslinked polymer
networks with optimum transport properties [S—13]. In these
studies, diacrylate crosslinkers were copolymerized with
mono-functional PEG and PPG acrylates in an effort to tailor
the network architecture, free volume, and gas separation char-
acteristics of the resulting membranes. The viscoelastic relax-
ation properties of the networks were examined in detail using
dynamic mechanical analysis, with a goal of elucidating the
relationships between network structure, crosslink density and
polymer chain dynamics as they pertain to gas separation
performance [7,8,13]. In the course of this work, it became
evident that relatively small changes in the details of the net-
work structure or composition (e.g. variations in pendant ter-
minal groups) could have a significant impact on segmental
dynamics, fractional free volume, and corresponding perme-
ability and selectivity.

In the present study, we report on the dielectric relaxation
characteristics of amorphous polymer networks prepared by
the photopolymerization of poly(ethylene glycol) diacrylate
[PEGDA] and poly(propylene glycol) diacrylate [PPGDA].
Broadband dielectric spectroscopy is a sensitive and non-
intrusive method for probing motional relaxations in poly-
meric solids over a wide range of temperature and timescale,
and has been used to investigate relaxations in a variety of
polymeric materials including semi-crystalline polymers and
blends [14] as well as crosslinked polymer networks [15].
For the polymer networks in this study, we are interested in
the influence of crosslinks on the measured dielectric relaxa-
tion characteristics across both the sub-glass and glass—rubber
transition regions. In general, the presence of high levels of
crosslinking in polymeric networks results in a restriction of
segmental mobility in the vicinity of the crosslink junctions
that reduces the conformational freedom of the polymer chains,
often leading to an increase in the measured glass transition
temperature and inhomogeneous broadening of the glass—
rubber relaxation [16—18]. This broadening reflects the range
of relaxation environments experienced by the responding
dipoles and the constraint imposed by the presence of the
crosslinks. As will be demonstrated for the non-crystalline
networks studied here, the constraints that are present in the
crosslinked polymer lead to dielectric relaxation characteristics
that are in many respects analogous to features encountered
upon the relaxation of constrained amorphous segments in crys-
talline PEO [19] as well as amorphous PEO confined at the
nanometer scale in intercalated nanocomposites [20,21].

2. Experimental
2.1. Materials

Poly(ethylene glycol) diacrylate [PEGDA; nominal MW =
700 g/mol] and poly(propylene glycol) diacrylate [PPGDA;
nominal MW = 900 g/mol] crosslinkers, as well as poly(ethyl-
ene oxide) polymer [PEO; reported M, = 1,000,000], were
obtained from Aldrich Chemical Company (Milwaukee, WI).
1-Hydroxyl-cyclohexyl phenyl ketone [HCPK] initiator was
also purchased from Aldrich. The PEGDA and PPGDA

molecular weights were characterized using proton nuclear
magnetic resonance (IH NMR) and fast atom bombardment
mass spectrometry (FAB-MS) in order to verify the values
provided by the supplier; details of these characterizations
have been reported previously [5,13]. For PEGDA, the number
average molecular weight values determined by "H NMR and
FAB-MS were 743 and 730 g/mol, respectively, corresponding
to a monomeric repeat value for the crosslinker, n ~ 14. For
PPGDA, the number average molecular weight values deter-
mined by 'H NMR and FAB-MS were 809 and 822 g/mol,
respectively. These values correspond to a monomeric repeat
length, n ~ 12.

2.2. Polymer film preparation

Crosslinked polymer films based on 100% diacrylate (i.e.,
PEGDA or PPGDA) were prepared by UV photopolymeriza-
tion. A pre-polymer solution comprised of the liquid cross-
linker and 0.1 wt% HCPK was sandwiched between two
quartz plates, which were separated by spacers to control film
thickness. The mixture was polymerized by exposure to
312nm UV light in a UV Crosslinker (Model FB-UVXL-
1000, Fisher Scientific) for 90 s at 3 mW/cm?. The solid films
obtained by this process were three-dimensional networks and
contained a negligible amount of low molecular weight poly-
mer (i.e., sol) that was not bound to the network. In order to
remove any residual sol or unreacted crosslinker, the films
were washed with toluene in a Soxhlet extractor (Chemglass)
for 1 day. Film thickness for the crosslinked networks was
approximately 350 pum; the precise thickness for each film
was measured using a digital micrometer readable to £1 pm.

The extent of the polymerization reaction in the crosslinked
polymer films was determined using FTIR-ATR spectroscopy
(Nexus 470 spectrometer from Thermo Nicolet, Madison, WI).
The reaction of the acrylate double bonds during polymeriza-
tion leads to a decrease in the intensity of sharp peaks at
810 cm™ ! (ascribed to the twisting vibration of the acrylic
CH,=CH bond), at 1410 cm ™! (deformation of the CH,—=CH
bond) and at 1190 cm ™! (acrylic C=0 bond) [22,23]. For
both the PEGDA [5] and PPGDA [13] networks, FTIR-ATR
spectra showed essentially complete disappearance of the
characteristic double bond peaks, indicating that the reaction
conversion was close to 100%. In addition, spectra taken from
opposite sides of the individual polymer films were virtually
identical, suggesting that full reaction was achieved throughout
each network, with no variation as a function of film depth.

PEO films were obtained by solution casting according to
the method detailed in Ref. [2]. PEO powder (3 wt%) was dis-
solved in distilled water and cast into flat-bottomed Petri
dishes. The incipient films were covered in order to control the
rate of drying, and were allowed to dry slowly under ambient
conditions until a uniform film was obtained. All films were
then held under vacuum at room temperature until further char-
acterization. The thickness of the PEO films was ~ 500 pum.
Crystallinity in the films was evaluated using differential scan-
ning calorimetry (Perkin—Elmer DSC-7): sample size was ap-
proximately 10 mg, and a heating rate of 10 °C/min was used.
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2.3. Dielectric relaxation spectroscopy

Dielectric spectroscopy measurements were performed
using the Novocontrol Concept 40 broadband dielectric spec-
trometer (Hundsangen, Germany). In order to ensure the integ-
rity of 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 posi-
tioned 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 (¢') and
loss (¢”) were recorded in the frequency domain (0.1 Hz to
1.0 MHz) at discrete temperatures from —150 °C to 100 °C.

3. Results and discussion
3.1. Properties of XLPEGDA, XLPPGDA, PEO films

UV photopolymerization of the PEGDA and PPGDA di-
acrylate crosslinkers, as described above, results in amorphous,
rubbery polymer networks with essentially 100% conversion of
the diacrylate end groups as confirmed by FTIR-ATR.
An idealized schematic of the PEGDA network is shown in
Fig. 1. Characteristics of the crosslinked networks as deter-
mined by calorimetry, dynamic mechanical analysis and den-
sity measurement are reported in Table 1 [5,7,13]. In these
fully reacted networks, the effective crosslink density (and
average molecular weight between crosslinks, M.) is estab-
lished by the molecular weight of the diacrylate pre-polymer:
for PEGDA (n=14), M.=688 g/mol, while for PPGDA
(n=12), M. =768 g/mol. Both networks display very similar
glass transition temperatures, but the density of the crosslinked
PPGDA [XLPPGDA] is approximately 10% lower than that of
crosslinked PEGDA [XLPEGDA]. This difference in bulk
density is reflected in the estimation of fractional free volume
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Fig. 1. Idealized network schematic for crosslinked 100% PEGDA.
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Table 1
Characteristics of XLPEGDA and XLPPGDA networks
T, T, Density FFV
(DSC), °C (DMA)?, °C (g/cm?)
XLPEGDA [5,7] —40 -35 1.183 0.118
XLPPGDA [13] —43 -37 1.065 0.160

# Based on maximum in dynamic mechanical tan é, 1 Hz (see Ref. [7]).

(FFV) for the two networks, with FFV = 0.160 for XLPPGDA,
and FFV = 0.118 for XLPEGDA. Details on the determination
of FFV for the networks are provided in Refs. [5] and [13].
PEO films prepared by solution casting were characterized
using DSC, and showed properties close to those previously
reported by Lin and Freeman [2]. For the samples studied
here, DSC thermograms indicated a melting peak temperature
of 68 °C, and a percentage crystallinity of ~80 wt% based on
the 100% crystal heat of fusion reported by Wunderlich [24].

3.2. Dielectric results for XLPEGDA, XLPPGDA,
PEO films

Dielectric results for the crosslinked film based on 100%
PEGDA are shown in Fig. 2 as dielectric constant (¢') and
dielectric loss (¢”) vs. temperature at frequencies ranging
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Fig. 2. Dielectric constant (¢') and loss (¢”) vs. temperature for XLPEGDA;
selected frequencies from 10 Hz to 0.5 MHz. Inset: expanded view of dielectric
loss across the sub-glass region at 0.1 Hz (@), 1 Hz (O), and 10 Hz (O).
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from 10 Hz to 0.5 MHz. An expanded plot of dielectric loss
at frequencies of 0.1, 1, and 10 Hz is also provided for the
sub-glass region (see inset). The data show two apparent
dipolar relaxation processes with increasing temperature as
evidenced by the overlapping, incremental increases in dielec-
tric constant and corresponding peaks in dielectric loss. These
processes are designated as the  and o relaxations, respec-
tively, with the higher-temperature o relaxation corresponding
to the large-scale segmental motions associated with the glass
transition. In the sub-glass region, lower-frequency measure-
ments show that the B relaxation is comprised of two distinct
processes, which are designated as the 3; (lower temperature)
and B, (higher temperature) relaxations, respectively. The
strong increase in dielectric loss at low frequencies and high
temperatures (i.e., above the glass transition) reflects the onset
of conduction associated with the transport of mobile charge
carriers in the rubbery amorphous matrix [25].

Fig. 3 shows three-dimensional relaxation contour maps for
XLPEGDA, XLPPGDA, and crystalline PEO. In each case, the
data are plotted as dielectric loss vs. temperature vs. frequency.
For all three materials, we observe two distinct relaxation pro-
cesses in the sub-glass region (designated as ; and [3,); these
relaxations merge with increasing frequency, with the com-
bined B process eventually merging with the (glass—rubber)
a relaxation at the highest frequencies measured. The influ-
ence of conduction is evident on the far left of each plot, as
dielectric loss increases strongly with temperature. Conduc-
tion effects are especially prominent in the PEO sample as
the presence of internal crystal boundaries results in local
charge blocking and an additional contribution to the overall
polarization (Maxwell—Wagner—Sillars (MWS) polarization).

In order to interpret the dielectric results for the crosslinked
networks, it is useful to examine previous reports of dielectric
relaxation properties for the appropriate uncrosslinked analogs,
i.e. PEO and poly(propylene oxide) [PPO]. Earlier studies on
the dielectric and dynamic mechanical relaxation of PEO
indicate a total of three relaxation processes [26—31]: a high-
temperature local process originating in the crystalline phase,
a cooperative segmental process occurring in non-crystalline
regions and usually correlated with the glass transition, and
a local low-temperature twisting process, also associated with
the non-crystalline phase. Various labeling conventions have
been adopted for these motional processes, with the high-
temperature crystalline process typically designated as the
a (or a.) process, and the glass transition and local sub-glass
processes designated as B and v, respectively [32,33]. Recent
broadband dielectric measurements reported by Jin et al.
reveal an additional local process situated between the B and
v relaxations, designated y’ [19]. Based on the characteristics
of the relaxation, Jin and co-workers proposed that the distinct
v’ process corresponds to segmental motions occurring in the
crystal—amorphous order—disorder transition region, in the
vicinity of the crystal lamellar surface. In our PEO studies
(see Fig. 3c), two sub-glass relaxations are also clearly seen,
with the intermediate transition designated as the B, relaxa-
tion according to the labeling convention adopted for the
XLPEGDA and XLPPGDA networks. The position of the 3,
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relaxation in our PEO data is virtually the same as that re-
ported by Jin et al. Notably, both of the amorphous crosslinked
networks also show an intermediate (3,) relaxation. The origin
of this relaxation in the networks, and its relation to the
process observed in crystalline PEQO, is discussed below.

The dielectric relaxation characteristics of amorphous poly-
(propylene glycol) and poly(propylene oxide) in the glassy and
liquid states have been measured by a number of investigators
[34—42]. PPO displays two dielectric relaxation processes in
the vicinity of T,: a fast (lower temperature) process reflecting
the segmental motions associated with the glass—rubber transi-
tion, and a slow (higher temperature) process corresponding to
normal mode re-orientations that are detected owing to the pres-
ence of a cumulative dipole moment along the polymer chain.
These relaxations are designated as the o and o (or ay) pro-
cesses, respectively. In the glassy state, two sub-glass relaxa-
tions are detected, designated as the y and B processes [37]. In
the PPO polymer, the lower-temperature y relaxation is only ob-
served at temperatures below —150 °C. A number of dielectric
studies have examined the influence of molecular weight on the
characteristics of the normal mode motions as well as on the
relationship between the B and « relaxations [35,38,40,41].
For low molecular weight PPG oligomers, the 3 and o relaxa-
tions overlap to a significant degree, and a distinct § relaxation
is difficult to distinguish. At higher (i.e. polymeric) molecular
weights, the sub-glass relaxation shifts to shorter relaxation times
relative to the o process, and a more distinct B peak emerges. In
all cases, however, the intensity of the § process remains at least
1 order of magnitude below that of the glass—rubber relaxation.
Comparison of the  and o peaks for XLPPGDA (Fig. 3b)
reveals a similar result with respect to relaxation intensity.

3.3. Analysis of sub-glass relaxations

For all three materials examined (XLPEGDA, XLPPGDA,
PEO), there is considerable overlap of the dielectric relaxa-
tions in the sub-glass region. In order to establish the charac-
teristics of each individual process, the data were fit in the
frequency domain according to a dual Havriliak—Negami
(HN) model [43,44]:

2
. ER, — Eu:
&= —id = ¢y, + E —_— (1)
LS+ (T )

where eg and ey represent the relaxed (w — 0) and unrelaxed
(w — o) values of the dielectric constant for each individual
relaxation, w = 27tf is the frequency, Ty is the relaxation time
for each process, and a 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 (B; and B,), it was observed that satisfactory fits to
the dielectric dispersion could be obtained with the skewing
parameter (b) set equal to 1 in all cases; this corresponds to
the symmetric Cole—Cole form of Eq. (1) [45].

A representative dual HN curve fit for XLPEGDA in the
B relaxation region is shown in Fig. 4. The data are plotted
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Fig. 4. Dielectric loss (¢”) vs. frequency (Hz) for XLPEGDA at —78 °C. Solid
curve is dual HN fit; dashed curves are individual HN fits for the B; and (3,
relaxations.

as dielectric loss vs. frequency at a measurement temperature
of —78 °C. When plotted on this basis, the lower-temperature
B, relaxation appears on the right side, and the higher-
temperature B, relaxation appears on the left; the individual
relaxation fits are indicated by the dashed lines. Dielectric loss
data and corresponding HN fits for the entire dual-relaxation
region are plotted in Fig. 5. Across this range, the overall
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relaxation intensity is observed to increase with increasing
temperature, and the relaxations eventually merge at higher
temperatures. In the case of XLPEGDA, deconvolution of
the two relaxations could be reasonably accomplished at
temperatures up to —62 °C. At the higher temperatures shown
in Fig. 5, the influence of the glass—rubber (o) relaxation
appears at low frequencies.

A comparison of the sub-glass dielectric relaxation re-
sponse for XLPEGDA, XLPPGDA and PEO (-78°C) is
shown in Fig. 6. For each of the three polymers, overlapping
B; and B, relaxations are observed. The peak positions (and
corresponding relaxation times) associated with these transi-
tions are nearly the same in all three materials. When compar-
ing the dielectric relaxation intensity associated with these
polymers, it is necessary to consider the composition of each
material as well as its morphology. In crosslinked PEGDA,
the network is 100% amorphous (as confirmed previously
by DSC and X-ray [5]), in contrast to PEO, which is ~80%
crystalline. For sub-glass relaxations that originate in non-
crystalline regions of the PEO polymer, a significant fraction
of the PEO segments will be incapable of responding to the
applied alternating field, and thus will not contribute to the
measured dielectric response. In addition, the presence of
(—COO—) ester groups at the crosslink junctions in XLPEGDA
and XLPPGDA increases the overall concentration of dipoles
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Fig. 6. Dielectric loss (¢”) vs. frequency (Hz) for XLPEGDA, XLPPGDA and
PEO at —78 °C. Solid curves are dual HN fits.

in these materials as compared to PEO or PPO, with the poten-
tial to thereby increase the net dielectric intensity of the
observed relaxations.

Examination of the sub-glass relaxation response for
XLPEGDA vs. PEO in Fig. 6 shows an approximately 1 order
of magnitude lower dielectric relaxation intensity for crystal-
line PEO, as compared to XLPEGDA. As discussed above,
this difference is attributable largely to the high fraction
crystallinity in the PEO polymer as well as the potential
additional contribution of the ester dipoles present in the
XLPEGDA network. However, the respective 3; and [, relax-
ation times (Tpax = [ZchMAX]fl) are virtually identical for
both XLPEGDA and PEO, so these motional processes could
very well have the same or similar molecular origin.

Comparison of the sub-glass relaxations for XLPEGDA vs.
XLPPGDA in Fig. 6 shows that the relaxation intensity for
XLPPGDA is much lower than that observed for XLPEGDA
(see also Fig. 3). The intensity of a particular dielectric relax-
ation depends on a number of factors, perhaps most fundamen-
tally on the concentration of dipoles available that could
potentially re-orient in response to an applied alternating field.
An accounting of the differences in molar mass and density for
the two crosslinked networks indicates that the number of
ether linkages in the XLPPGDA network is 70% the number
present in the XLPEGDA network, and that the XLPPGDA
network contains 81% the number of —COO— groups present
in XLPEGDA. Clearly, these values are not sufficient to ex-
plain the observed difference in sub-glass relaxation intensity
for the two networks. In addition to differences in dipolar
concentration, structural factors will influence the measured
dielectric intensity, as conformational constraints and possible
dipolar cancellations typically lead to relaxation intensities
that are well below what would be expected based on a full
and uncorrelated dipolar response. The relatively low intensity
of the sub-glass relaxation in XLPPGDA is consistent with the
observed dielectric response in PPO [37,40,41]. Apparently,
the presence of the dipolar ester units in the XLPPGDA
network does not alter this qualitative result, either when con-
sidering the relative intensity of the f and o relaxations in
XLPPGDA or when comparing the sub-glass relaxation
intensities in XLPPGDA vs. XLPEGDA.

The application of dual HN curve fits across the sub-glass
region provides for the determination of dielectric relaxation
intensity (Ae = eg — ¢ey), relaxation time (7yy), and broaden-
ing parameter (a) for the individual B; and B, relaxations.
Fig. 7 shows the results for XLPEGDA, XLPPGDA, and
PEO. For the B, process, relaxation intensity is nearly inde-
pendent of temperature, while for the B, process, Ae increases
with temperature for XLPEGDA. Examination of the broaden-
ing parameter as a function of temperature reveals opposing
trends for the B; and B, relaxations in all three materials.
For the B, process, the symmetric dispersion is observed to
narrow with increasing temperature (i.e., the value of the
broadening parameter increases). This result, which reflects a
narrower distribution of relaxation times with increasing ther-
mal energy, is consistent with the trend observed for both sub-
glass and glass—rubber transitions in many common polymers
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[46]. For the B, process, however, the relaxation is observed
to broaden with increasing temperature. This behavior, while
unusual, has been reported previously for the vy’ process in
crystalline PEO, a relaxation that was assigned to localized
motions originating in the crystal—amorphous order—disorder
transition region. Jin et al. [19] speculated that the broadening
of the vy’ relaxation in PEO was the result of ‘“‘environmental
asymmetry”’ between the amorphous phase, which becomes
more mobile with increasing temperature, and the crystalline
phase, which remains immobile. Consequently, the responding
dipoles located in the order—disorder transition region experi-
ence a more heterogeneous relaxation environment at higher
temperatures, leading to a broader dispersion. It appears that
a similar situation exists in the XLPEGDA and XLPPGDA
networks, where the crosslink junctions remain relatively rigid
with increasing temperature, resulting in a net increase in
dispersion breadth across the B, relaxation.

The time—temperature characteristics for the B; and f3,
relaxations are presented in an Arrhenius plot of log(fymax)
vs. 1000/T(K) in Fig. 8. For the symmetric sub-glass processes,
Jmax was determined directly from the individual HN curve
fits. Both the B; and B, transitions show a linear, Arrhenius
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Fig. 8. Arrhenius plot of fyyax (Hz) vs. 1000/T(K) for XLPEGDA, XLPPGDA
and PEO. Dashed lines correspond to data for PPO polymer [40].

relationship which is indicative of a local relaxation process;
this behavior is typical of sub-glass relaxations in amorphous
and semi-crystalline polymers [14,32]. The positions of the 3,
and B, relaxations in the crystalline PEO sample are virtually
identical to those reported previously (re: y and vy’ processes,
respectively [19]). The apparent activation energies (E») of the
individual relaxations are reflected in the slope of the data for
each material. For the B; relaxation, XLPEGDA displays an
activation energy of 41 kJ/mol, as compared to 32 kJ/mol for
the corresponding process in crystalline PEO; this difference
in E, for the B; process presumably reflects differences in
the local relaxation environment experienced by the respond-
ing dipoles in the highly crosslinked network, as compared to
motions originating from the amorphous regions within the
PEO crystals. In XLPPGDA, the B; activation energy is also
32 kJ/mol. This value is nearly the same as values reported
in the literature for the sub-glass relaxation in PPO polymer
[40,41]; relaxation data for PPO reported by Leon et al.
(Ea =29 kJ/mol) [40] are included in Fig. 8 for comparison
purposes. The close match in apparent activation energy
between PPO and XLPPGDA is consistent with the wholly
amorphous character of both PPO and the XLPPGDA net-
work. For the B, relaxation, the time—temperature relation
for all three materials can be described by a single activation
energy, E5 = 65 klJ/mol.

Examination of the dielectric contour plots in Fig. 3, as
well as the time—temperature results in Fig. 8, establishes
the similarity in sub-glass relaxation behavior for PEO,
XLPEGDA, and XLPPGDA. In all three cases, an inter-
mediate “fast” relaxation process (f3,) is observed with a cor-
responding relaxation time that is much shorter than that
associated with the glass transition. As discussed above, di-
electric studies completed by Jin et al. on PEO show this
same intermediate relaxation, the origin of which was assigned
to non-cooperative motions in the vicinity of the crystal—
amorphous interface [19]. It was suggested that the fast pro-
cess corresponds to a subset of segmental motions that, owing
to the confinement imposed by the crystalline lamellae, assume
a more localized character. The resulting dipolar relaxation
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process, which encompasses motions of lesser cooperativity,
appears at lower temperature (i.e., shorter relaxation time)
and with an Arrhenius time—temperature profile more charac-
teristic of a local relaxation. An analogy was drawn between
the behavior observed in bulk PEO and the response of amor-
phous PEO chains confined between inorganic layers in an
intercalated nanocomposite [20,21]. In a recent publication,
Elmahdy and co-workers report the emergence of an inter-
mediate ‘““fast” process in PEO/silicate nanocomposites; the
intensity of this process, which displays local Arrhenius char-
acter, correlates with the amount of PEO confined within the
intercalated galleries [21]. It is conceivable that a comparable
mechanism is operative in the XLPEGDA and XLPPGDA net-
works, with the constraint imposed by the crosslink junctions
extending along the contour of the PEGDA or PPGDA bridg-
ing groups (see Fig. 1). This constraint could potentially be
responsible for the B, process encountered in the networks,
in the same way that the constraint experienced by the poly-
mer chain segments in the vicinity of the crystal surface leads
to the observed fast process in PEO.

3.4. Analysis of the glass—rubber relaxation

In the glass transition region, the dielectric spectra show
overlap of the § and « relaxation processes as well as the in-
fluence of conduction (re: Fig. 3). HN analysis was performed
across the frequency domain in the vicinity of T, in order to
deconvolute the individual dipolar relaxation processes, and
to remove the influence of conduction. The governing expres-
sion in this region is as follows:

2 N
. ER. — Eu: . ag
8*281—18,’:8U+§ : i i —l( ) (2)
: i=1 [l + (l.(,L)THNi)al]h' EoW

where ¢ is the conductivity and ¢, is the vacuum permittivity.
For an ideal conduction process, N assumes a value of 1 [25].
Dielectric loss data and corresponding HN curve fits for
XLPEGDA in the glass transition region are plotted in
Fig. 9. The data are shown with the conduction contribution
subtracted according to Eq. (2). For all temperatures exam-
ined, the conduction contribution could be satisfactorily
described with a value of N =1; i.e., ¢/, varied consistently
with w~'. The data, and corresponding HN fits, display
a strong overlap of the B and o relaxations in this temperature
range. The relaxation times (Tpax) associated with the indi-
vidual peak maxima were determined from the HN best-fit
parameters according to the following equation [25]:

: wab
s (2+2b

sin(57%;)

1/a
)

(3)

TMAX = THN

For the merged P relaxation (B; + B,), the skewing param-
eter (b) was taken as equal to 1, so that TE,[AX = TE[N. The
frequency maxima for the separated o relaxation process,
fvax = [2mtmMm Ax]fl, were the basis for the data points plotted
in Fig. 8 (XLPEGDA & XLPPGDA). In the case of PEO, the
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Fig. 9. Dielectric loss (¢”) vs. frequency (Hz) for XLPEGDA; temperatures
from —38 °C to —14 °C at 4 °C intervals. Data are corrected for conduction
contribution according to Eq. (2). Solid curves are dual HN fits.

combined influence of MWS polarization and the strong over-
lap of the o and B relaxations made it impossible to reliably
separate the data into their constituent dispersions. As a result,
the values plotted in Fig. 8 for PEO correspond to fyiax for the
merged o + B process, after correction for conduction.
Dielectric loss data for XLPPGDA in the o relaxation
region are shown in Fig. 10. Since the B relaxation process
in this network is very weak as compared to the o process,
the spectra for XLPPGDA could be fit across the range using
a single HN function, with the corresponding curves as shown.
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Fig. 10. Dielectric loss (¢”) vs. frequency (Hz) for XLPPGDA; temperatures
from —34 °C to —6 °C at 4 °C intervals. Solid curves are HN fits.
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The small influence of the B process, evident at high frequen-
cies for the lower-temperature curves shown in Fig. 10, was
removed by eliminating the effected points during the HN fit
procedure. The resulting fyjax values, derived from the HN
fits and Eq. (3), are plotted in Fig. 8.

Examination of the o relaxation results for XLPEGDA and
XLPPGDA in Fig. 8 show the relaxations offset to higher tem-
peratures as compared to the experimental values for PEO and
literature values for PPO [40], respectively; the positive offset
for both networks is most likely the result of constraints
imposed by network connectivity on the cooperative motions
inherent to the o process. The non-Arrhenius time—tempera-
ture characteristics of the o relaxation are almost the same
for both networks and can be described in the vicinity of T,
by the Vogel—Fulcher—Tammann (VFT) equation (see solid
curves in Fig. 8) [47]. The near coincidence of the data points
for XLPEGDA and XLPPGDA in Fig. 8 indicates a similar
apparent activation energy or dynamic fragility associated
with the underlying segmental motions occurring in both net-
works [48,49]. This result may reflect a trade-off between
structural differences in the two networks, and their inherent
free volume. While the motions in XLPEGDA would encom-
pass segments that are fairly smooth and compact [50], the
fractional free volume available for such motions is relatively
low. By contrast, re-orientations encompassing the —CHj
pendant group present in the XLPPGDA repeat unit would
arguably require greater cooperativity, but motions involving

this segment occur in a network with higher FFV. The net
result appears to be time—temperature o relaxation character-
istics that are nearly indistinguishable for these two particular
networks.

A concise format for the comparison of dispersion charac-
teristics (i.e., relaxation intensity, shape) in XLPEGDA and
XLPPGDA is the Cole—Cole plot. Cole—Cole plots of ¢” vs.
¢ at —34°C are shown in Fig. 11. For XLPEGDA, the
o and P relaxations are broken into their constituent curves
according to the HN fits. For the a process, the high frequency,
asymmetric broadening associated with the HN form is ob-
served, with a corresponding value of the skewing parameter,
b =0.54. A similar value was obtained for XLPPGDA, also
at —34 °C. The merged sub-glass process is very prominent
in XLPEGDA, while it appears only as a small shoulder in the
XLPPGDA dispersion. Based on the data available for PPO,
this latter result is perhaps not unexpected, as the sub-glass
relaxation observed in the PPO polymer is quite weak relative
to the glass transition [37,40,41]. However, if the “(3,” portion
of the merged sub-glass process can be attributed to a subset of
segmental motions that become faster and less cooperative as
a result of confinement effects, it is somewhat surprising that
the P process does not appear more prominently in the results
for the XLPPGDA network. This is particularly noteworthy
given that the network includes strongly dipolar ester linkages
located at the crosslink junctions, moieties that could amplify
the measured intensity of any segmental re-orientations
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Fig. 11. Cole—Cole plots of dielectric loss (¢”) vs. dielectric constant (¢") for XLPEGDA and XLPPGDA at —34 °C. Solid curve is HN best fit. HN fit parameters

(a,b) for the o relaxation are as indicated.
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originating in the vicinity of the crosslinks. Apparently, while
the constraint in XLLPPGDA is sufficient to produce a measur-
able “fast” relaxation, the underlying motions associated with
the B, process remain limited or strongly coupled, such that
only a weak dispersion is detected.

In the case of XLPEGDA, review of the curves in Fig. 6
indicates a considerably stronger 3, process compared to either
XLPPGDA or PEO, both in absolute terms and on the basis of
the relative intensities of the 3, vs. 31 peaks. The enhancement
of the B, process in XLPEGDA as compared to PEO may
reflect an additional contribution by the network ester groups
to the relaxation intensity associated with the *“fast” segmental
process, a process that would most likely be sensitive to the
character of the crosslink junctions and the degree of con-
straint that they impose. This added dipolar response could
provide some explanation for the relative strength of the
merged B process as shown in Fig. 11. It is difficult to draw
a definitive conclusion in this regard, however, given the
very different relaxation environment present in the amor-
phous XLPEGDA network, as compared to crystalline PEO.

4. Conclusions

The relaxation characteristics of amorphous crosslinked
networks based on the UV photopolymerization of PEGDA
and PPGDA have been investigated using broadband dielectric
spectroscopy. Dielectric measurements on the XLPEGDA and
XLPPGDA networks reveal the emergence of a “fast”, non-
cooperative segmental relaxation located intermediate to the
sub-glass and glass—rubber processes traditionally reported
for PEO and PPO. This fast process appears to be analogous
to an intermediate relaxation detected previously in crystalline
PEO [19], a result that was confirmed by our independent
experimental studies on PEO films. In the case of PEO, it
was proposed by Jin et al. that the fast process was the result
of segmental constraint in the crystal—amorphous transition
region. Owing to the limited conformational freedom of the
polymer chain segments in this region, a more localized, largely
non-cooperative process emerges, apparently as a subset of the
cooperative segmental motions that constitute the glass transi-
tion. The dielectric relaxation characteristics of XLPEGDA
and XLPPGDA are similar in many respects to those encoun-
tered in PEO, suggesting that a comparable constraint or con-
finement mechanism could be responsible for the detection of
a fast segmental relaxation process in the crosslinked networks.
The appearance of this additional process may be a general
phenomenon in systems with a sufficient level of chemical or
physical constraint, as it is observed in the amorphous
XLPEGDA and XLPPGDA crosslinked networks, crystalline
PEO, and in dielectric studies on PEO nanocomposites.
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