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The molecular dynamics of ethyl acrylate/triethylene glycol dimethacrylate (EA/TrEGDMA) copolymer networks on the overall
composition range were investigated thoroughly by employing dielectric techniques: thermally stimulated depolarization currents
(TSDC) and dielectric relaxation spectroscopy (DRS). Furthermore, differential scanning calorimetry (DSC) was performed in
order to investigate the thermal glass transition of these copolymers. The results show that, for low content of the TTEGDMA
component, the overall dielectric behavior of the copolymers is dictated by the dynamics of PEA component, exhibiting the ¢y,
relaxation process which is strongly affected by the TTEGDMA moieties becoming broader and shifting to higher temperatures with
increasing cross-linker (TrEGDMA) content. For the copolymer networks rich in TrTEGDMA (wrg = 40 wt %), the overall
dielectric behavior indicates that the dynamics of the dimethacrylate component dominates, resembling that of poly(n-alkyl
methacrylates) in the sense that the temperature dependence of molecular relaxation processes presents a merging region where the
local relaxation process of TTEGDMA, prg, merges with the more cooperative Ocop Process of the copolymers into an OL,BCOP locally
cooperative relaxation process. By increasing the EA content, the strength of ¢, relaxation process enhances and simultaneously
the merging region shifts to lower temperatures. The cooperative motions are significantly suppressed in the copolymers with
TrEGDMA contents higher that 80 wt %. The copolymers present enhanced spatial heterogeneity the more TTEGDMA content,
whereas no dynamic heterogeneity was detected.

B INTRODUCTION

Polymer networks have attracted much interest in material
science both for technological and physical reasons. From the
technological point of view, hydrophilic polymer networks have
been tailored as appropriate systems to be useful in the form of
hydrogels for biological applications, i.., tissue scaffolds, drug
delivery systems."” Furthermore, polymer networks are used as
suitable systems for coating, opticoelectronic applications, and

The investigation of molecular dynamics in polymer networks by
varying the cross-linking density is a methodology widely used by
many researchers in order to extract information on the structure
of these systems.” '

The hardening of a simple polymer in order to comprise a
polymer network is achieved by using a hardener (cross-link agent).
The addition of a hardener forms chemical cross-link junctions
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among polymer chains and induces with this manner spatial re-
strictions leading to the increase of the respective glass transition
and affecting the final properties of the segmental relaxation
process.””' 14718 A Jot of interest has been paid in the investiga-
tion of the critical length between cross-linked junctions for
which the temperature dependence of relaxation times changes
under the controlled buildup of cross-linking network.'>'>*°
However, the buildup of cross-linking density is not always well
controlled, and several factors as the structure and the reactivity
of the respective monomer and that of cross-linker agent have to
be taken into consideration.”' > It is well established that the
increase of cross-linking density is usually accompanied by the
broadening of glass transition region even for low contents of
hardener, an effect which is attributed to the existence of nano-
domains with different mobilities.” "> The heterogeneity in
cross-linking density distribution is the reason from this broad-
ening and has been detected through static and dynamic light
scattering experiments®* >® as well as by structural relaxation
experiments.'> Furthermore, the inherent heterogeneities and
the presence of cross-link agglomerations in polymer networks
have also been predicted by theoretical approaches.*” In this con-
text, it is interesting the investigation of the glass transition and
cooperative dynamics in polymer/hardener systems extended to
the whole composition range, namely from the linear polymer
toward the highly dense network of the multifunctional cross-
linker.""

The present system is consisted of a simple monofunctional
monomer ethyl acrylate (EA), which, under radical polymeriza-
tion, forms the well-known poly(ethyl acrylate) (PEA). PEA was
reticulated by using the multifunctional component triethylene
glycol dimethacrylate (TrEGDMA). TrEGDMA is well-known
as basic material used in electro-optical devices, spherical lenses,
coating, and dental material,**®*” either as an individual compo-
nent or in the form of copolymer with other dimethacrylates.***"
It is well established in the literature that the family of dimetha-
crylates (TrEGDMA included), after radical polymerization,
create heterogeneous structures characterized by the presence
of highly cross-linked regions called microgels. Microgels com-
prise densely cross-linked and cycled domains which are formed
during the first stages of radical polymerization nearby the sites of
the initial radicals.”"****~** Cyclization is a significant factor for
their formation and is more pronounced the lower the length of
the reacted dimethacrylate®®>” and the hi§her the functionality of
the reacted dimethacrylate monomers.* During the evolution
of radical polymerization, the microgels develop agglomerates.
Their size varies between 10 and 400 nm according to light scat-
tering measurements in similar systems performed by Rey and
co-workers.”" Evidence of the existence of loosely cross-linked
regions around microgels during radical polymerization has been
found in similar systems.>"*>*>

The dielectric characteristics of dense net-TrEGDMA are of
high interest, mainly due to the fact that the high cross-linked
network results to the entire depression of segmental dynamics.*’
Viciosa and co-workers observed dielectrically this depression by
monitoring the dielectric relaxations of triethylene glycol,*
tetraethylene glycol dimethacrylate (TEGDMA), and diethy-
lene glycol dimethacrylate (DiEGDMA) from monomer to net-
TEGDMA and net-DiEGDMA, respectively.*' Interestingly,
these studies revealed that the Spry, relaxation process in dimeth-
acrylates (secondary process emerged after the polymerization)
possesses the same position with 5 process of poly(methyl
methacrylate) in the corresponding Arrhenius plots.**

In the present work a soft component, ethyl acrylate (EA), is
reacted with TTEGDMA moieties forming the copolymer net-
works EA/TrEGDMA. The aim of the present work is to invest-
igate the effect of the one component to the dynamics of the
other by means of the study of molecular dynamics in the overall
composition range of EA/TrEGDMA copolymer series. The
addition of a soft component (here EA) is expected to facilitate
cooperative segmental motion in a highly dense network. Inter-
esting enough is the determination of the critical composition,
for which the copolymer changes its dynamical characteristics
dictated by the one component to that dictated by the other.
Aiming at these goals, the photopolymerized EA/TrEGDMA
copolymer networks expanding the whole composition range,
namely from 100/0 to 0/100, were investigated by employing the
dielectric techniques of thermally stimulated depolarization
currents and dielectric relaxation spectroscopy. The glass transi-
tion was studied by differential scanning calorimetry.

B EXPERIMENTAL SECTION

Monomers of ethyl acrylate (EA) and triethylene glycol dimethacry-
late (TrEGDMA) supported by Aldrich were used without purification.
A mixture by changing the components composition with a step 10 wt %
was prepared. The polymerization of the components mixture was per-
formed with 0.15 wt % of benzoine under ultraviolet light for ~18 h to
ensure full conversion. Plate sheets with a width around 0.5 mm were
prepared. The samples were purified in boiled ethanol for 24 h in order
to remove low molecular weight residuals produced during polymeri-
zation. Then the samples were dried in vacuum for 48 h at temperatures
ranging from 60 to 200 °C (above the respective glass transition) so as to
remove ethanol residuals. The codification of the produced copolymer
networks EA/TrEGDMA has the form EA/TrEGDMA, where EA and
TrEGDMA are the weight fractions of respectively ethyl acrylate and
triethylene glycol dimethacrylate; for instance, the codification 60/40
represents the copolymer network with 60 wt % EA and 40 wt %
TrEGDMA. The subscripts used in the text are as follows: “cop” is re-
ferred to the copolymer, “TE” stands for processes detected in TrEGD-
MA unreacted groups, “PTE” stands for processes detected only in
polymerized TTEGDMA, and “PEA” corresponds to processes produced
from PEA.

Differential scanning calorimetry (DSC) was performed in a Mettler
Toledo DSC 823E apparatus. The samples were subjected to a cooling
scan from ambient temperature down to —70 °C, followed by a heating
scan from that temperature up to 180 °C (except for homopolymer PEA,
where the temperature range spanning —100 to 50 °C), both scans with
a rate of 10 K/min. In the meantime of cooling and heating scans the
samples remain at the lowest temperature for 5 min in order to
equilibrate. Nitrogen gas was let through the DSC cell with a flow rate
of 30 mL/min. Temperature was calibrated with indium and zinc
standards. The melting heat of indium was used for calibrating the heat
flow. The samples were packed in aluminum pans.

TSDC measurements were performed on copolymer networks EA/
TrEGDMA, in the temperature interval between —150 and 180 °C
under nitrogen flow, controlled by a Novocontrol Quatro Cryosystem.
In TSDC experiment, the sample is inserted between the brass plates of a
capacitor and polarized by the application of electric field E, at a
temperature T}, (temperature of polarization) for time t,. With the elec-
tric field still applied, the sample is cooled to temperature T, (which was
sufficiently low to prevent depolarization by thermal excitation) and
then is short-circuited and reheated at a constant rate b. In our experi-
ments the resulting discharge current was measured as a function of
temperature by means of a Keithley 617 electrometer with an accuracy
of 0.01 pA. The equivalent frequency f of TSDC measurements spans
10°* <f< 102 Hz; e, it is close to those of DSC measurements.**
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Figure 1. DSC heating scans corresponding to EA/TrEGDMA copo-
lymer networks for variant compositions, including the neat PEA and
net-TrEGDMA homopolymers. The arrows indicate the estimated glass
transition temperature.

TSDC is characterized by high sensitivity, which allows the detection of
weak relaxations.*> Typical experimental conditions for the ordinary
TSDC measurements were E, = 1—5 kV/cm for the polarizing field,
t, = 5 min for the polarization time, 10 K/min for the cooling rate to
To = —150 °C, and b = 3 K/min for the heating rate. The polarization
temperature (T,) was selected at temperatures above the respective
glass transition of the measured copolymer networks, ranging from 0 to
80 °C. For the samples 20/80, 10/90, and 0/100, the polarization
temperature was selected at 140, 150, and 180 °C, respectively.

DRS measurements were performed with an Alpha analyzer com-
bined with a Quatro temperature control system, both supported by
Novocontrol. The complex dielectric permittivity e*(f) = &'(f) — ie” ()
was obtained isothermally in steps of S deg in the temperature interval
from —150 to 180 °C. The frequency window for the isothermal mea-
surements was determined in a range from 10" to 10° Hz. A detailed
description of the method may be found elsewhere.**

B RESULTS

Differential Scanning Calorimetry (DSC). The DSC thermo-
grams were carried out covering a temperature range from —70
to 180 °C (except for homopolymer PEA: —100 to 50 °C), with
cooling and heating rates at 10 K/min. Figure 1 portrays the
respective heating thermograms corresponding to EA/TrEGD-
MA copolymer networks for variant compositions. The recorded
thermograms show only one glass transition temperature, which
shifts toward higher temperatures with increasing TTEGDMA
content. For TTEGDMA contents above 70 wt %, the respective
glass transition endothermic step in the thermograms is not
detectable. Noteworthy is the significant broadening of glass
transition temperature range (AT = Teng — Tonser) that exceeds
40 °C, for T'TEGDMA contents above 40 wt % (Table 1).
Interesting enough is also the systematic decrease of heat capa-
city increment with the addition of T'TEGDMA (Table 1). How-
ever, it is worth noticing that for TTEGDMA contents higher
than 50 wt % the estimation of the heat capacity increment
contains significant uncertainty due to the tremendous broad-
ening of the glass transition region. In any case, the decrease of
the heat capacity step with increasing TTEGDMA content is
beyond the experimental uncertainty, implying the decrease of
the available configurations for the copolymer motions during
the glass transition with the addition of cross-linker.

Table 1. Copolymer Network Glass Transition Temperature,
Heat Capacity Increment, and Glass Transition Temperature
Interval for Several TrEGDMA Contents As Estimated by
DSC Heating Scans

EA/TrEGDMA T, (°C) AC, /(g °C)) AT (°C)
100/0 —15+1 0.400 % 0.002 8+t1
90/10 —7+1 0.395 4+ 0.002 11+1
80/20 342 0.357 4 0.002 162
70/30 1242 0.344 +0.003 23+2
60/40 27 +3 0.322 +0.008 40+3
50/50 S0t 4 0.25+0.02 S51+£5S
40/60 706 0.29 +0.04 71+8
30/70 85+ 15 0.20 & 0.06 72+12
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Figure 2. TSDC thermograms (transient depolarization current against
temperature) regarding the EA/TrEDGMA copolymer networks for the
overall TTEGDMA content range. (a) TTEGDMA contents from 0 to S0
and (b) S0 to 100 (including neat PEA).

Thermally Stimulated Depolarization Currents (TSDC).
The global TSDC thermograms were recorded with a heating
rate 3 K/min covering a temperature range from —150 to 180 °C
(for the homopolymer PEA the measured temperature range
was —150 to 30 °C). The polarization temperature (T},) was
selected at temperatures above the respective glass transition of
the measured copolymer networks, ranging from 0 to 80 °C.
For the samples 20/80, 10/90, and 0/100, for which no glass
transition temperature was detected by DSC measurements, the
polarization temperature was selected at 140, 150, and 180 °C,
respectively.

The apga relaxation process, related with segmental mobility
of polymer chains regarding the linear PEA, is depicted in
Figure 2a accompanied by a second peak at —3 °C, both well
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discerned. Because of the absence of chemical cross-links in
homopolymer PEA, it is an open question whether the second
peak is a Maxwell—Wagner—Sillars (MWS) peak or a p-peak.*?
By increasing TTEGDMA content, the system becomes a ran-
dom copolymer network. Thereby, the primary dipolar peak is
ascribed to copolymer segmental motions, so denoted as qp.
The primary dipolar peak (ccop) is accompanied by a second
peak (MWS) which is derived from the trapped charges into
interfaces induced by the heterogeneities from the random cross-
linking. The addition of TTEGDMA broadens ¢, process and
shifts it toward higher temperatures, in parallel to the shift of the
MWS peak which remains well separated from the dipolar dqp,
peak. However, for 40 wt % TrEGDMA some significant changes
in TSDC thermograms occur. The ¢, relaxation is now not well
discerned being overlapped with the MWS peak and appears as
ashoulder at the low-temperature side of the MWS peak. Despite
our experimental efforts to separate the two contributions by
decreasing the polarization temperature (T),), we were not able
to separate the dipolar segmental polarization from the MWS
polarization although the intensity of the later peak was remark-
ably reduced (results not shown here). Similar features exhibit
the thermograms obtained on the samples 50/50, 40/60, and
30/70 and are shown in Figure 2b. Noteworthy is the presence of
a sharp peak at 54 °C for the samples 40/60 and 30/70 that
appears systematically, even with no field excitation. The origin
of this current release is not clear yet. Another significant feature
is the emergence of the secondary relaxation process Sprg, which
is well discerned for high contents of TrEGDMA (Figure 2b),
and its contribution can be observed already for the sample
60/40 as an increase in the transient current background in the
temperature range between —100 and 0 °C (Figure 2a, a
dispersion not present in TSDC thermograms on copolymer net-
works 90/10, 80/20, and 70/30). Also, it is worth mentioning the
presence of B¢ process in the same TrEGDMA content range at
approximately —130 °C. The origin of these secondary dipolar
processes is related to TrEGDMA local motions and will be
discussed later in the section devoted to DRS results. The appear-
ance of these low-temperature peaks and the significant overlapping
between ¢, and MWS peak for TTEGDMA contents higher that
30% signifies the change in the molecular dynamics of EA/
TrEGDMA copolymer networks at this TTEGDMA content region.
Finally, it is interesting to point out that the high-temperature side of
the TSDC thermograms obtained on the copolymer networks for
high TrTEGDMA contents (20/80, 10/90, and 0/100) presents only
one large peak at 135—140 °C. The position of this peak is the same
for these samples, while for the copolymer network 20/80 a small
shoulder at the low-temperature side is clearly observed. Presumably
this large peak is the respective MWS peak, while the small shoulder
is the respective 0, process.

Dielectric Relaxation Spectroscopy (DRS). Broadband di-
electric relaxation spectroscopy was employed for EA/TrEGD-
MA copolymer networks in a frequency window spanning 10"
to 10° Hz in a temperature range from —150 to 180 °C. The
isochronal plots of the imaginary part of dielectric permittivity
against temperature, extracted by the data recorded isothermally,
were constructed so as to present the relaxation processes existed
in the copolymers under study in a form comparable to the
aforementioned TSDC thermograms. The isochronal plots of ¢”
at 1 kHz (Figure 3) were selected in order to avoid conducti-
vity effects at high temperatures that mask the primary dielec-
tric relaxations as previously observed in TSDC measurements
(equivalent frequency at 1 mHz).

—=—100/0 — .
- 90/10 EA/TtEGDMA

. 80/20 1kHz
70/30
14— go/a0
[« 50/50 Qppa
- 40/60 I
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T
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Figure 3. Isochronal plots of the imaginary part of dielectric permittiv-
ity at 1 kHz for the overall composition range of EA/TrEGDMA
copolymer networks.

Figure 3 shows the dielectric loss against temperature for the
overall composition range of EA/TrEGDMA copolymer networks.
The evolution of the primary relaxation process (¢ relaxation)
connected with cooperative polymer conformations attracts the
main interest in the copolymer networks with varying TrEGD-
MA content. For the no reticulated PEA, the apgs process is
located at 0 °C. By increasing cross-linker agent content, the ¢y,
relaxation shifts toward higher temperatures. Characteristic is also
the significant increase of ., breadth and decrement of its intensity
with the addition of TTEGDMA. On the opposite direction, starting
from the net-TrEGDMA (0/100), Figure 3 illustrates the emer-
gence of ., relaxation process, even for the copolymer network
10/90 approximately at 170 °C, though with quite low strength. By
further increase in EA content, (.., relaxation peak shifts toward
lower temperatures and increases in magnitude.

The copolymer networks present also several local processes
ascribed to both components (Figure 3). The no reticulated PEA
presents two relaxation processes in terms of increasing tem-
perature, denoted as 31pga, PapEa associated with local motions
of acrylic branches that are also observed in copolymers with high
EA contents (wrg < 40 wt %) at —90 and —120 °C.**® For
TrEGDMA contents wrg > 30 wt %, the y1g relaxation process is
emerged overlapping gradually the PEA secondary processes
Bipeas Bapea. The yrp relaxation process is a local relaxation
process attributed to twisting motions of ethylene glycol groups
of TrEGDMA (similar to that of poly(ethylene oxide)) lying
at —90 °C (at 1 kHz).*" Interesting enough is the presence of
the local secondary relaxation denoted as Sprg lying at 90 °C
(1 kHz) which is apparent only for high TrTEGDMA contents
(wrg > 30 wt %). According to Viciosa et al,*! it is attributed to
the 7t-flip motion of acrylic branch around the —C—C— bond
that links it to the main chain, coupled to a small rotation of the
chain backbone around its local chain axis. The attribution was
made based on the similarity of the detected process with 3 relax-
ation found in poly(n-alkyl methacrylates) which origin is given
in refs 47 and 48. For the EA/TrEGDMA copolymer networks
40/60 and 30/70, Bprg appears in the low-temperature side
of the a.,, process, while for the copolymer networks 20/80,
10/90, and 0/100 it is well discerned. The presence of Bprg is
linked with the polymerization of TrEGDMA because it is
observed by dielectric spectroscopy only during the polymeriza-
tion of TTEGDMA monomer, so denoted as Bprg." Further-
more, a new secondary relaxation process is present at the high-
temperature side of Y1 process designated as . The strength
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Figure 4. Isothermal plots of the imaginary part of dielectric permittivity
against frequency for four representative EA/TrEGDMA compositions:
(a) homopolymer PEA, (b) copolymer network 80/20, (c) copolymer
network 40/60, and (d) the net-TTEGDMA.

of this process varies not systematically with TTEGDMA content
and exists only for high TTEGDMA contents (w-g > 40 wt %). Its
presence implies the existence of local motions related with
unreacted methacrylate double bonds that were trapped during
the first stage of polymerization and do not induce postpolgrmer—
ization because the trapping annihilates their reactivity.*"*>>**%%°

The isotherms of imaginary part of dielectric permittivity
against frequency are shown in Figure 4 for the linear PEA, the
net-TrEGDMA (PTE), and for two representative copolymer
networks EA/TrEGDMA 80/20 and 40/60, respectively, namely

one copolymer network with relatively low amount of TrEGD-
MA and another one with high amount of TTEGDMA. The no
reticulated PEA dielectric response is depicted in Figure 4a re-
vealing the dpgs relaxation process (temperature range —30 to
30 °C) and two secondary relaxations 3;pgs and fSoppa (—140
to —80 °C). Within our measuring frequency window, we follow
the apga process that promptly shifts toward high frequencies
with increasing temperature. On the other hand, the net-TrEG-
DMA is depicted in Figure 4d. Its dielectric response is entirely
different compared to linear PEA. Three relaxations are observed
in net-TrEGDMA designated as fprg (+20 to +140 °C), y1g
(=120 to —30 °C), and f1 at the high-frequency side of yrg
(Figure 4d), while a tremendous MWS process is evident at low
frequencies and high temperatures in consistency with TSDC
results.

The dielectric results of the two representative copolymer
networks are portrayed in Figures 4b,c. Figure 4b portrays the
representative dielectric spectra for relatively low contents of the
cross-linker agent TTEGDMA, namely for the sample 80/20. We
follow the o, (=5 to 60 °C) that promptly shifts toward high
frequencies with increasing temperature obviously appeared at
greater temperatures compared to no reticulated PEA (—30 to
30 °C). The secondary relaxations observed for the sample 80/
20 are f31pga and Boppa (—140 to —80 °C). Similarly, the co-
polymer networks 90/10 and 70/30 exhibit the same relaxation
peaks (results not shown here).

For intermediate and high contents of TrTEGDMA (wrg =
40 wt %), the features of the dielectric spectra are different. In
particular, Figure 4c shows a representative dielectric spectrum
for the copolymer network 40/60, where it is obvious the pre-
sence of the Sprg relaxation well observed above 10 °C within
our measuring frequency window. By following Bprg process
with increasing temperature, it is evident the slow shift toward
higher frequencies. Compared to net-TrEGDMA (Figure 4b)
and contrary to that behavior, the Bpry relaxation peak in 40/60
increases in magnitude at temperatures above the respective glass
transition temperature, implying that the nature of this process
changes within this temperature region (the same is observed
also in copolymer networks 60/40, 50/50, 30/70; results not
shown here). Noteworthy is the fact that the d,, process is not
discerned in dielectric loss isotherms due to the presence of non-
dipolar contributions at low frequencies. As concerns the sec-
ondary relaxations detected at low temperatures, the local pro-
cesses Yrg and Srg are apparent. The results have shown that
Prg is intensively apparent for copolymer networks with Tr-
EGDMA contents higher than 30 wt %.

In the following, we will focus mainly on 0., relaxation pro-
cess which is associated with cooperative conformations of poly-
mer segments and the high-temperature prg, relaxation process.
The a.,p, relaxation peaks were fitted using the Havriliak—Negami
model function while for the Sprg relaxation peaks fitting to the
one-parameter Cole—Cole model function provided satisfactory
results.*” Thus, concerning the copolymers with TrEGDMA
contents wrg < 30 wt %, a single HN curve was used to fit the
Ocop relaxation peak, whereas a single CC curve could be adjusted
satisfactorily to the experimental data for higher TTEGDMA con-
tents monitoring the Sprg process. In both cases a conductivity
term was also used for the best adjustment at high temperatures:

M) = e + ——F (i) (1)

— i
(1 + (iwtm)®)” &
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Figure S. Time scale plot (Arrhenius diagram) involving the tempera-
ture dependence of Sprp and €., relaxation for the overall EA/TrEG-
DMA composition range [solid symbols: 0/100 (pentagon), 100/0
(square), 90/10 (circle), 80/20 (up triangle), 70/30 (down triangle);
crossed-open symbols: 60/40 (square), S0/50 (circle), 40/60 (up
triangle), 30/70 (down triangle), 20/80 (thombus), and 10/90 (left tri-
angle)]. The dashed curves correspond to the dcop experimental data
extracted from the respective isochronal plots, while the experimental
points are produced by the respective fitting procedure applied to iso-
thermal plots. The solid line represents the trace of Spyma and Spena
relaxation processes, as is given in the literature.>'

where Ae is the relaxation strength, &, is the limit to high fre-
quencies of the real component of the complex permittivity, £*, w
is the angular frequency, Ty is the characteristic relaxation time,
a and f3 are shape parameters, & is the dielectric permittivity of
vacuum, 0 is the dc conductivity, and s is an exponential ranging
0<s=1

The fitting procedure provides the characteristic relaxation
time (7Tyyy) which is related to the characteristic frequency (fiy)
through the equation Ty = 1/(27fun). The peak frequency
(fmax) is related to the shape parameters « and 5 and is evaluated
through the expression

. ar 1/a
Sin 2 T Zﬂ

Jmax = fun @ (2)

Namely for a symmetric relaxation process (3 = 1) we get f;... = fin-

The temperature dependence of the time scale of the respec-
tive relaxation processes obtained from fitting procedure (f;.,) is
depicted in the Arrhenius plot (Figure 5). Temperature depen-
dence of cooperative relaxation processes are well described by
the Vogel—Tamman—Fulcher expression:***"

fonax = foe*B/(T — To) (3)

where f; is the pre-exponential factor, B is a phenomenological
parameter, and T is the Vogel temperature. The temperature
dependence of local relaxation processes is well described by the
Arrhenius equation:

fmax Zer_E“/kBT (4)

where f, is the pre-exponential factor, E, is the respective
activation energy, and kg is the Boltzmann constant.

The classification of temperature dependence of o process
relaxation times in various glass formers is described by fragility

Table 2. Apparent Activation Energies of the Relaxations
Prre and af,, as Well as Parameters of the VTF Adjustment
and Fragility Regarding the & Relaxation”

Efl"n—: E;xﬂm,,
EA/TrEGDMA  (KJ/mol)  (kJ/mol) logfy, B(K) To(K) m
0/100 74.2 142
10/90 733 14.6
20/80 73.1 142
30/70 82.5 15.4
40/60 85.9 16.0
50/50 719 133.6 14.1
60/40 79.9 181.0 15.4
70/30 1.6 1534 237 83
80/20 1.1 1168 234 89
90/10 108 1053 227 91
100/0 106 959 221 89

“ For the copolymer networks 30/70 and 40/60 a single fit for the overall
temperature range was performed, including both the Sprg in the glassy
state and af3.,p in the rubbery state.

index,”> which measures the extent of the deviation from the
Arrhenius temperature dependence. It is defined as the slope of
relaxation times at glass transition temperature. According to
Béhmer et al.>

590
=16 + — S
m + D ( )

where D is the strength parameter evaluated through VTF
expression, namely, through the equation (B = DTj).

Concerning the two components, the temperature depen-
dence of apga relaxation process is well described by the VTF
expression. The obtained fitting parameters are tabulated in
Table 2. On the other side, for net-TTEGDMA the fSprg process
shows Arrhenius temperature dependence with activation energy
74.2 kJ/mol. At this point we would like to stress the coincidence
in Figure S of the position of the Bprg process with the trace of
the PMMA and PEMA 3 process (Spama and Spema, from the
literature®' ~>*) and the respective proximate activation energies
of the corresponding processes (75.2 kJ/mol for PMMA and
72.3 kJ/mol for PEMA).SAF57 This result is not completely
unexpected since upon polymerization of TrTEGDMA, the cova-
lent bonds establish adjacent to the esteric units in a such way
that the main chain of the polymer under formation is similar to a
poly(methyl methacrylate), with now the ethylene glycol groups
connecting different main chains.*'

For the copolymer networks with low TrEGDMA content
(wrg < 30 wt %) the temperature dependence of Ucop relaxation
process follows VTF law and the process is retarded with
increasing TTEGDMA content. The VTF parameters obtained
by fitting VTF eq 3 to the experimental data are given in Table 2.
It is worth noticing that the respective position of 0., relaxation
peak obtained by the isochronal data (the respective dashed
curves in Figure 5) almost coincides with the peak positions in
the spectra recorded isothermally. The fragility index of oy
process relaxation times was evaluated, in this composition range,
by means of expression 5. To ensure comparable results, the
fitting to VTF expression was carried out by locking the para-
meter log fy = 13.°® The results indicate a fragility index that
is almost constant in this composition range, taking into
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consideration uncertainties in the evaluated value due to the
short temperature—frequency range of relaxation times
(Table 2). This opposes results in polymer networks with
different cross-linking density indicating higher fragility index
the higher the cross-linker density.*”">'” This behavior has been
explained by invoking the increase of interchain interactions and
subsequently of the cooperativity due to induced chemical cross-
link junctions. On the other hand, Fitz et al."® found that the
increase of cross-links in PMPS does not affect the fragility index,
meaning that the correlation length of cooperativity is lower than
the length between the chemical cross-link junctions.

Interesting enough is the dielectric map for TTEGDMA con-
tents wrg = 40 wt %. As already mentioned, the detected relax-
ation processes are mainly ascribed to TTEGDMA moieties. For
10/90 and 20/80 copolymer network the fitting procedure was
performed by following the Sprg relaxation processes and their
positions coincide with that of net-TrEGDMA presenting con-
tiguous activation energies (Table 2). For 30/70 and 40/60 the
fitting of Sprg is more difficult due to reduced intensity and due
to high conductivity contributions at low frequencies. Never-
theless, the fitting procedure reveal that the Spry time scale has
not been altered (same positions of peak frequencies in Figure 5
with that for copolymers with higher TTEGDMA contents), indi-
cating that both the dynamics and the local character of Bprg
process are not dependent on the TTEGDMA content. For inter-
mediate content of TTEGDMA, namely for the copolymer net-
works 50/50 and 60/40, the fitting procedure on fprg, relaxation
peak reveals a crossover region, where the traces of fSprfiax
deviate from its initial Arrhenius line toward higher frequencies
by increasing temperature exhibiting a new trend with higher
activation energy (Figure S and Table 2). This deviation occurs
~20 deg above their respective calorimetric glass transition. The
temperature dependence of f,,,, after the deviation is not clear
whether obeys VTF or Arrhenius behavior due to limited experi-
mental data. In any case it is certain that the activation energy for
the relaxation process significantly increases. The effect is more
pronounced for 60/40 copolymer.

Despite the fact that the isothermal curves of the imaginary
part of dielectric permittivity do not indicate a discerned icop
process, the isochronal plots provide a well-defined corresponding
peak. Thus, as a comparison with the fitting results on isother-
mal data, we read the @, peak temperature in a sequence of
isochronal plots for several frequencies and compositions. The
results are shown in the Arrhenius plot (Figure S) in the form of
dashed lines for the sake of clarity. The results show the temper-
ature dependence of 0, for a wide range of copolymer com-
positions (Figure ). Noteworthy is the fact that by adding EA
moieties the d,, becomes faster and merges with PorE relaxa-
tion process presenting a single peak at high frequencies. This
merging is more pronounced for the copolymer networks 50/50
and 60/40 and is the reason for the deviation of Sprgfmay toward
aﬂcop (change in activation energy). For samples 40/60 and 30/
70 the merging occurs at higher frequencies and temperatures, while
for 20/80 and 10/90 it seems to be out of the measured tempera-
ture/frequency range. In conclusion, the increase of EA content
shifts the merging region toward lower temperatures. This behavior
seems to be similar to the shift in the merging region which was
observed in poly(n-butyl methacrylate-stat-styrene) random copo-
lymers by Kahle et al., where the induction of styrene content shifts
this crossover region toward higher temperatures.””

For the copolymer networks 50/50 and 60/40 the merging
between the 0, relaxation and PprE occurs at temperatures that
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Figure 6. Imaginary part of the dielectric permittivity against frequency
for several EA/TrEGDMA composition captured at 60 °C.

are inside the measured frequency window. Figure 6 depicts this
merging at different stages of coexistence of 0., and BprE pro-
cesses, and this was achieved by changing the EA content. The
specific temperature at 60 °C (indicated by the vertical dotted
line in Figure 5) was selected as more appropriate because at this
temperature all stages of merging are within our measuring fre-
quency window. For the copolymer network 20/80 it is apparent
the Bprg process at 400 Hz as in the neat net-TrEGDMA. For the
40/60 the intensity of Bprg is increased, probably due to gradual
overlapping with the high frequency tail of @, process. For the
50/50 and at this temperature the system exhibits an intensive,
broad, and complicated relaxation process. According to iso-
chronal results of imaginary part of dielectric permittivity, there is
a strong overlapping between @, and Ppre process (though the
individual processes are not resolved in isothermal measure-
ments). Taking also into consideration the position of Sprg and
Ueop Telaxation processes at 60 °C in the Arrhenius plot of
Figure S, the recorded isotherms actually are the superposition of
the relaxations ¢, and Prre, indicating that this window illus-
trates the (3) regime of crossover region according to Garwe
et al. for the sample 50/50.>° So the relaxation is denoted as
Qcop + Prre. For the 60/40 the relaxation is characterized as
aﬁcop, and the system might be at the respective (&) regime
according to the scheme of merging proposed in ref 52. For the
copolymer network 70/30 the relaxation process at high fre-
quencies represents the individual 0, relaxation.

The presence of the merging region (b) and the subsequent
single a3, relaxation (region (a)), for the copolymer networks
30/70, 40/60, 50/50, and 60/40, is also verified from the
temperature dependence of the dielectric strength of Sprp relax-
ation process (Figure 7a). By following the dielectric strength
of Bprg relaxation process with increasing temperature, for the
samples 60/40 and 50/50 it is evident that the dielectric strength
reaches a maximum value at approximately 50 and 70 °C, respec-
tively (vertical dotted lines in Figure 7). According to Donth and
experimental findings in similar studies, this maximum indicates
the crossover from the merging region, where both o and f3 relax-
ations are overlapped to the single 0,3 process.””® The dielectric
strength of 8 process increases rapidly until a maximum value and
then decreases (scenario I according to Donth classification®).
The starting point of decreasing marks the onset of a single a3
process whose dielectric strength decreases with temperature.®”
It is noteworthy that the peak temperature of the respective
dielectric strength coincides with the temperature where in
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reciprocal temperature (bottom axis) and temperature (top axis) for the
overall EA/TrEGDMA composition range.

Arrhenius plots of Figure 6 the peak frequency of the Sprg pro-
cess deviates from the low temperature linear trace, as described
previously. The onset of a3, process presents higher activation
energy and implies the cooperative nature of this process.®”*>
For the samples 40/60 and 30/70 the measuring range margin-
ally records this crossover at 100 and 130 °C, respectively, while
for the samples 20/80, 10/90, and net-TTEGDMA the fpr is
still in the glassy state and its dielectric strength increases slightly
with temperature.

For the low contents of TTEGDMA (wrg < 30 wt %), we
monitor the dielectric strength of the 0., relaxation process.
Figure 7a shows the decrease of a., relaxation dielectric
strength with increasing temperature as it is anticipated for relax-
ation process of cooperative character.* Interesting enough is
the comparable (or even higher) values of d,,, dielectric strength
for the samples 90/10, 80/20, and 70/30 as compared to the no
reticulated PEA. This specific result seems to be not in consis-
tency with the previous findings of increase of glass transition
temperature and decrease of heat capacity increment with
increasing TTEGDMA content. However, we have to take into
consideration that the dielectric strength Ae is very sensitive to
the mean dipole moment 14, of the probed segments (Ae o< 4o/ T).
TrEGDMA moieties possess relatively strong dipole moment
rendering this substitute fairly dielectrically active. This is also
reflected in the enhanced dielectric strength of the secondary
relaxation processes ¥ and f3 as compared to that of EA local
relaxation process (Figures 3 and 4). Thus, the impending re-
duction of dielectric strength due to cross-linking seems to be
compensated by the increase of the mean dipole moment intro-
duced by the collaborated TTEGDMA moieties in the segmental
motions.

The breath of the recorded relaxation peaks can be quantified
by the use of the respective a shape parameter determined by the
procedure of fitting the HN function to the d,, relaxation data
and the CC function to the fSprg relaxation data. In Figure 7a
we present the obtained values of those shape parameters. As

concerns the 0, process, we observe the significant decrement
in & parameter, which indicates the increase of ., breadth with
increasing cross-linker content (for wrg < 40%). This is in con-
sistency with results reported for several polymer networks.® 2
On the other hand, quite interesting is the quantification of the
shape breadth for Sprg. Specifically, for the copolymer networks
60/40, 50/50, and 40/60 we observe that for temperatures
higher than a specific temperature (50, 70, and 100 °C, respec-
tively), the relaxation process becomes progressively narrower
with increasing temperature (shape parameter increases), while
at lower temperatures the shape remains almost constant. Inter-
estingly, these specific temperatures coincide with the respec-
tive temperatures at which the maximum in dielectric strength
occurs, as is indicated by the vertical dotted lines in Figure 7. In
addition, these characteristic temperatures are the same with
those where the traces of peak frequencies deviate from the linear
temperature dependence in the Arrhenius plots of Figure S for
the respective copolymer networks.

W DISCUSSION

EA/TrEGDMA Molecular Dynamics: Critical Cross-Linker
Agent Content. In order to understand the molecular dynamics
of the EA/TrEGDMA copolymer series, the study of the respec-
tive homopolymers was essential. Our results obtained by means
of TSDC and DRS techniques show that the homopolymers PEA
and net-TrEGDMA comprise two entirely different systems. The
no reticulated PEA dielectric response manifests a primary relax-
ation process (Cpga) and the characteristic secondary processes
(B1pEa and foppa) as a typical poly(n-alkyl acrylate).4 4654 On
the other side, net-TrEGDMA dielectric behavior is character-
ized by the absence of a cooperative primary relaxation process
and by the dominant presence of a MWS peak. The relaxation
processes that are present in net-TrEGDMA are the local relax-
ation processes Sprg, Yt and Brg. The respective DSC thermo-
gram does not indicate a distinct glass transition in consistency
with dielectric results. All these results lead to the conclusion that
net-TrTEGDMA is a highly dense polymer network totally dif-
ferent than linear no reticulated PEA. In such a dense polymer
network, segmental motions are entirely suppressed, and this be-
havior is well-established for the reticulated dimethacrylates.""*"*>%°

The combination of EA and TrTEGDMA components forms a
copolymer network. The dielectric characteristics of these copo-
lymer networks reveal the component that dictates the dynamics
of the respective copolymer. The study of the respective primary
and secondary relaxation processes suggests the existence of a
critical cross-linker content. This critical content range describes
the crossover from the EA dominated dynamics to that of the
dimethacrylate (cross-linker) one and has been found to be be-
tween 30 and 40 wt % of TTEGDMA. Below this critical content
region, the spatial morphology of this network, and consequently
the molecular dynamics, may be guided by EA component, pre-
senting a single cooperative process (i..p relaxation and the do-
mination of EA secondary processes f1pga and [pga at low
temperatures. Above this critical content region, the copolymer
networks present the dynamical characteristics of the dimetha-
crylates with the presence of high degree of heterogeneity the
more TrEGDMA content. The (., relaxation is masked by
MWS polarization processes and conductivity effects (¢, relax-
ation is apparent only in isochronal plots at relatively high
frequencies), and TrEGDMA originated secondary processes
dominate at high (fprg) and low temperatures (S and yrg).

8240 dx.doi.org/10.1021/ma201755y |Macromolecules 2011, 44, 8233-8244



Macromolecules

LS R ATTEGDMA T oo
—=—100/0 e
“0--90/10 O

max

g"/g"

10" 10° 107 10" 10° 10" 10> 10° 10* 10° 10
£/£

6

Figure 8. Normalized plots of low TrEGDMA content copolymer
networks captured around at 100 Hz. Inset: normalized plots of low
TrEGDMA content copolymer networks within the ., relaxation
region recorded by the TSDC technique.

The topology of the copolymers as well as the high degree of
spatial heterogeneity for high T'TEGDMA contents is explained
taking into consideration the different reactivity of the two
components during the radical copolymerization. The key factor
is the hi§her reactivity for TTEGDMA radicals compared to EA
radicals.”® It is evident that once the amount of TrEGDMA is
above 30 wt %, it has the tendency to form dense cross-linked
regions (microgels), which contains exclusively TrEGDMA
moieties.””*>*>>” This indicates that a significant amount of
TrEGDMA is not incorporated with EA forming thus its own
phase and inducing with this manner spatial heterogeneity. In
copolymers with high content of TTEGDMA the induction of EA
moieties facilitates the creation of islands with higher mobility
compared to that of microgel regions. These islands are loosely
cross-linked regions, located around the microgel regions.33”39
Subsequently, it is anticipated that the EA moieties are copoly-
merized with TTEGDMA moieties in these regions, while the
rigid microgels are regions consisted of exclusively dimetha-
crylate (TrEGDMA) component. Nevertheless, no dynamic
heterogeneity has been detected by dielectric techniques and
the DSC technique because the highly cross-linked domains are
extremely constrained to produce segmental motions. On the
other hand, for low TrTEGDMA contents, it is anticipated that
TrEGDMA moieties react with EA radicals until their consum-
mation. In this case, the presence of highly cross-linked regions is
not prominent.

For low TrEGDMA contents (wrp < 40 wt %), the EA/
TrEGDMA system presents a single segmental process (acop)
that becomes slower and broader compared to no reticulated
PEA (apgs). In Figure 8 we show the scaled diagrams corre-
sponding to the segmental relaxation process as is recorded by
DRS and TSDC (inset in Figure 8) measurements. We observe
that both techniques show the broadening of the relaxation pro-
cess, indicating the increased heterogeneity caused by the ran-
dom distribution of cross-linking junctions. The quantification of
this broadening is achieved with the use of the shape parameters
shown in Figure 7b, where the HN shape parameter (a) drops
from the value of 0.75, for the no reticulated PEA, somewhat
toward 0.2$ for the copolymer network 70/30. Characteristic of
this broadening is that the 0, process tends to become sym-
metrical (the asymmetry shape parameter 3 of HN distribution
tends to 5 = 1). These findings are in consistency with results that
have been obtained for several polymer networks by increasing

the cross-linking density.”'”'* The aforementioned results show
that the dynamics in EA/TrEGDMA copolymer networks rich in
EA is governed by EA moieties, though affected by the addition
of TTEGDMA moieties that simultaneously reticulates EA and
induces heterogeneities in cross-linking distribution. The retar-
dation of a,, dynamics and the broadening of o, process
proclaim that the introduction of TTEGDMA moieties produces
a randomly cross-linked polymer exhibiting a distribution of
mobilities and subsequently a distribution of relaxation times. On
the other hand, despite the induction of steric hindrances from
the TTEGDMA moieties, it is evident that they take part in co-
operative conformations (¢, relaxation) as is suggested by the
comparable dielectric strengths among the no reticulated PEA and
the copolymer networks 90/10, 80/20, and 70/30 (Figure 7a).

As already mentioned, for high TrEGDMA contents (wrg =
40 wt %) the EA/TrEGDMA copolymer networks exhibit dy-
namic features originated from the TrEGDMA component.
Moreover, the copolymer networks have a highly heterogeneous
structure, characterized by the presence of TTEGDMA com-
posed microgels. Interesting enough is the fact that the addition
of EA activates segmental motions (acop relaxation process, not
present in net-TrEGDMA) even for the highly dense copolymer
network 10/90, though detected only through the isochronal
plots of the imaginary part of dielectric permittivity at high
frequencies and temperatures. We suppose that the EA moieties
are copolymerized with TrEGDMA in loosely cross-linked
regions, facilitating in this manner the cooperative conformations
which lead to the ., process. By increase of EA content more
domains within the copolymer matrix are involved in these co-
operative motions coexisting with the TTEGDMA rigid domains.
The increase of EA moieties enhances and accelerates this seg-
mental process which shifts to lower temperatures (Figures 3
and $). This result indicates that despite the fact that dimetha-
crylate features dominates, the EA units operate as softener in
the highly densed cross-linked EA/TrEGDMA heterogeneous
copolymer networks.

a—f8 Merging Region in EA/TrEGDMA Copolymer Net-
works. Another characteristic feature of EA/TrEGDMA copoly-
mer networks dynamics with TTEGDMA contents wrg = 40 wt %
is the merging of segmental relaxation process and fprg relaxa-
tion process in a way similar to that in poly(n-alkyl methacry-
lates) . By following the Spr relaxation process, starting from the
net-TrEGDMA, it is obvious that the addition of EA moieties
does not change the time scale of the process (Figure S). In this
process contribute molecular motions activated in both domains,
rigid T'TEGDMA domains (microgels) and loosely cross-linked
regions softened by EA moieties. On the other hand, within the
loosely cross-linked regions a faster cooperative process is acti-
vated, increasing in magnitude with increasing EA content. As a
consequence, we observe that the addition of EA moieties affects
significantly the temperature dependence of fprg dielectric
strength: in a specific temperature interval it increases rapidly
with increasing temperature, and the more EA content the lower
the temperature where this increase is first observed (Figure 7a).
Comparisons with dielectric results of PMMA and PEMA, per-
formed in our laboratory and appearing in the literature,>* *°
show that the Sprg process is characterized by the same activa-
tion energy and time scale with the 3 process in the glassy state
for PMMA and PEMA (Figure S). Furthermore, by performing
analysis in dielectric data obtained by DRS measurements, signi-
ficant evidence was found support the merging of Sprg and
Ocop toward aff., single process. Indeed, the temperature
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dependence of the peak frequency (Figure S), of the dielectric
strength of Bprg process, and of the shape parameter of that
process (Figure 7) exhibits features similar to that presented in
the merging region of & and f3 relaxation processes toward the a3
process in poly(n-alkyl methacrylates).”**%3~% These features
are more pronounced in copolymer networks 60/40, 50/50, and
40/60, where the amount of EA is adequate enough to facilitate
segmental motions within a dimethacrylate dominated network.
Moreover, our results allow for monitoring the merging of ¢cop,
relaxation with the local process Sprg toward aﬂcop process
in copolymer networks with varying T'TEGDMA content (for
wrg = 40 wt %). With decreasing TrEGDMA content/increas-
ing EA content the ., process shifts toward higher frequencies/
lower temperatures (becomes faster) (Figures S and 6). Thus, at
a certain range of compositions (30—60 wt % of EA) this
merging occurs at the frequency/temperature window of our
experimental setup, and then it is accordingly recorded. Thereby,
the merging region is controlled by the presence of EA moieties
that softens the loosely cross-linked regions and subsequently shift
the merging region toward lower temperatures (Figures 5—7).

A similar shift of the merging region has been reported in
statistical copolymer networks and polymer blends with the one
component being a poly(alkyl methacrylate).>*°*%” The shift of
the merging region has been also observed in poly(n-alkyl
methacrylates) by changing the length of the side chain.”**° In
those systems the increase in the length of the methacrylate
branch causes the shift of the @ process toward lower tempera-
tures, and subsequently the merging region of a and f3 processes
migrates toward lower frequencies and temperatures. In both
cases the o relaxation process and subsequently the dynamic
glass transition change by changing either the structure or the
steric hindrances that affect the specific merging region where the
local process and a cooperative one are coupled. Ngai et al. have
studied thoroughly the effect of molecular structure, tacticity,
molecular weight, copolymerization, and nanoconfinement to
this coupling.®

According to the scheme proposed by Garwe et al,> the
merging (splitting region) is consisted of three regimes. The (c)
regime corresponds to glassy state where only the [ relaxation
process is activated, the (b) regime corresponds to the tempera-
ture range above the glass transition where o and 3 processes co-
exist, and the (a) regime where the single process a3 is present.
Garwe and co-workers have also suggested that the af3 single
process is locally cooperative.> In the present system the merg-
ing of ¢, and Prre leading to the single aﬁcop was detected only
for copolymer networks 60/40, 50/50, and marginally for 40/60.
Therefore, at least for that copolymers, and in analogy with the
merging scheme proposed for the methacrylates, our results
suggest that the Sprg mechanism changes from a local process
below glass transition temperature to a process with cooperative
character above T,.

For the same copolymers it is noteworthy the absence of
specific change from the (c) regime to (b) regime in the corres-
ponding Arhenius plots in Figure S. This implies that the dy-
namical characteristics of the Sprg process do not change in the
temperature region around the calorimetric T,. For our strongly
spatially heterogeneous systems this result might suggest that
the cooperative motions detected as segmental mobility can be
activated through the EA moieties in isolated loosely cross-linked
regions within the dense copolymer network (“islands of mobility”).
The local Bprg process originated in molecular motions within
the rigid network of TTEGDMA moieties is decoupled from
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Figure 9. Dynamic (T, and Typgs) and thermal glass transition
temperature dependence with TTEGDMA fraction. The solid curve is
guide for the eyes.

the segmental motions. By increasing temperature the locally
cooperative motions within the loosely cross-linked regions do-
minate and then only the one single relaxation process af3cop
survives (regime (c) in the Arrhenius plots). By decreasing EA
content, the number of the loosely cross-linked regions con-
tributing to the cooperative conformational rearrangements also
decreases.

Glass Transition of EA/TrTEGDMA Copolymer Networks
against TTEGDMA Content. The dependence of glass transition
temperature with increasing TTEGDMA content depicts that this
dependence is mainly convex—concave (S-shaped) (Figure 9).
This directly confirms that the copolymer networks should not
be considered as a simple mixture of two components for the
whole composition range. Therefore, the copolymer glass transi-
tion dependence on TTEGDMA content does not obey the con-
ventional mixing rules, such as Fox empirical expression, which
rely on free volume additivity between the two components.
Such a behavior is anticipated mainly from two basic reasons.
First, the quite different reactivity ratios between the two com-
ponents that favors phase separation during the radical copoly-
merization. Second, the one component is multifunctional and
therefore able to develop cross-links, and subsequently it induces
strong coupling (interaction) between two components.

For TrEGDMA contents wrg < 30 wt % the T, exhibits an
almost linear dependence, in agreement with other systems with
comparable cross-linker contents (Figure 9).'*'” However, by
observing the dependence of T, on the overall composition
range, the inhibition of the glass transition temperature incre-
ment for wrg > 60 wt % is obvious. At this point, we explain that
the dynamic glass transition has been evaluated through DRS
data and, specifically, from the @, traces in Arrhenius plots of
Figure 5, as the temperature, at which the mean relaxation time
becomes (7) = 100 s. Subsequently, this value signifies the glass
transition temperature originated from the loosely cross-linked
regions that surround the microgels or microgel agglomerates.
Therefore, the glass transition evaluated from DRS measure-
ments for TrTEGDMA contents wrg = 60 wt % does not
correspond to the respective calorimetric T, of the sample, if
we take into consideration that the T, values estimated from
DSC and TSDC techniques respectively are limited to 70 and
40 wt % of TTEGDMA, respectively. Therefore, it is not feasible
the description of the composition dependence of T, for the
overall TTEGDMA content range with any of the empirical
equations widely used in polymer blends, copolymers, IPNs, etc.
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Bl CONCLUSIONS

The molecular dynamics of EA/TrEGDMA copolymer net-
works in their overall composition range were investigated by
means of the dielectric techniques of thermally stimulated de-
polarization currents (TSDC) and of dielectric relaxation spec-
troscopy (DRS). Furthermore, differential scanning calorimetry
was employed to investigate the glass transition in these series.

The dielectric characteristics of these copolymer networks
indicate that there is a critical TTEGDMA composition range
between 30 and 40 wt %, which defines the composition ranges
where the final dynamical properties are dictated mainly by the
one component. Specifically, below 30 wt % of TTEGDMA con-
tent, PEA dynamics dictate the overall dynamical behavior, and
consequently, the copolymers exhibit a single segmental relaxa-
tion process (., that becomes slower and broader with increas-
ing TTEGDMA content. Characteristic is the comparable di-
electric strength with that of the segmental relaxation process in
the no reticulated PEA, implying that TTEGDMA moieties take
part to segmental motions, despite the introduction of chemical
cross-link junctions that lower the heat capacity increment.
Moreover, the secondary relaxation processes of PEA, fppa;
and fpga,, dominate at low temperatures in this content range.

For the copolymer networks with TTEGDMA content wyg =
40 wt % the molecular dynamics exhibits salient dielectric fea-
tures governed by the TTEGDMA component. The main char-
acteristic of copolymer molecular dynamics in this composition
region is that the dimethacrylate dynamics resembles that of
poly(n-alkyl methacrylates) exhibiting a merging regime where
the local Bprg relaxation merges with Oeop toward the locally
cooperative (f3,, relaxation process. This merging region shifts
toward lower temperatures with increasing EA content and EA
moieties act as plasticizers in the dense and heterogeneous
TrEGDMA dominated network. Another characteristic feature
of the copolymers in this composition range is that the copoly-
mer networks are quite heterogeneous. This is reflected in the
broadening of the segmental relaxation process and the presence
of MWS non-dipolar polarization process that is coupled with the
Ocop process at low frequencies. Concerning the segmental relax-
ation process detected by DRS measurements in this composi-
tion range, our results may be interpreted by the assumption that
the underlying cooperative molecular motions may be activated
in isolated loosely cross-linked regions, where EA moieties faci-
litate segmental motions. A main consequence of this is the
convex—concave dependence of copolymer glass transition with
TrEGDMA content and the absence or the very broad glass tran-
sition detected by DSC in copolymers reach in cross-linker agent.
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