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ABSTRACT: Frequency-dependent dielectric sensing and differential scanning calorimetry (DSC) are
used to observe the formation of a spatial heterogenety in a dimethacrylate-based network system during
polymerization. The presence of two R-relaxation processes as observed in the dielectric sensing
measurements very early during the polymerization supports the existence of two cooperative regions of
sufficient size to create two Tg’s. The two regions do exhibit two Tg’s detected by DSC as well as the
separately identifiable dielectric R-relaxations. This heterogeneity in the styrene/dimethacrylate system
is due to the formation of microgels shortly after reaction initiation. The microgels and their agglomeration
form cross-linking regions in a pool of unreacted monomers and oligomers. With the advancement of the
reaction, the microgels become larger and start to grow into the monomer-oligomer region. Near the
end of the reaction, the low-frequency tail of the microgel and high-frequency portion of the oligomer
regions overlap, forming a very broad distribution in the dielectric response and a very broad Tg

temperature transition spanning 200 °C in the DSC profile.

1. Introduction

Highly cross-linked polymers made by free radical
polymerization of multifunctional monomers have desir-
able properties for a wide variety of applications.1-9 A
particularly interesting property of these materials is
their potential to exhibit spatial heterogeneity due to
the formation of microgels,10-12 domains of high cross-
linking density, dispersed in a pool of unreacted mono-
mers. Various experimental techniques have been used
by others13-24 to investigate the structural heteroge-
neous formation process during network evolution.

Frequency-dependent dielectric sensing (FDEMS) is
a particularly insightful method as it monitors
the dipolar reorientational motion of molecules in a
polymer.25-29 This paper reports on dielectric relaxation
measurements of the molecular mobility and differential
scanning calorimetry (DSC) measurements of the buildup
in Tg during the polymerization of the dimethacrylate/
styrene resin. There are numerous dielectric research
publications on epoxy-amine curing systems. This
paper is one of only a few dielectric studies made on
the polymerization process of a dimethacrylate resin,30,31

although a number of papers focus on an acrylate
polymers17,32-37 and blends.38-46

A particular objective of this paper is to explore the
existence of spatial heterogeneity during cure of this
system. The hypothesis of a spatial heterogeneity during
cure of a network was initially proposed by Dusek et
al.10-12 The existence of a spatial heterogeneity in cured
dimethacrylate resins has been characterized by Bow-
man et al.13-15 Early experimental results suggesting
the existence of a spatial heterogeneity are found in the
earlier work by Landin and Macosko,43 Hamilec et
al.,44-46 and Kloosterboer et al.47-49 These groups ob-

served that the reactivity of pendant functional groups
in the cross-linked regions was much less than free
active vinyl groups. While a correct observation, it is
not the full explanation for the existence of the spacial
heterogeneity they proposed. This was explained as due
to the fast polymerization at the radicals resulting in
localized network formation and thereby producing poor
compatibility with the regions containing monomer/
oligomer components in the system by Dusek et al.,10-12

Pascault et al.,42 and Kloosterboner et al.48

This paper focuses on the evolution of the dipolar
dielectric loss εd′′(ω,t,T) as the sample cures at different
temperatures (T), frequency (ω), and time (t) while
achieving different conversions (R). Our interest is to
relate the changes in molecular dipolar mobility to the
development of the heterogeneity. Another interest is
to characterize the glass transition regions in the DSC
profiles. Dielectric spectra and the DSC’s Tg profiles are
used together to characterize the evolution of the
heterogenity during the buildup of the styrene/dimeth-
acrylate-based network. Then the dielectric spectra and
DSC Tg profiles are used to investigate the existence of
two cooperative regions of sufficient size to create two
R-relaxation processes representing oligomer-rich and
polymer microgel regions during the polymerization.

2. Experimental Section
2.1. Materials. Styrene (St) from Adrich (20 wt %) was

mixed with dimethacrylate of tetraethoxylated bisphenol A
(D121) from Akzo-Nobel or CD540 from Cray Valley (80 wt
%) to form the D121/St mixture. Then 0.5 phr of chain transfer
agent 1-dodecanethiol (Aldrich) and 0.2 phr of initiator azobis-
(methylbutyronitrile) (Aldrich) were added to the mixture. The
chain transfer efficiently reduces the kinetics chain length. It
has been reported this will decrease the system heterogeneity
during the reaction.50,51 All products were used as received.
Table 1 shows the formulas of these two reactants.

The mixing was carried out in a glass vial with a magnetic
stirrer and argon bubbling at ambient temperature for 30 min
to ensure a homogeneous blend of all components and to
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remove oxygen in order to avoid inhibition. Further details of
the sample preparation have been previously described in
papers by Rey et al.21,24

2.2. Dielectric Impedance Measurements. The liquid
mixture was introduced into a mold made of two glass plates
separated by a 4 mm rubber gasket. A thin sample was needed
to maintain a constant temperature during this exothermic
reaction. A microsensor from Century Circuit & Electronics
consisted of interdigitated copper electrodes (50 µm in width
with a spacing of 86 µm) on an area of 2.5 × 1.2 cm flexible
polyimide substrate was enclosed in the cell. The electrodes
were linked to a HP 4192A impedance analyzer by wires to
measure the conductance and capacitance of the materials over
a range of temperature and frequency.

The enclosed cell was placed in an oven at a constant
temperature for cure. The dielectric permittivity and dielectric
loss were measured at eight frequencies in the range from 50
Hz to 250 kHz. The measurement was taken every 2 s across
all the frequencies. A computer acquired the dielectric data
automatically. The frequency-dependent dielectric data were
used to monitor changes in the dielectric properties vs time
during cure and then vs temperature for samples at various
degrees of conversion. The frequency dependence of the
dielectric loss was used to characterize changes in the R-re-
laxation processes during the polymerization and to investigate
the existence of two distinct dynamic regions in the system at
certain extents of the cure.

2.3. DSC Measurement. 2.3.1. Kinetics. A TA 2920 modu-
lated DSC (DSC) was used for the thermokinetic studies. The
thermal analysis consisted of an isothermal conventional DSC
run to determine reaction heat Qi at that temperature and
then followed by a dynamic ramp to a suitable high temper-
ature to determine the residual heat of polymerization Qr for
all the samples. The conversion at a given time, R(t), was
appromimately calculated from

where Qt is the heat produced by the reaction at the time t.
These heats are a combination of the heats given off by the
St-St, St-D121, and D121-D121 reactions and thus repre-
sent an approximation of the extent of double bond conversion.
However, since in this 80% dimethacrylate and 20% styrene
mixture the dimethacrylate and styrene react at the same rate,
this approximation is quite accurate. Details of this reaction
were reported previously.21,24

2.3.2. Glass Transition (Tg) Measurements. During the 70
°C isothermal cure, the reactant in DSC pan was quenched to
-100 °C after reacting for a period of time and then heated to
70 °C at 5 °C/min to characterize the glass transition at
different conversions using the inflection point as determined
by the TA Instruments software.

2.4. Rheology. A TA Instruments AR 1000 rheometer was
used to measure the viscosity changes and detect the gelation
during the isothermal cure: 40 mm diameter aluminum
parallel plates separated with a sample thickness of 2 mm
were used in the measurements. Liquid monomer were loaded
and housed inside an environmental test chamber. The storage

G′ and loss G′′ modulus were measured at regular intervals,
from 0.1 Hz to 1 kHz, at zero normal force. The gel point was
determined from the time at which tan δ became independent
of frequency.42

3. Results and Discussion
3.1. Dielectric Measurements during Isothermal

Cure. Dielectric measurements were performed on the
free radical copolymerization of D121/St at 60, 70, and
80 °C. Figure 1a-c shows the loss component ε′′ of the
permittivity scaled by the frequency vs time during the
isothermal cures. Plots of the product of the dielectric
loss (ε′′) multiplied by the frequency (ω ) 2πf) make it
easy to visually determine the ionic mobility contribu-
tion to the dielectric loss which is observed by the
overlapping lines at the low frequencies. The absence
of low-frequency lines in Figure 1 below the overlapping
lines demonstrates the absence of charge polarization
effects which create an apparent lower conductivity. The
contribution of rotational mobility of bound charge to
the dielectric loss is observed by the peaks in the
spectrum at high frequencies.

Thus, the dielectric loss generally observed at high
frequencies is a combination of the dipolar part (d) and
ionic charge part (i).

As seen in Figure 1, the low-frequency dielectric loss ε′′
shows overlapping values up to 200 min at 60 °C in
Figure 1a and up to100 min in Figure 1b. These values
can be used to determine a frequency-independent
conductivity using eq 3:

The dielectric loss ε′′ at high frequencies in Figure
1a-c shows distinct peaks during the isothermal curing.
These peaks are due to the dipolar mobility being close
at that time and temperature to the frequency or time
scale of the oscillating electric field. This dipolar con-
tribution to ε′′ can be determined more accurately by
subtracting the ionic component.

The gel time measured by dynamic rheological tests
agrees with the results in Rey et al.’s paper.24 At 70 °C,
gelation occurs at a total conversion of 14% after 28 min.
The results for all three temperatures are reported in
Table 2. Table 2 shows that the molecular gelation has
no corresponding event in the ionic mobility as mea-
sured by the dielectric loss for this system. This strongly
supports the view that fundamentally the dielectric
spectrum is not associated with the gelation event. This
is because ionic conductivity at low frequencies monitors
in general the motions on a much smaller scale than
those being affected by macroscopic gelation. Thus, the
gelation process should not and clearly in this case is
not observed through dielectric spectroscopy as previ-
ously suggested in some articles.52,53

The peaks in ε′′ dipolar (which are usually close to
the peak in ε′′) can be used to determine the time or
point in the cure process when the “mean” dipolar
relaxation time has attained a specific value comparable
to the time scale of the frequency of the applied force.

Table 1. Chemical Products Used in Synthesis of
Materials

R(t) ) Qt/(Qr + Qi) (1)

ε′′ ) εd′′ + εi′′ (2)

σ (Ω-1 cm-1) ) ε0ωεi′′(ω)

ε0 ) 8.854 × 10-14 C2 J-1 cm-1 (3)

εd′′ ) ε′′ - σ/ε0ω (4)
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At the time of a peak, a relaxation time characterizing
molecular dipolar mobility can be calculated from τ )
1/ω. These relaxation times monitor the R relaxation

process associated with vitrification. The peaks at
different frequencies represent the time during conver-
sion at which the materials appear to behave as a glass

Figure 1. (a, b, and c) ε′′*ω vs time during 60, 70, and 80 °C isothermal polymerization of D121/St. The lowest three frequencies
lie on top of each other.
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at that frequency and corresponding time scale. Thus,
these peaks can be used to probe the build up in time
of Tg during the isothermal cure.

3.2. Dielectric Relaxation and the DSC Profile
during a Temperature Ramp. As seen in Figure 1a-
c, the relaxation time of the R relaxation process
changes with the increase in the glass transition tem-
perature as the reaction advances, producing a series
of ε′′dipolar peaks for the D121/St system during the
isothermal cure. But even with the modulated DSC, it
is hard to determine the calorimetric glass transition
during the isothermal cure. This is because the amount
of heat created during the polymerization conceals the
glass transition’s thermal event during cure and par-
ticularly because the temperature width of the glass
transition is large. Thus, another temperature-time
reaction procedure shown in Figure 2 was used to
investigate and compare the changes in both the dielec-
tric dynamic and the calorimetric glass transitions
during the polymerization.

In this procedure, the unreacted monomer mixture
was cooled to -100 °C and heated back to the curing
temperature at a constant rate. Then, it was held at
the curing temperature for a period of time. After the
reactant was partially reacted, it was quenched again
to -100 °C and heated back to curing temperature at a
constant rate. The quenching and heating steps are
repeated several times until the system is cured. Table
3 shows the extent of conversion of the styrene and
methacrylate double bonds after each cycle as measured
by DSC.

First we examine the information in the cure se-
quence shown in Figure 2 using dielectric sensing.
Figure 3a-e displays the dielectric results for the
temperature ramp steps during the cure. Only the
R-relaxation peak for the monomers in the unreacted
mixture was observed at the beginning of the reaction.
As the extent of conversion increases, two distinct
relaxation peaks are observed. We believe they are both
R-relaxations for the D121/St system. We associate the
higher temperature peak with vitrification of the mi-
crogel D121/St network. A much faster R-relaxation
peak at a lower temperature remains throughout most
of the cure reaction. This peak was associated initially
by Bowman to the pools of monomer’s Tg and then to
short oligomeric structures as the reaction advances.15

We agree and associate this peak with the monomer-
oligomer region. Table 3 reports the values of the
temperatures of the R-relaxation peaks observed as the
reaction progresses at a frequency time scale of 2.5 kHz.

Next we report the results of this cure sequence using
DSC. Figure 4 shows the DSC profiles during the
temperature ramp for D121/St at different degrees of
conversion. The monomer/oligomer glass transition is
observed at -64 °C. As the conversion increases, a
second Tg transition is observed at a higher temperature
in addition to the monomer-oligomer Tg transition for
D121/St. The heat capacity change of the first transition
is about 0.3 J/(g K), which is close to an expected value
of about 0.5 J/(g K). The second transition is much
smaller as the fraction of mass in the network state is
also small. Table 3 reports values of the Tg’s observed
in the DSC spectra. The glass transition of the 88%
conversion sample is very broad, and the Tg ) 10 °C for
this sample is a calorimetric software determined value,
which conflicts with the visual appearance of a glass at
room temperature.

For the monomer mixture, the system is homoge-
neous, and only one relaxation process exists. As the
polymerization proceeds, the environment becomes more
and more restricted for radical diffusion. As Dusek et
al. suggested,10-12 the radicals trapped in polymer-rich
regions produce the growth in the microgel structure.
This in turn results in the system becoming heteroge-
neous and another relaxation response in the dielectric
spectra is generated in addition to the monomer-
oligomer relaxation response. As seen in Table 3, the
results show that the Tg’s and the R-relaxation temper-
atures for the two relaxation peaks reflect the change
in Tg in each region. In the dielectric spectra, especially
at low conversion, the monomer/oligomer R-relaxation
is dominant. The R-relaxation of the microgel polymer
network at low conversions is hidden by the tail of the
strong monomer/oligomer R-relaxation peak. Thus, the
temperatures reported in Table 3 for the microgel
R-relaxation peak at the lowest degrees of conversion
are approximate.

The dielectric R-relaxation peaks correspond to the
temperature at which the time scale of dipolar mobility
is comparable to the applied frequency. The increasing
cooperativity of the dynamics increases these relaxation
times with the extent of reaction. The calorimetric glass
transition measured by DSC monitors the chain’s
segmental motions effect on the heat capacity. Empiri-
cally it has been reported that the calorimetric glass
transition temperature corresponds to an approximate
relaxation rate which corresponds to a much lower
frequency of 10-3-10-2 Hz.54

Table 2. Gel Times (min) and Inflection Point in the
Dielectric Loss Spectra (at 0.1 kHz) during Isothermal

Cure for D121/St

temp (°C) 60 70 80
gel time (min) 64 28 13

Table 3. Total Conversion, Tg Temperatures Determined
by DSC, and Tg Temperatures Determined by Dielectric
Measurement (2.5 kHz) at Different Curing Cycles for

D121/St Shown in Figure 2

time
(min)

total
conva (%)

Tg(1)
(°C)

Tg(2)
(°C)

TR1(2.5 kHz)
(°C)

TR2(2.5 kHz)
(°C)

0 0 -64 -46
15 5 -62 -41 -45 -18
30 19 -56 -15 -41 -7
50 41 -44 0 -32 6
70 88 10 -34 b
a Acrylic and styrene monomers. b Too broad.

Figure 2. Temperature-time procedure used to determine
Tgs at different degrees of cure during 70 °C isothermal
polymerization.
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The formation of spatial heterogeneity during the cure
for D121/St was also observed in atomic force micros-
copy (AFM), dynamic light scattering (DLS), and positron

annihilation lifetime spectroscopy (PALS) measure-
ments.21-24 Three distributions of particles, which re-
lated to oligomer, single microgel, and microgel clusters,
were observed in DLS analysis. Further, a nodular
structure was observed in AFM graphs.24 This nodular
structure is a consequence of the network buildup
through the formation of microgels and their growth into
clusters.

3.3. WLF Equation Fitting for the Relaxation
Peaks. The temperature dependence of the relaxation
rate of the R-relaxation can be parametrized by the
Williams-Landel-Ferry (WLF) equation near the glass
transition temperature:55

where τ is the relaxation time for molecules and T0 is a
reference temperature. C1 and C2 are constants related
to the fractional free volume (ν0) and thermal expansion
coefficient (Rf) of the free volume at T0.

The monomer/oligomer relaxation peaks at different
frequencies are quite obvious in the dielectric spectra
(Figure 3a-e). The relaxation rate τ and corresponding

Figure 3. (a-e) ε′′*ω vs temperature at different total conversions.

Figure 4. Tg evolution during 70 °C isothermal polymeriza-
tion of D121/St (the Tg mark (|) is determined by TA Instru-
ments software).

log(τ/τ0) ) -C1(T - T0)/(C2 + T - T0) (5)
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temperature T at different conversions are determined
from the dielectric spectra and fitted with the WLF
equation (eq 5), which can be written in the form

The following procedure is used to determine the
constants C1 and C2: First, the calorimetric glass transi-
tion temperature Tg was chosen as the reference tem-
perature at different conversions. τ ) 100 s was chosen
due to the relation between the relaxation rate and Tg.54

Then, -(T - T0)/log(τ/τ0) and T - T0 were calculated at
different relaxation rates The constants C1 and C2 were
calculated from the slope and intercept using eq 6. The
resulting WLF parameters C1 and C2 at different
conversions are listed in Table 4.

The WLF fitting results indicate that the WLF
parameters C1 and C2 are increasing functions of
conversion for monomer/oligomer R-relaxation pro-
cesses. C1 is inversely proportional to the fractional free
volume (ν0) in the material at the temperature of
interest. The increase of C1 indicates the movement of
the molecules becomes restricted with the advancement
of the reaction as the free volume decreases. This result
is consistent with the free volume study made by Rey
et al. for the D121/St system.23 C2 equals the fractional
free volume (ν0) divided by the thermal expansion
coefficient (Rf). Normally, the thermal expansion coef-
ficient decreases with the cross-linking density of the
materials.56-58 The slight increase of C2 suggests the
thermal expansion coefficient decreases faster than the
free volume during the polymerization. The thermal
expansion coefficient (Rf), which is inversely related to
the product of C1 and C2, is observed to decrease with
the advancement of the reaction. Another observation
for C1 and C2 is that the values of C1 and C2 approach
17.44 and 51.5, which are the universal values for the
WLF equation for a polymer with T0 ) Tg. This means
that the monomer/oligomer region is shifting toward
polymer region values slowly with the advancement of
cure.

Accurate fitting of the microgel R relaxation peaks
with WLF function is not possible due to the tail of
monomer/oligomer peaks.

3.4. Width of the Relaxation Peaks. In general, the
relaxation peaks when observed at a fixed temperature
move from a high frequency to a low frequency as the
reaction advances. The width of the ε′′ vs frequency (f)
plot at half-height, ∆log(f 1/2), increases and the strength
of the relaxation peaks decreases with reaction advance-
ment. For the unreacted mixture, the R-relaxation
response is narrow because the molecules and domains
of cooperative interaction are smaller and of similar size.
As the reaction progresses, with the buildup of the
microgel network regions, many molecules remain as
an oligomer/monomer in other regions. The increasing
distribution in the size and regions of the monomer/
oligomer molecules in the resin causes a broadening of
the relaxation spectrum as be measured by ∆log(f1/2) in
the monomer/oligomer regions.

The half-width (∆log(f1/2)) value is a quantity first
proposed by Moynihan et al. which can be used to
estimate the parameter (â) of the stretched exponential
relaxation decay function φ(t) for the monomer/oligomer
glass transition regions, where59-62

â indicates the distribution in the dipolar mobilities, or
relaxation times, in the system. The â values calculated
from half-widths (∆log(f1/2)) for the monomer-oligomer
relaxation spectrum are listed in Table 5. The param-
eter â varies between 0 and 1. A value close to zero
implies a very board distribution of relaxation times,
and a value close to 1 implies a narrow distribution of
relaxation times. Generally, a polymer’s high frequency
â-relaxation spectrum displays a broad dielectric loss
peak with half-widths of 4-6 decades.54,63 The half-
width (∆log(f1/2)) values in Table 5 are all less than 4
decades. This is consistent with these low-temperature
peaks being associated with the R-relaxation of the
monomer-oligomer region.

As seen in Table 5, the value of â for the monomer-
oligomer R-relaxation region decreases from 0.58 to 0.32
during the initial 30 min of the polymerization as the
conversion increases to 19%. At 50 min and a conversion
of 41%, the breadth of the monomer-oligomer R-relax-
ation overlaps the already broad R-relaxation spectrum
of the microgel regions. At this point in the reaction as
already discussed, microgel networks are extending
into the monomer-oligomer regions. As the reaction
progresses beyond this point, the overlap of the R-re-
laxation processes of these two regions continues to
increase. This is observed in Figure 3d,e at 50 and 70
min. At this point, a very broad R-relaxation process is
observed which extends over more than 100 °C. Evi-
dence of two relaxation regions remains, as seen by the
apparent maxima in the loss around -30 and +30 °C.

The breadth of the combined R-relaxation processes
of these two regions has been characterized also by
dynamic mechanical measurements of the fully cured
resin as reported in Table 5.21 The value of â as
determined from the total width of the dynamic me-
chanical measurements decreased to 0.11, and the total
width of the R-relaxation processes of both regions as
characterized by the dynamical mechanical measure-
ments extended from -50 to 200 °C.21

Overall, these results are in good agreement with a
number of observations and conclusions made by Chris-
topher Bowman based on dielectric and mechanical
measurements on cured dimethyl acrylate networks.13-15

In their studies, they observed two distinct relaxation
regions. The higher mobility relaxation spectrum was
attributed to “monomer pools” of unreacted double
bonds. This relaxation process was separate and in

Table 4. D121/St Monomer/Oligomer WLF Fitting
Parameters

conv (%) Tg (°C) C1 C2 (K) R2

0 -64 12.04 19.81 0.996
5 -62 13.19 23.73 0.975

19 -56 13.98 24.41 0.998
41 -44 15.24 26.50 0.919

-(T - T0)/log(τ/τ0) ) (T - T0)/C1 + C2/C1 (6)

Table 5. Shape Parameter (â) Determined by Half-Height
Width of Relaxation Peak (∆) of D121/St

Monomer-Oligomer Region

time (min) conv (%) ∆log(f1/2) â

0 0 1.96 0.58
15 5 2.79 0.41
30 19 3.34 0.32
50 41
70 88

a 0.11
a Fully cured data is measured by dynamic mechanic rheometer

(cited from ref 21).

φ(t) ) exp(-t/t0)
â (7)
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addition to a “primary” peak at low frequencies. The
high-temperature relaxation spectrum was attributed
to the glass transition. Taken together, these two peaks
implied a “very high degree of structural heterogeneity”.
They are indeed similar to the spectra observed here
as our dimethacrylate system approaches full cure.
What is now clear is that the secondary high mobility
peak is the dominant peak throughout the initial stages
of the reaction and that the microgel, lower mobility
peak occurs very early on in the course of the reaction.
This low-frequency, high-temperature relaxation is
observed here after only 15 min at 5% conversion, before
“macroscopic gel”, by both our dielectric and differential
scanning calorimetry measurements.

3.5. Summary Network, Monomer Heterogene-
ity. In summary, in the very early stages of the reaction,
a polymer microgel region builds up. The increasing
molecular connectivity forms polymer domains with
different size from the monomer/oligomer domains.24

Because of the existence of the microgel domain, a new
lower frequency, higher temperature R-relaxation pro-
cess appears in the dielectric spectra. The polymer
microgel relaxation peak appears as a shoulder on the
monomer/oligomer relaxation peak after only 15 min of
cure (Figure 3b). Formation of the microgel region as
detected by the dielectric technique is observed much
earlier than the gel time (28 min) measured by rheom-
eter. With the advancement of the reaction, these two
R-relaxation peaks begin to separate and form two
distinct peaks as seen in Figure 3d. During the initial
30 min, Figure 3b-d indicates the dipolar mobility in
the polymer clusters decreases rapidly, while the dipolar
mobility in the monomer/oligomer region changes less
as the conversion increases.

In the early stages of the reaction, the related glass
transition buildup in the polymer microgel region can
be observed in DSC spectra (Figure 4). At the beginning
of the reaction, no microgel region existed in the D121/
St system. As reported with the advancement of the
reaction at 15 min, R ) 5%, two thermal glass transi-
tions are observed in Figure 4. This Figure shows that
during the initial 30 min the glass transition of the
microgel region shifts from low temperature to high
temperature as does the glass transition of monomer/
oligomer region. As in the dielectric spectra, the change
in Tg in the monomer-oligomer region is at a slower
rate than in the microgel region. During the later stages
of the reaction, the monomer-oligomer glass transition,
as observed by DSC, extends into the microgel glass
transition due to the now interconnected network
between microgels and oligomers in the resin. During
the later step, peaks of the microgel region shows the
same overall behavior as R-relaxation time. The peaks
shift to a higher temperature, and the distribution
becomes wider as the conversion increases. This pro-
duces one very board glass transition event and a very
broad R-relaxation spectrum at 70 min, 88% conversion
as is observed in the DSC spectra.

4. Conclusion

The heterogeneous formation of a monomer/oligomer
region and a microgel region was characterized with in
situ dielectric and DSC measurements during the
polymerization reaction.

In the D121/St system, two distinct Tg, R relaxation
responses are observed very early and prior to macro-
scopic gel during polymerization in both the dielectric

and DSC spectra. They correspond to two spatially
distinct regions: a glass transition in monomer/oligomer
regions and a glass transition in the polymer microgel
regions.

For each region, with the advancement of the reac-
tion, the distribution of the relaxation times and the
temperature breadth of both glass transitions increase.
As the reaction advances toward completion, these two
regions and their spectrum broaden and extend into
each other to create a very broad relaxation spectrum,
reflecting a spatial heterogeneous continuum character-
ized by a very small â and a Tg temperature transition
spanning 200 °C.
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