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Abstract

The dynamic relaxation characteristics of short-branch rubbery amorphous networks prepared by the photopolymerization of poly(ethylene
glycol) diacrylate [PEGDA] crosslinker have been investigated using dynamic mechanical analysis and broadband dielectric spectroscopy.
Copolymerization with low molecular weight acrylates was used to control effective crosslink density in the networks and led to the insertion
of ethylene oxide pendant groups along the network backbone. Substantial differences in the sub-glass and glass—rubber relaxation properties of
the copolymers were observed as a function of pendant length and the nature of the pendant terminal group (e.g., —OH vs. —OCH3); the results
are compared with prior studies on model copolymers containing longer, more flexible side branches.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: Poly(ethylene oxide); Dynamic mechanical analysis; Dielectric spectroscopy

1. Introduction

The structure—property relationships that govern cross-
linked polymer networks are a subject of intense interest from
both a fundamental and a practical standpoint. Subtle changes
in reaction conditions and composition can lead to substantial
differences in network architecture and topology, resulting in
significant variations in the thermomechanical performance
properties of the material. In a recent series of papers, we
have examined the molecular relaxation characteristics of
a family of model rubbery poly(ethylene oxide) [PEO] net-
works based on the ultraviolet (UV) photopolymerization of
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poly(ethylene glycol) diacrylate [PEGDA] crosslinker [1—4].
These networks were intentionally formulated to enhance CO,
solubility and diffusivity and show considerable promise for
use as highly permeable CO,-selective membranes appropriate
for CO,/H, and CO,/CH, separations [5—9]. In the model net-
works, effective crosslink density was controlled stoichiometri-
cally by copolymerization of the PEGDA crosslinker with
mono-functional acrylates of similar chemical composition;
e.g., poly(ethylene glycol) methyl ether acrylate [PEGMEA]
and poly(ethylene glycol) acrylate [PEGA]. The inclusion of
mono-functional acrylate in the pre-polymerization mixture
leads to the insertion of non-reactive, fixed-length pendant
groups along the network backbone and a concomitant reduc-
tion in crosslink density (see schematics in Refs. [1,4]). For
the model copolymers, the molecular weights of both the dia-
crylate crosslinker and the acrylate co-monomer were intention-
ally selected to achieve a constant chemical composition across
each copolymer series, with the total ethylene oxide [EO] level
maintained at approximately 82 wt%. This approach afforded
the opportunity to investigate the influence of crosslink density
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and branch content on the thermomechanical [1—4] and gas
transport properties [6,7] of the networks essentially indepen-
dent of changes in overall chemical constitution. Within this
context, it was observed that relatively minor changes in
network details, such as variations in the branch end group,
had a strong impact on both the static and the dynamic proper-
ties of the polymers, as well as on their gas separation
performance.

The influence of crosslink density on the glass—rubber and
sub-glass relaxation characteristics of polymer networks has
been reported for a wide range of material systems [10—29].
Dynamic thermal analysis techniques such as dynamic me-
chanical analysis (DMA) and broadband dielectric spectros-
copy (BDS) have proven to be especially useful in providing
detailed information regarding the intensity and time—temper-
ature character of molecular relaxations in thermally stable
polymer networks as a function of network architecture. A
broad review of the various studies in the literature reveals
that the glass—rubber relaxation characteristics of crosslinked
polymer networks are highly sensitive to crosslink density and
the nature and distribution of the crosslink junctions. The in-
troduction of chemical crosslinks reduces molecular mobility
and limits the segmental conformations that are accessible in
the vicinity of the crosslink junctions. The resulting physical
constraint is often manifested by an increase in the glass tran-
sition temperature (T,) with increasing crosslink density, the
effect being most pronounced at high crosslink densities where
the average distance between crosslinks approaches the char-
acteristic length scale required for cooperative segmental mo-
tion. In many network systems, including the model PEO
networks described above, high degrees of crosslinking lead
to an increase in the breadth of the glass—rubber relaxation
owing to the increasingly heterogeneous motional environ-
ment experienced by the responding chain segments. Such het-
erogeneity may reflect both the proximity of a particular
segment to an individual crosslink point and the potentially
non-uniform distribution of crosslinks across the network. Fur-
ther, increasing crosslink density often produces an enhance-
ment in the fragility of the network [30]. Higher fragility
values have been correlated with increased non-exponentiality
of the glass—rubber response, behavior that is consistent
with a greater degree of intermolecular cooperativity at higher
extents of crosslinking [31].

Our previous studies on the PEGDA-based model copoly-
mers established the viability of amorphous, rubbery cross-
linked PEO networks as CO,-selective gas separation
membranes. The model copolymers, formulated so as to main-
tain a constant chemical composition, were based on the com-
bination of PEGDA crosslink bridges comprising 14 ethylene
oxide units and relatively long, flexible pendant branches
(PEGMEA or PEGA) containing 7—8 ethylene oxide units.
The distinguishing feature of the PEGMEA and PEGA co-
monomers was the branch end group (—OCH; vs. —OH),
which led to important differences in the relaxation character-
istics and gas transport properties of the networks. The inclu-
sion of the methyl-terminated PEGMEA branches, for
example, led to a systematic increase in fractional free volume

(FFV) in the networks as compared to 100% -crosslinked
PEGDA, and a 5-fold increase in CO, permeability [1]. In
an effort to further optimize the transport properties of this
class of materials, new series of copolymers have been pre-
pared using the PEGDA (n = 14) crosslinker in combination
with “short-branch” co-monomers: ethylene glycol methyl
ether acrylate [EGMEA], 2-hydroxyethyl acrylate [2-HEA],
and diethylene glycol ethyl ether acrylate [DGEEA]. The
chemical structures of the crosslinker and co-monomers are
shown in Fig. 1. Specifically, we examine the influence of
the short-branch acrylate co-monomers on the molecular
relaxation characteristics of the networks as measured by
dynamic mechanical analysis and broadband dielectric spec-
troscopy, with an ultimate goal of correlating the measured
static and dynamic properties of these networks with their
gas separation performance. The complementary nature of
the dynamic mechanical and dielectric techniques allows for
a full characterization of both the glass—rubber and the sub-
glass relaxation processes operative in these networks and
provides detailed insight as to how variations in network archi-
tecture affect the motional constraints that govern the relaxa-
tion properties of the materials. Such information is valuable
both from a fundamental perspective and as applied to the
design of membrane networks strategically formulated for
specific gas separations.

2. Experimental
2.1. Materials

Poly(ethylene glycol) diacrylate [PEGDA; nominal
MW = 700 g/mol] was obtained from Aldrich Chemical Com-
pany, Milwaukee, WI. The molecular weight and correspond-
ing polydispersity of PEGDA were characterized using proton
nuclear magnetic resonance (lH NMR) and fast atom bom-
bardment mass spectrometry (FAB-MS). These characteriza-
tions, which are detailed in previous publications, indicate
a number-average molecular weight of 743 g/mol (NMR) for
the crosslinker, consistent with a monomeric repeat value of
n~ 14 [1,6]. The acrylate co-monomers, ethylene glycol
methyl ether acrylate [EGMEA; MW = 130 g/mol], 2-hydroxy
ethyl acrylate [2-HEA; MW =116 g/mol], and diethylene
glycol ethyl ether acrylate [DGEEA; MW = 188 g/mol] were
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Fig. 1. Chemical structures of poly(ethylene glycol) diacrylate [PEGDA]
crosslinker; ethylene glycol methyl ether acrylate [EGMEA], 2-hydroxyethyl
acrylate [2-HEA], and diethylene glycol ethyl ether acrylate [DGEEA]
co-monomers.
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also obtained from Aldrich, as was 1-hydroxyl-cyclohexyl
phenyl ketone [HCPK] photoinitiator. All reagents were used
as received.

2.2. Copolymer film preparation

Copolymer films for dynamic mechanical and dielectric
testing were prepared via UV photopolymerization; the film
preparation method was the same as reported previously for
the PEGDA/PEGMEA and PEGDA/PEGA copolymers [1].
Liquid pre-polymerization blends were formulated with the
desired proportions of PEGDA crosslinker and acrylate co-
monomer, as well as 0.1 wt% HCPK photoinitiator. The
mixture was sandwiched between parallel quartz plates with
controlled spacing and exposed to 312 nm UV light for 90 s
at 3 mW/cm?. Film thickness of the resulting crosslinked net-
works was ~ 1.0 mm for the dynamic mechanical specimens
and ~0.35 mm for the dielectric samples; the precise thick-
ness of each film was determined using a digital micrometer
with precision to +1 um. Attenuated total reflection Fourier
transform infrared spectroscopy (FTIR-ATR) was used to as-
sess the degree of conversion of acrylate groups in the final
films [6]. Across all three copolymer series, the incipient net-
works remained rubbery throughout the photopolymerization
process (I'y <0 °C), with essentially 100% conversion of the
acrylate species observed.

2.3. Differential scanning calorimetry

Calorimetric glass transition temperatures were determined
using a TA Instruments Q1000 differential scanning calorime-
ter (DSC) (New Castle, DE); the instrument was calibrated
using an indium standard. Samples were initially quenched
to —90 °C at a cooling rate of —5 °C/min, held for 5 min,
and then scanned at a heating rate of 10 °C/min under a dry
N, purge flow of 50 ml/min. The glass transition temperature
was identified as the mid-point of the observed step change in
heat capacity for each thermogram.

2.4. Dynamic mechanical analysis

Dynamic mechanical analysis was conducted using a Poly-
mer Laboratories DMTA operating in single cantilever bend-
ing geometry. The specimen films had a thickness of 1.0 mm
and were dried under vacuum at room temperature for at least
24 h prior to measurement; sample mounting procedures were
designed to minimize exposure to ambient moisture. Storage
modulus (E’) and loss tangent (tan 6) were recorded at a heat-
ing rate of 1 °C/min with test frequencies of 0.1 Hz, 1 Hz, and
10 Hz. All measurements were carried out under an inert (N,)
atmosphere.

2.5. Dielectric relaxation spectroscopy
Dielectric spectroscopy was performed using the Novocon-

trol “Concept 40” broadband dielectric spectrometer (Hund-
sangen, Germany). Dielectric constant (¢') and loss (¢”) were

recorded in the frequency domain (0.1 Hz to 1 MHz) at 4 °C
isothermal intervals from —150 °C to 100 °C. In order to pro-
mote electrical contact during measurement, concentric silver
electrodes were vacuum-evaporated on each polymer sample
using a VEECO thermal evaporation system. Samples were
subsequently mounted between gold platens and positioned
in the Novocontrol Quatro Cryosystem. Each sample was
dried under vacuum at room temperature prior to measure-
ment; samples thickness was ~0.35 mm in all cases.

3. Results and discussion
3.1. Dynamic mechanical analysis

Dynamic mechanical results for crosslinked 100% PEGDA
(XLPEGDA) and the PEGDA/EGMEA and PEGDA/2-HEA
short-branch copolymer networks are plotted in Fig. 2 as
storage modulus (E”) vs. temperature at 1 Hz. The data show
a step-wise drop in modulus that corresponds to the glass—rub-
ber relaxation in these networks and which is accompanied by
a peak in tan ¢ (not shown). The rubbery plateau modulus (ER)
displays a progressive decrease with increasing co-monomer
content across each copolymer series, reflecting a reduction
in effective crosslink density as governed by the stoichiometry
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Fig. 2. Storage modulus (E'; Pa) vs. temperature (°C) at 1 Hz for PEGDA
copolymer networks. (a) PEGDA/EGMEA; (b) PEGDA/2-HEA. All composi-
tions are indicated on a wt% basis.
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of the initial pre-polymerization reaction mixture. The dy-
namic mechanical transition temperature, T, defined as the
tan 0 peak temperature at a frequency of 1 Hz, is reported
for each copolymer composition in Table 1.

Examination of the transition temperatures reported in
Table 1 indicates that the inclusion of acrylate co-monomer
influences the glass transition temperature of the copolymer net-
works to varying extents depending on the length of the pendants
inserted along the network backbone and the nature of their end
group. For the shortest pendants (i.e., EGMEA and 2-HEA),
which encompass only one ethylene oxide unit, the presence
of the non-reactive side groups along the (—CH,CH,—) network
backbone leads to an increase in glass transition temperature
with increasing co-monomer content. Across the PEGDA/EG-
MEA series, T, increases from —35 °C to —30 °C upon the in-
clusion of 60 wt% EGMEA co-monomer; this corresponds to
a final molar composition of ~10% PEGDA and 90% EGMEA.
The effect is more pronounced in the PEGDA/2-HEA series,
where inclusion of the —OH terminated 2-HEA co-monomer
produces an increase in T, from —35 °C to —10 °C over the
same composition range. For the PEGDA/DGEEA networks,
however, which encompass longer pendants terminated by the
—OCH,CHj; moiety, a small decrease in T, is observed over
the range of compositions tested. DSC scans completed on all
three copolymer series reveal similar trends in T, (see Table
1). The negative offset in T, (DSC) vs. T,, (DMA) observed
for most compositions reflects the longer experimental time-
scale associated with the calorimetric measurements; the calori-
metric T, value is typically correlated with a relaxation time of
100 s [30,31]. Representative DSC thermograms for the
PEGDA/DGEEA series showing a progressive decrease in T,
with co-monomer content are presented in Fig. 3.

The results reported in Table 1 can be more readily under-
stood when placed within the context of our previous model

Table 1
Characteristics of crosslinked PEGDA copolymer networks

7S¢ T, (1 Hz) Brww FFV
XLPEGDA —40 =35 0.30 0.118
PEGDA/EGMEA
80/20 -36 -33 0.30 0.114
60/40 -35 -33 0.30 0.121
50/50 -35 =31 0.27 0.121
40/60 —34 =30 0.28 0.120
PEGDA/2-HEA
80/20 -29 -27 0.28 0.103
60/40 -19 -20 0.25 0.098
50/50 —-15 —15 0.23 0.094
40/60 —-10 —-10 0.20 0.092
PEGDA/DGEEA
80/20 —41 -36 0.29 0.114
60/40 —44 —38 0.33 0.125
50/50 —46 -38 0.32 0.128

T, (°C) corresponds to the calorimetric glass transition temperature; T, (°C) is
the dynamic mechanical peak temperature at 1 Hz; Gxww is the Kohlrausch—
Williams—Watts distribution parameter; FFV is the estimated fractional
free volume based on bulk density measurements at 25 °C, see Ref. [7]. All
copolymer compositions are reported on a wt% basis.
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Fig. 3. Differential scanning calorimetric (DSC) thermograms for PEGDA/
DGEEA copolymer networks; heating rate of 10 °C/min. The thermograms
have been displaced vertically for clarity.

copolymer studies on PEGDA/PEGMEA and PEGDA/PEGA
(see Refs. [1,7]). For the model networks, the introduction
of PEGMEA or PEGA co-monomer resulted in the insertion
of relatively long, flexible branches comprising 7—8 ethylene
oxide repeat units along the network backbone. The presence
of these long pendant chains, along with the accompanying
reduction in effective crosslink density, led to a systematic
decrease in measured glass transition temperature with in-
creasing branch content. For the PEGDA/PEGMEA series,
the —OCHj; terminated pendants produced a decrease in
calorimetric T, of 27°C as compared to XLPEGDA
(Ty=—40°C) over the full range of compositions studied,
while the —OH terminated PEGA branches in the PEGDA/
PEGA copolymers generated only a 5°C depression in T,
[7]. The marked difference in the extent of T, reduction across
the two copolymer series was attributed to the possible forma-
tion of hydrogen bonds within the PEGDA/PEGA networks
involving the —OH terminal group present on the PEGA
branches. Such interactions have the potential to reduce local
free volume and decrease segmental mobility within the net-
work, leading to higher T, values [32].

In the short-branch networks based on PEGDA/EGMEA
and PEGDA/2-HEA, the introduction of backbone pendants
containing only a single ethylene oxide segment appears to
have a stiffening effect on the resulting copolymers, leading
to a positive offset in the measured glass transition tempera-
ture despite a decrease in effective crosslink density. The
stiffening effect is much stronger for the PEGDA/2-HEA se-
ries, where an increase in T, of 25 °C is observed for samples
containing 90 mol% 2-HEA. The origin of this behavior is
again most likely the formation of hydrogen bonds involving
the hydroxyl group present on the 2-HEA pendant. The
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introduction of longer, non-interactive co-monomer chains
(e.g., DGEEA) along the network backbone leads to a reversal
of the observed trend and a small decrease in T, that is con-
sistent both with the accompanying decrease in effective
crosslink density and the classical depression in T, observed
for substituted vinyl polymers with increasingly longer flexi-
ble pendants [33].

Clearly, an important factor in determining the thermome-
chanical behavior of the PEGDA copolymer networks is the
nature of the pendant terminal group. For networks containing
—OH terminated pendants (i.e., PEGDA/2-HEA, PEGDA/
PEGA), hydrogen bonding appears to impose a significant
constraint on the mobility of the polymer chain segments,
leading to a substantial positive offset in 7, in the case of
the PEGDA/2-HEA copolymers and otherwise diminishing
the impact of the flexible branches across the PEGDA/
PEGA series. The influence of the —OH terminated pendants
is also evident in the static properties of these networks, spe-
cifically fractional free volume. Fractional free volume in the
copolymer networks was estimated based on bulk density
measurements conducted at 25 °C using a conventional den-
sity determination kit with n-hexane as the auxiliary liquid;
see Ref. [7] for details. FFV values for the short-branch co-
polymer networks are reported in Table 1. For the PEGDA/
2-HEA copolymer series, a decrease of ~20% in FFV is
observed with increasing 2-HEA content that is consistent
with a contraction of the polymer matrix owing to an increas-
ing number of hydrogen bonds across the network. By con-
trast, for the PEGDA/DGEEA series, an overall increase in
FFV of nearly 10% is realized with the introduction of slightly
longer, non-interactive branches into the network. In the inter-
mediate case (PEGDA/EGMEA), FFV remains approximately
constant across the compositions studied. As noted above,
FFV also increased in the PEGDA/PEGMEA model copoly-
mers with increasing branch content, and this attribute proved
decisive in the enhancement of CO, permeability that was
observed for the PEGDA/PEGMEA series of membranes.

3.2. Time—temperature superposition

In addition to variations in the glass transition temperature,
the copolymerization of PEGDA with mono-functional acry-
lates and the corresponding reduction in crosslink density
can lead to changes in the breadth of the glass—rubber relax-
ation. The time—temperature superposition method has been
used to construct master curves of storage (E') and loss (E”)
moduli at constant temperature as a basis to evaluate the
breadth of the glass transition [34]. Representative results for
the 60/40 (wt%) PEGDA/EGMEA copolymer are shown in
Fig. 4, with E' and E” plotted vs. war. Here, w is the applied
test frequency (w = 27tf, with f expressed in Hz) and ar is the
dimensionless shift factor. The reference temperature
(Tref = —40 °C) was chosen based on the calorimetric glass
transition temperature for XLPEGDA.

The glass—rubber relaxation data presented in Fig. 4 could
be satisfactorily described using the Kohlrausch—Williams—
Watts (KWW) stretched exponential relaxation time distribution
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Fig. 4. Time—temperature master curves for 60/40 PEGDA/EGMEA network.
(a) Storage modulus (Pa) vs. war; (b) Loss modulus (GPa) vs. war.
Tt = —40 °C; solid curve is KWW best fit. Various symbols correspond to
discrete experimental temperatures across the range —60 °C to —10 °C.

function, with the breadth of the relaxation reflected in the
KWW distribution parameter, Sxww- Bxww can range from
0 to 1: values approaching unity correspond to a narrow, single
relaxation time (i.e., debye) response, while lower values reflect
greater relaxation breadth owing to greater intermolecular cou-
pling and increased motional heterogeneity. The solid curves
shown in Fig. 4 represent best fits to the KWW series approxi-
mations reported by Williams et al. [35].

Dynamic mechanical master curves and corresponding
KWW curve fits for the PEGDA/EGMEA, PEGDA/2-HEA
and PEGDA/DGEEA copolymer series are shown in Fig. 5.
The relative positions of the curves along the horizontal
(wat) axis are consistent with the observed trends in T,
with higher transition temperatures corresponding to a shift
to the left (PEGDA/EGMEA; PEGDA/2-HEA), and lower
transition temperatures corresponding to a shift to the right
(PEGDA/DGEEA). The Bxww value for each sample is re-
ported in Table 1. Previous studies on the PEGDA/PEGMEA
and PEGDA/PEGA flexible-branch networks indicated a grad-
ual increase in Sgww With increasing co-monomer content [1].
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This trend reflects a progressive narrowing of the glass—rubber
relaxation with the introduction of flexible ethylene oxide
branches and the accompanying reduction in effective cross-
link density, and correlates with an overall decrease in the fra-
gility of the crosslinked networks [31]. Relaxation narrowing
is also evident to a small extent in the PEGDA/DGEEA copol-
ymers, for which a slight increase in (Bxww is observed at
lower crosslinker concentrations. However, in the case of the
PEGDA/EGMEA and PEGDA/2-HEA series, the insertion of
short (n = 1) ethylene oxide pendants along the network back-
bone leads to a broadening of the glass transition that is con-
sistent with a greater degree of intermolecular cooperation
within the segmental motions that constitute the glass transi-
tion. This effect is particularly strong for the PEGDA/2-
HEA copolymers, where Sxww drops from 0.30 (XLPEGDA)
to 0.20 (40/60 wt% PEGDA/2-HEA). The introduction of the
2-HEA co-monomer leads to segmental dynamics that are
more constrained and limited to a motional environment
comprising lower free volume, despite the overall decrease
in effective crosslink density that is achieved. The result is
longer relaxation times and greater relaxation heterogeneity.

3.3. Dielectric relaxation spectroscopy

Dielectric relaxation spectroscopy serves as a valuable
complement to dynamic mechanical analysis. Dielectric mea-
surement techniques offer a number of advantages over DMA
including a wide range of potential test frequencies and the
ability to probe local dipolar motions that typically have
only a weak influence on the bulk mechanical properties of
the material. In this work, broadband dielectric spectroscopy
(BDS) has been used to examine both the sub-glass and the
glass—rubber relaxations that occur in the crosslinked PEO
networks in an effort to elucidate the molecular origins asso-
ciated with each relaxation and their relationship to network
structure.

3.3.1. Sub-glass relaxations

A detailed study of the dielectric relaxation characteristics
of crosslinked PEGDA has been reported in a prior publication
[3]. XLPEGDA displays three distinct dielectric relaxation
processes with increasing temperature: two sub-glass pro-
cesses (designated as B; and f3,, respectively) and the glass—
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rubber relaxation (designated as the o process). The dielectric
relaxations detected in XLPEGDA exhibit very similar charac-
teristics to those observed for crystalline PEO [3,36], and have
been assigned to a highly localized process involving limited
ethylene oxide motions (f;), a ‘“fast” segmental process
with non-cooperative character that originates in the vicinity
of the crosslink junctions in XLPEGDA and near the crys-
tal—amorphous interface in PEO (B,), and the glass—rubber
() relaxation. BDS measurements conducted on the
PEGDA/PEGMEA and PEGDA/PEGA model copolymers
were useful in establishing the origin of these relaxations in
that the influence of network structure and crosslink density
on dielectric response could be assessed independent of
changes in the overall chemical composition [4]. In the
PEGDA/PEGMEA copolymers, for example, the B, sub-glass
process was surprisingly sensitive to overall crosslink density,
showing a systematic drop in relaxation intensity at lower de-
grees of crosslinking. It was proposed that the B, relaxation
was the result of a subset of segmental motions that emerge
due to the constraints imposed by the crosslink junctions, con-
straints that confine segmental motion and limit the sizescale
and cooperativity of the dipolar response. Owing to the con-
fined character and limited scale of these motions, the relaxa-
tion appears at a lower temperature (i.e., shorter time) as
compared to the glass—rubber process, and its overall intensity
depends on the degree of constraint inherent to the network.
As crosslink density decreases with copolymerization, the
strength of the B, process diminishes. An analogy was drawn
between the B, process of the networks and comparable relax-
ations observed not only in crystalline PEO but also within the
confined layers of intercalated nanocomposites [37].

Fig. 6 presents dielectric loss measurements (¢’ vs. fre-
quency) for the PEGDA/EGMEA and PEGDA/2-HEA short-
branch copolymer networks recorded in the mid-range of the
sub-glass relaxation region (—78 °C). For all compositions,
the data show two overlapping relaxations, with the lower-tem-
perature ; relaxation positioned on the high frequency side of
the spectrum and the higher-temperature 3, relaxation located
at lower frequencies. The characteristics of the individual re-
laxations were determined in the frequency domain by fitting
the data to a dual Havriliak—Negami (HN) expression [38,39]:

2
. ER;, — €U
e=¢ —i" = ey, + E —_— (1)
=1+ (iwry, )]

where eg and ey represent the relaxed (w — 0) and unrelaxed
(w — ) values of the dielectric constant for each individual
relaxation, w = 27tfis the frequency, Ty is the relaxation time
for each process, and a and b represent the broadening and
skewing parameters, respectively. All HN fits presented here
were obtained using the WinFIT software package provided
with the Novocontrol spectrometer. In the case of the sub-glass
relaxations (B; and f,), it was possible to obtain satisfactory
fits to the dielectric dispersions with the skewing parameter
(b) set equal to 1; this corresponds to the Cole—Cole form
of Eq. (1) [40]. Best fits to the dual model at —78 °C are
shown as the solid curves in Fig. 6.

Inspection of the dielectric loss curves for the PEGDA/
EGMEA and PEGDA/2-HEA copolymers reveals minimal var-
iation in the peak positions (fyax) of the individual sub-glass
relaxations relative to 100% crosslinked PEGDA, suggesting
that the underlying molecular origins associated with these
relaxations are unchanged upon the introduction of acrylate
co-monomer. There is a marked contrast, however, in the re-
laxation intensity trends evident across the two copolymer
data sets: for PEGDA/EGMEA, the intensities of the ; and
B, sub-glass relaxations are almost independent of composi-
tion, while across the PEGDA/2-HEA series, there is a strong
increase in relaxation intensity with increasing 2-HEA co-
monomer content driven primarily by an increase in the
strength of the B, process. As noted above, dielectric studies
on the model copolymers have demonstrated a sensitivity of
the B, relaxation to the degree of constraint inherent in the
network, with decreasing crosslink density correlating with
a reduction in B, relaxation strength. A similar effect is en-
countered in the results for the PEGDA/EGMEA copolymers,
where the addition of EGMEA co-monomer leads to a small
decrease in 3, relaxation intensity, both in absolute terms
and relative to the B; relaxation peak (see Fig. 6). In the
PEGDA/2-HEA copolymers, however, the additional dipolar
response associated with the —OH terminal group on 2-HEA
is responsible for a dramatic increase in 3, relaxation intensity.
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Fig. 6. Dielectric loss (¢”) vs. frequency for PEGDA/EGMEA and PEGDA/

2-HEA copolymer networks at —78 °C. Solid curves are dual HN fits. Vertical
axis break is provided for clarity.
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This latter result underscores the sensitivity of the B, relaxa-
tion to the nature of the backbone pendants and the close cor-
relation of the B, process to local pendant group motion in the
short-branch networks. When longer hydroxyl-terminated
branches are inserted within the network (e.g., PEGDA/
PEGA containing 7 EO linkages; see Ref. [4]), the relative di-
lution of the —OH dipole, as well as the uncoupling imparted
by the flexible PEGA chain, reduces this effect considerably.

A distinctive feature of the B, process in the amorphous
PEO networks is the variation of relaxation breadth as a func-
tion of temperature. For symmetric dispersions described by
the Cole—Cole form of Eq. (1), breadth is quantified by the
exponent “a’’. Values of the broadening parameter range from
0 to 1, with @ =1 corresponding to the ideal debye case and
lower values of a reflecting broader relaxations. Results
from the HN dual curve fits for PEGDA/2-HEA are shown
in Fig. 7. Across the sub-glass transition region, the ; relax-
ation is observed to narrow with increasing temperature,
reflecting a tighter distribution of relaxation times with
increasing thermal energy; this result is consistent with the
behavior observed for sub-glass and glass—rubber transitions
in many flexible polymers [41]. The B, relaxation, however,
broadens with increasing temperature, an outcome that reflects
the confined character of the 3, motions and their sensitivity to
crosslink constraint. Runt and co-workers encountered the
same trend for the intermediate sub-glass dispersion detected
in crystalline PEO (designated +y’). They attributed the broad-
ening to increasing ‘‘environmental asymmetry” between the
crystal phase, which remains immobile, and the interlamellar
amorphous phase, which becomes progressively more mobile
with increasing temperature [36]. The enhanced asymmetry
across the crystal—amorphous interface is consequently man-
ifested by an increase in relaxation breadth at higher temper-
atures. A similar mechanism has been proposed for the f3,
relaxation in XLPEGDA [3], with the chemical crosslinks
creating an apparent discontinuity in local mobility. For the
PEGDA/2-HEA networks, the data in Fig. 7 show that the
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Fig. 7. Havriliak—Negami [HN] broadening parameter (a; £ 0.01) vs. tempera-
ture for PEGDA/2-HEA copolymer networks; see Eq. (1). By [shaded symbols]
and B, [unfilled symbols] sub-glass transitions. Solid curves are provided as
a guide for the eye.
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Fig. 8. Arrhenius plot of fyuax (Hz) vs. 1000/T (K) for PEGDA/EGMEA and
PEGDA/2-HEA copolymer networks; B; and B, sub-glass transitions. Solid
lines are best fits to the Arrhenius expression.

broadening effect persists even at substantially lower degrees
of crosslinking. This same trend was observed for the model
copolymers, as reported previously [4].

The time—temperature relationships for the sub-glass relax-
ations in the short-branch copolymer networks are presented as
Arrhenius plots of log(fuax) vs. 1000/T (K) in Fig. 8. At each
temperature, the peak maxima for the B; and B, relaxations
were established from the dual HN curve fits with the skewing
parameter, b, equal to 1 in all cases. The data obey a linear
Arrhenius relationship for the various copolymers which is in-
dicative of a localized, non-cooperative process for both sub-
glass relaxations. Comparison with the results for XLPEGDA
indicates very little difference in the apparent activation energy
associated with each relaxation: EA(B;) ~ 41 kJ/mol and
EA(B2) ~ 65 kJ/mol [3]. The relaxation peak positions associ-
ated with the B; and B, processes are nearly independent of
composition in the PEGDA/2-HEA copolymers. For the
PEGDA/EGMEA series, the sub-glass relaxation peaks shift
to higher frequencies (or lower temperatures) with increasing
co-monomer content, a trend that is apparent within the source
data presented in Fig. 6.

3.3.2. Glass—rubber relaxation

Dielectric loss data measured in the glass—rubber relaxa-
tion region for the PEGDA/EGMEA, PEGDA/2-HEA and
PEGDA/DGEEA copolymers are presented in Fig. 9. For the
PEGDA/EGMEA and PEGDA/DGEEA series, the variation
in T, with copolymer composition is relatively small and the
glass—rubber (o) and merged sub-glass (f) relaxation behav-
iors are well-represented by data sets collected at —30 °C
(see Fig. 9a and c). Across the PEGDA/2-HEA series, T, shifts
much more strongly with composition, and the relaxation
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trends are most effectively captured by a single plot at —18 °C
(see Fig. 9b). The data presented in Fig. 9 have been analyzed
using an expanded form of the HN equation in order to remove
the influence of conduction:

2
. ER; — €U . a
&= —i" = ey, + E — L 5 — 1 (—) (2)
i1 o

[1+ (iomay)“T"

where ¢ is the conductivity and ¢, is the vacuum permittivity.
The peak times (Tyax) associated with the individual relaxa-
tions were determined by the application of the dual HN

model. For the merged B relaxation (B; + B,), the skewing
parameter (b) was always taken equal to 1, such that
Tmax = Tun- Across the glass—rubber (o) relaxation, high-
frequency skewing was observed, and the skewing parameter
assumed values, b < 1. In this latter case, Tyjax was deter-
mined directly from 7y and the values of the HN parameters,
as described in Ref. [4].

Fig. 9 illustrates the combined influence of composition
and effective crosslink density on copolymer dielectric relax-
ation response in the vicinity of the glass transition. Examina-
tion of the PEGDA/EGMEA results (Fig. 9a) reveals the
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following features: (i) a modest shift in o relaxation peak po-
sition to lower frequencies upon the introduction of EGMEA
co-monomer; (ii) a strong increase in o intensity with increas-
ing co-monomer content; and (iii) a progressive decrease in
f relaxation intensity with increasing EGMEA. The observed
shift in o relaxation peak position to lower frequencies is
equivalent to an upward shift in T, for this series, and is con-
sistent with the DSC and DMA results presented in Table 1.
The increase in relaxation intensity associated with the a
process could reflect not only loosening constraints across the
network with decreasing crosslink density but also the change
in chemical composition that occurs in the networks with
increasing EGMEA content. As noted, the PEGDA/EGMEA
and PEGDA/2-HEA series encompass molar compositions
that range from 100% PEGDA crosslinker to ~10% cross-
linker. The introduction of increasingly higher amounts of acry-
late co-monomer leads to an increase in the relative proportion
of —COO— ester dipoles within the network (dipole moment (1)
of approximately 1.8 D [42]), as compared to —CH,CH,O—
ethylene oxide dipoles (u=1.07 D [43,44]). The increase in
—COO— content, from roughly 12 mol% in XLPEGDA to
32 mol% in 40/60 PEGDA/EGMEA, appears to be the primary
driving force behind the measured enhancement in o relaxation
intensity.

The trends observed for the o relaxation in PEGDA/2-HEA
are similar to those encountered with PEGDA/EGMEA. In the
case of PEGDA/2-HEA (Fig. 9b), a greater shift in o peak po-
sition is evident reflecting the stronger positive offset in relax-
ation time (and corresponding T,) that occurs with increasing
2-HEA branch content. The intensity of the o process scales
with co-monomer content, as does the merged [ process.
Our analysis of the sub-glass relaxations at lower temperatures
(=78 °C; see Fig. 6) indicates that changes in the intensity of
the B process are due to the presence of terminal hydroxyls on
the 2-HEA pendant groups, while the combined glass transi-
tion results for PEGDA/EGMEA and PEGDA/2-HEA suggest
that the observed increase in the intensity of the o dispersion is
due to an overall increase in —COO— ester dipoles within the
network. This description also applies to the data for the
PEGDA/DGEEA copolymers (re: Fig. 9c), which similarly
show a progressive increase in dielectric o relaxation intensity
with increasing co-monomer content. In addition, the PEGDA/
DGEEA curves display a shift in the o relaxation peak to
higher frequencies with increasing branch content that follows
the decrease in glass—rubber relaxation temperature observed
across this series.

The dielectric loss data recorded in the vicinity of the glass
transition were analyzed according to Eq. (2) in order to
subtract the conduction contribution and to determine the
corresponding relaxation times (Tyax) and intensities
(Ae = eg — ey) associated with the individual relaxation pro-
cesses. The time—temperature data for the o relaxation are
plotted for each copolymer series according to Arrhenius
form in Fig. 10, with fyax = [2t7max] '. In general, the
data display characteristics similar to those observed for
XLPEGDA, and that are consistent with a process encompass-
ing cooperative segmental reorientations. The results for the
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Fig. 10. Arrhenius plots of fyiax (Hz) vs. 1000/T (K) for PEGDA/EGMEA,
PEGDA/2-HEA and PEGDA/DGEEA copolymer networks; glass—rubber
() relaxation. Solid curves are VFT fits.

PEGDA/EGMEA and PEGDA/2-HEA series can be described
by the Vogel—Fulcher—Tammann (VFT) relation (see solid
curves in Fig. 10), while the data for PEGDA/DGEEA display
a more linear, Arrhenius character [45]. The relative positions
of the curves along the reciprocal temperature axis match the
trends in T, indicated in Table 1.

The time—temperature characteristics of the glass—rubber
(o) relaxation in the copolymers can be compared on a normal-
ized basis by the construction of cooperativity or fragility plots,
in which dimensionless relaxation time (7/7,) is plotted vs.
reciprocal temperature (7,,/T) [10,30]. In this case, T, corre-
sponds to the experimental temperature at which the relaxation
time for the dielectric glass transition process, 7,, = 1 s. A com-
bined cooperativity plot for the PEGDA/2-HEA and PEGDA/
DGEEA copolymer series is presented in Fig. 11. Previous
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VFT fits.

studies on the model copolymers [1], as well as on short-branch
copolymer networks based on poly(propylene glycol) diacry-
late crosslinker [4,46], has shown a reduced degree of time—
temperature sensitivity and lower fragility at lower effective
crosslink density. This same trend is evident in the PEGDA/
DGEEA results plotted in Figs. 10 and 11, where the slope
of the copolymer data is less than that observed for fully cross-
linked XLPEGDA. Across the PEGDA/2-HEA copolymers,
however, the opposite trend is evident, with network fragility
increasing with increasing co-monomer content, indicating
a higher apparent activation energy associated with the seg-
mental motions inherent to the glass transition. The heightened
fragility of the PEGDA/2-HEA copolymers presumably reflects
a more constrained relaxation environment within the network,
as manifested by the observed decrease in fractional free
volume with increasing branch content. Bohmer et al. have
reported a broad correlation between the fragility of a wide
array of glass formers and the width of the glass—rubber relax-
ation, as expressed by the KWW distribution parameter [31].
Although the PEGDA/2-HEA and PEGDA/DGEEA networks
display very different relaxation properties, their fragility char-
acteristics are consistent with the Bohmer correlation. In the
case of PEGDA/2-HEA, increasing branch content leads to
greater network fragility and an increase in relaxation breadth
(see Bxww values from the dynamic mechanical studies in Ta-
ble 1). For PEGDA/DGEEA, an overall decrease in fragility is
observed with the insertion of the co-monomer branch groups,
and this correlates with a small degree of relaxation narrowing.

A feature common to all three dielectric data sets reported
in Fig. 9 is the progressive enhancement in glass—rubber (o)
relaxation intensity that is evident with increasing co-mono-
mer (i.e., acrylate) content, an enhancement apparently due
to the increasing overall dipolar character of the networks.

12

© PEGDA/EGMEA
O PEGDA/2-HEA

-18 °C
& PEGDA/DGEEA

-
o
T

Dielectric Relaxation Intensity (Ag)
(2] [ee)

a relaxation

4 1 1 1 1 1
10 15 20 25 30 35 40

-COO- content (mol%)

Fig. 12. Dielectric relaxation intensity (Ae) vs. —COO— ester content in
PEGDA copolymers at the temperatures indicated; glass—rubber (o) relaxation.

Fig. 12 shows the dielectric relaxation intensity of the o pro-
cess (Ag,) plotted against —COO— ester content for the three
copolymer series studied here; the selected temperatures cor-
respond to the curves presented in Fig. 9 and reflect conditions
where deconvolution of the overlapping o and B relaxations
can be reliably obtained across the full range of copolymer
compositions. The data show a direct linear relationship be-
tween relaxation intensity and ester dipole content that is oth-
erwise independent of the nature of the acrylate branch groups.
This result for the o process stands in sharp contrast to the be-
havior observed for the sub-glass relaxations, where dielectric
relaxation intensity correlates closely with the nature of the
short-branch terminal group (i.e., —OH vs. —OCHj3;), but
shows relatively little dependence on the overall ester content.
In the case of the PEGDA/2-HEA networks, the —OH terminal
group present on the branches appears to drive the increase in
sub-glass relaxation intensity in a manner that may or may not
reflect an additional contribution from the increasing number
of ester dipoles present along the network backbone. For
the PEGDA/EGMEA and PEGDA/DGEEA networks, two
competing factors could be influencing the observed trend in
dielectric intensity with increasing co-monomer content:
decreasing crosslink density and reduced network constraint
tend to produce a diminished sub-glass response (re:
PEGDA/PEGMEA model networks [4]), while an increasing
number of ester dipoles may enhance the measured dielectric
loss. The net result is a modest decrease in the intensity of the
merged P relaxation with increasing co-monomer content in
PEGDA/EGMEA and PEGDA/DGEEA, as seen in Fig. 9.

4. Conclusions

The influence of composition and crosslink density on the
relaxation behavior of short-branch PEO copolymer networks
has been assessed using dynamic mechanical and dielectric
methods. The networks were photopolymerized from mixtures
of poly(ethylene glycol) diacrylate crosslinker (n = 14) and
low molecular weight ethylene oxide acrylates. The inclusion
of the mono-functional acrylates in the reaction mixture led to
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the insertion of short-branch pendants along the network back-
bone and provided a mechanism to control crosslink density.
The dynamic relaxation characteristics of the networks were
strongly influenced by the presence of the backbone pendants
and the nature of the pendant terminal group. Dynamic me-
chanical analysis indicated a progressive increase in the glass
transition temperature of the networks with increasing branch
content for the shortest pendants. The insertion of hydroxyl-
terminated side groups via copolymerization with 2-HEA led
to an especially strong positive offset in T, owing to the forma-
tion of hydrogen bonds across the network and a corresponding
decrease in fractional free volume. Time—temperature master
curves showed an overall increase in dynamic mechanical re-
laxation breadth with increasing co-monomer content for the
PEGDA/2-HEA copolymer series, even with the accompany-
ing reduction in crosslink density. This result stood in contrast
to the behavior of model copolymers containing more flexible
side branches, for which relaxation narrowing is observed.
Dielectric studies on the short-branch copolymer series re-
vealed a sensitivity to network architecture and dipolar consti-
tution that was consistent with previous investigations on
crystalline PEO, XLPEGDA and the model copolymers. The
dielectric response across the sub-glass region displayed
a direct correlation with the nature of the pendant end groups:
inclusion of —OH terminated branches produced a dramatic
increase in the strength of the sub-glass response due to the
presence of the hydroxyl dipole, an effect that was absent
for the copolymers containing methyl-terminated branches.
The characteristics of the dielectric o process, which corre-
sponded to the glass—rubber relaxation, reflected the influence
of co-monomer content in a manner similar to the trends
obtained via dynamic mechanical and calorimetric studies.
For each of the three copolymer series examined, the dielectric
relaxation peak time was observed to shift with composition
according to the offsets measured in T, and the relaxation in-
tensity correlated with the variations in ester dipole content
that accompanied the overall changes in copolymer composi-
tion. Cooperativity plots based on the o dispersion data
revealed a stronger time—temperature sensitivity for the
PEGDA/2-HEA networks, indicating that these copolymers
exhibit a more fragile character with increasing branch con-
tent, despite the concomitant decrease in crosslink density.
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