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ABSTRACT: A range of dimethacrylates with varying
backbone flexibility were partially photocured to various
conversions using p-xylylene bis-(N,N-diethyldithiocarbam-
ate) as a photoiniferter and their glass transition region
investigated by dynamic mechanical thermal analysis. For
isothermally cured samples, the final degree of conversion
was found to increase as the length of the spacer group in
the monomer was increased or as the crosslink density in the
resin was lowered due to the reduced glass transition tem-
perature which allowed greater mobility and, hence, higher
cure. Increasing the curing temperature also resulted in a
higher degree of conversion as the network was able to
polymerize further before vitrification occurred. For the par-
tially photocured samples, the glass transition temperature
was raised as the degree of conversion was increased. Most
of the measures of the breadth of the glass transition were

found to increase with increased conversion for dimethac-
rylates with short or stiff backbones (TETDMA and bis-
GMA) while the transition breadth was independent of con-
version for either a more flexible dimethacrylate (NEG-
DMA) or a dimethacrylate network with a lower crosslink
density (50 wt % bisGMA/50 wt % PGEMA). This conclu-
sion was generally confirmed by analysis of the viscoelastic
parameters in the frequency domain. It is not clear whether
these behaviors resulted from differences in the range of
molecular motions available in tight networks or if they
were due to spatially heterogeneous regions in the network.
© 2003 Wiley Periodicals, Inc. J Appl Polym Sci 90: 3753–3766, 2003
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INTRODUCTION

Dynamic mechanical thermal analysis (DMTA) has
proven to be a valuable tool for studying the network
structure of crosslinked polymers.1–9 A typical DMTA
experiment involves measuring the moduli and
damping behavior of a material at a given frequency
during a temperature ramp up to and beyond the
glass transition temperature (Tg) of the material under
study. It is commonly observed that highly
crosslinked polymers exhibit broad glass transition
regions4,6,9–18 and this can be interpreted as a range of
molecular environments in which a variety of chain
units are found.19 Some workers consider that the
broadening of the glass transition is representative of
a heterogeneous network structure with spatially sep-
arated regions having differing relaxation times,4,6,12,17

while others regard the broad transition to be a natural
consequence of the high crosslink density in a homo-
geneous material with a variety of molecular motions
with differing relaxation times.11,12,20–22

The effect of the crosslink density on the glass tran-
sition can be investigated by studies of a series

of polymers with varying concentrations of a
crosslinker,4,23–25 but this alters the chemical compo-
sition of the network and so makes comparisons dif-
ficult. Alternatively, networks with varying crosslink
density can be prepared from mixtures of monomers
with varying functionality,2,13,22,26,27 so that composi-
tional variations are minimized. The effect of
crosslinking on the transition also may be studied as a
function of conversion; however, this method can
present a problem for partially cured materials due
the recommencement of polymerization during the
DMTA experiment which can increase the Tg and
apparently broaden the transition region.28–31

During the cure of a thermosetting polymer, the chain
extension and formation of crosslinks reduces the mo-
bility of the molecular segments and increases the
Tg.22,27,29,32,33 If the Tg of the material exceeds the curing
temperature during the cure process, the material will
vitrify,22,27,29,31,34 freezing in the reactive sites and pre-
venting further reaction. If the sample is then cooled to
lower temperatures and is subsequently temperature-
ramped in a DMTA experiment, the material will ini-
tially be in the glassy state and therefore not capable of
reacting until the scanning temperature is in the vicinity
of the glass transition temperature of the partially cured
resin. As the temperature is increased further, the mo-
lecular segments will become more mobile, allowing the
reactive sites to recommence polymerization27,29–31,34
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and this process significantly affects the resultant DMTA
spectrum.29–31

Recently Kannurpatti et al.5 used photopolymeriza-
tion to investigate the thermomechanical properties of
partially cured thermosetting polymers using two dif-
ferent classes of photoinitiators. The first type was a
conventional photoinitiator that produces radicals
which can be trapped in a vitrifying matrix but which
are mobilized when the temperature is increased
above the Tg. This type of initiator causes complica-
tions in the interpretation of the DMTA behavior of
partly cured networks because the network structure
continues to develop during the thermal analysis ex-
periment.5 The second initiator type was a photo-
iniferter which acts as a radical initiator and a chain
terminator.35,36 During irradiation, the photoiniferter
produces a carbon-centered radical and a sulfur-cen-
tered dithiocarbamyl radical, but only the former can
initiate polymerization.35,36 When the irradiation is
terminated, the propagating radical is capped by one
of the mobile dithiocarbamyl radical fragments, form-
ing a thermally stable species.37 Thus, the use of pho-
toiniferters conveniently allows for the examination of
the network properties without inadvertently postcur-
ing the sample when it is heated above its Tg. The
effectiveness of the photoiniferter technique versus a
conventional photoinitiator for thermal analysis of
partly cured dimethacrylates was graphically illus-
trated by Kannurpatti et al.5—the DMTA spectrum of
the partly photocured network using the conventional
initiator exhibited two transitions due to recommence-
ment of curing at elevated temperatures; however, the
photoiniferter system had only one transition.

The present study investigated the kinetics of poly-
merization of dimethacrylate oligomers and evaluated
the dynamic mechanical properties after curing to var-
ious degrees with a photoiniferter. Dimethacrylates
with various structures and flexibility were used to
investigate the effect of the molecular structure on the
breadth of the transition region.

EXPERIMENTAL

Ethylene glycol dimethacrylate (EGDMA, Fluka,
Seelze, Germany), diethylene glycol dimethacrylate
(DEGDMA, Mitsubishi, New York, NY), tetraethylene
glycol dimethacrylate (TETDMA, Sartomer, West
Chester, PA), and nonaethylene glycol dimethacrylate
(NEGDMA, Nippon Oil and Fats, Osaka, Japan) were
used for kinetic studies of their thermal cure. Bisphe-
nol-A diglycidyl ether dimethacrylate (bisGMA, Ess-
chem, Linwood, PA) and its monomeric analog, phe-
nyl glycidyl ether methacrylate (PGEMA38), were ad-
ditionally used for photocure kinetic studies. The
effect of the crosslink density and cure level on the
dynamic mechanical behavior of TETDMA, NEG-
DMA, bisGMA, and a 50/50 w/w copolymer of bis-
GMA and PGEMA was examined. All monomers
were used as received and their structures are pre-
sented in Figure 1. The monomers were assumed to
have the idealized structures shown in Figure 1 to
determine the concentration of the divinyl monomer
in the resin and the crosslink densities of the cured
networks.

Azobisisobutyronitrile (AIBN, supplied under the
trade name Vazo 64 by DuPont, Wilmington, DE) was

Figure 1 Structures of the monomers: bisGMA, PGEMA, EGDMA (n � 1), DEGDMA (n � 2), TETDMA (n � 4), and
NEGDMA (n � 9) and of the initiators.
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employed as the thermal initiator at 0.5 wt %. p-
Xylylene bis-(N,N-diethyldithiocarbamate) (XDT) was
employed as the photoiniferter and was synthesized
according to the following method39: �,��-dibromo-p-
xylene was added to an ethanolic solution of sodium
diethyldithiocarbamate trihydrate and stirred over-
night at room temperature. The suspension was fil-
tered and the precipitated XDT was recrystallized
from methanol to give a white solid which was char-
acterized by a melting point [(81–82°C, cf. reference
83–84°C (ref. 39)] and 1H-NMR spectra in CDCl3 (�
� 7.33, s, 4H, phenyl; � � 4.52, s, 4H, SCH2; � � 3.88,
m, 8H, NCH2; � � 1.28, m, 12H, CH2CH3). XDT was
used at a level of 0.1 wt % in the oligo(ethylene gly-
col)dimethacrylate monomers and of 0.2 wt % for the
cure of bisGMA and for a 50:50 bisGMA/PGEMA
blend. Structures for the initiators used are presented
in Figure 1.

The ultraviolet-visible spectra of XDT (obtained as
an ethanolic solution) and of the oligoethylene oxide-
based dimethacrylate monomers (obtained neat) were
measured with a Varian Cary 100BIO UV-vis spectro-
photometer scanning from 800 to 200 nm using quartz
cuvettes with a 10-mm path length. Although the ab-
sorbance of the EGDMA, TETDMA, bisGMA, and
PGEMA monomers were low (�0.15 cm�1 at 365 nm),
DEGDMA had an absorbance of 0.4 cm�1 at 365 nm,
probably due to the presence of an impurity. The
absorption coefficient of XDT as measured was 1.5
cm�1(weight percent)�1 (equivalent to a molar ab-
sorptivity of 60 M�1cm�1) at 365 nm.

To evaluate the relative reactivity of the resins, iso-
thermal curing studies were undertaken at 60°C with
0.5 wt % AIBN as an initiator using a Perkin–Elmer
Spectrum GX FTIR spectrophotometer with a 2-cm�1

resolution. The formulated resin was injected between
two glass slides separated by a 1.5-mm-thick silicone

gasket and the assembly was placed in a Graseby
Specac temperature-controlled cell. Near-infrared
(NIR) spectra were taken at the start of the experiment
and continuously during the curing progress and the
conversion was determined from the change in the
absorption intensity of the methacrylate band40 at
6166 cm�1. The isothermal photopolymerization ki-
netics were also studied by NIR using the XDT initi-
ator at 20, 60, and 100°C. The samples were cured by
irradiating with a Spectroline SB-100PC/FA ultravio-
let lamp (Spectronics, Westbury, NY) for various time
intervals in a temperature-controlled chamber. The
irradiation intensity at the surface of the specimen,
measured using an International Light IL1700 radiom-
eter (Newburyport, MA) fitted with a SED033/
UVA/W detector, was 4.2 mW/cm2 at 365 nm. Since
the attenuation of the 365-nm radiation was calculated
to be 13% for 2-mm-thick 0.2 wt % XDT samples
(based on the absorption spectrum of XDT), the sam-
ples were alternately photoirradiated on either side to
ensure an even cure.

Rectangular specimens were prepared for DMTA in
a similar manner as for NIR and their dynamic me-
chanical properties were measured in a dual cantilever
mode using a Rheometric Scientific DMTA IV (Pisca-
taway, NJ) scanning at 2°C/min and with a frequency
of either 1 Hz or by a frequency scan ranging from 0.1
to 30 Hz. The glass transition temperature was taken
as the temperature at the peak in the tan � curve at 1
Hz. The Rheometric Orchestrator software V6.5.7 was
used to perform time–temperature superposition of
the multifrequency data—for these analyses, the Tg

was selected as the reference temperature and the
time–temperature shift factors were based on an opti-
mization of the superposition of the temperature-nor-
malized real-modulus data.

Figure 2 Conversion of dimethacrylates initiated with 0.5 wt % AIBN at 60°C. The curves were moved along the abscissa
to remove the induction times of 34, 21, 59, and 17 min for EGDMA, DEGDMA, TETDMA, and NEGDMA. The final
conversions as indicated were determined after postcuring at 160°C for 2 h. Only one in 10 datum points is plotted for clarity.
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RESULTS AND DISCUSSION

Figure 2 shows the polymerization kinetics of the oli-
go(ethylene oxide)dimethacrylate resins isothermally
cured at 60°C using AIBN as a thermal initiator. All
resins exhibited an induction time (not shown in Fig.
2) ranging from 17 to 59 min before the onset of
polymerization. The duration of this induction time is
probably dependent on the variable amounts of the
residual inhibitor in each resin. After the polymeriza-
tion commences, the rate rapidly increases and then
decreases—for EGDMA, DEGDMA, and TETDMA,
full cure was not attained at the 60°C curing temper-
ature. Based on the decomposition rate of AIBN41 in
benzene at 60°C, even at the end of the experiment
(240 min), more than 74% of the initiator remained,
indicating that the incomplete cure was not due to
dead-end polymerization.42 Figure 2 shows that the
maximum conversion at 60°C increases as the chain
length of the monomer increases and, hence, as the
network becomes more flexible, in the order EGDMA
� DEGDMA � TETDMA � NEGDMA. The final
conversion depends on the structure of the monomers
and the mobility of the developing network because,
as the reaction proceeds, the Tg increases, and if it
approaches the curing temperature, vitrification oc-
curs and polymerization ceases.27,29,31,43 The cure of
NEGDMA is close to complete at 60°C because its
flexible backbone results in a Tg for the “fully” cured
material which is less than the cure temperature,43

whereas the Tg of EGDMA increases above the curing
temperature.44 However, after postcuring at 160°C,
the conversions of all the systems were increased con-
siderably.

The photopolymerization kinetics of some of the
monomers are shown in Figure 3. As found for the
thermal cure (Fig. 2), NEGDMA is photocured to a
greater extent than is TETDMA because NEGDMA

has a more flexible backbone and lower crosslink den-
sity, which results in a lower Tg than for TETDMA. A
similar effect was found for the aromatic-based
methacrylates, bisGMA, and the 50/50 bisGMA/
PGEMA blend. PGEMA is a monomethacrylate and so
the polymerization results in a linear polymer with no
topological restrictions and with an ultimate Tg of
approximately 45°C.45 In contrast, bisGMA is a
dimethacrylate which forms a highly crosslinked and
rigid structure with a Tg of approximately 180°C.45

Thus, the final conversion of bisGMA is less than that
for the 50/50 bisGMA/PGEMA blend—when cured at
the same temperature, the blend cured to a greater
conversion because the presence of PGEMA reduces
the crosslink density and, hence, the Tg. The effect of
temperature on the cure rate and final conversion is
also shown in Figure 3—as the cure temperature in-
creases, the rate of propagation increases and vitrifi-
cation occurs at a later stage in the polymerization
process so that a higher conversion is attained.

DMTA was performed on samples that had been par-
tially photocured and the Tg determined from the max-
imum in tan �. Figure 4 illustrates the variation in Tg as
a function of conversion for the long- and flexible-chain
dimethacrylate, NEGDMA, for the short- but flexible-
chain dimethacrylate, TETDMA, for the long- but rigid-
chain dimethacrylate, bisGMA, and for the rigid but less
highly crosslinked bisGMA/PGEMA. For the same level
of conversion, bisGMA exhibits the highest Tg due to the
high rigidity provided by the bisphenol-A backbone,
whereas NEGDMA has the lowest Tg because it has a
very flexible backbone and because the network has as
low crosslink density. With increasing levels of pho-
tocuring, Tg increases due to the reduction in the con-
centration of a plasticizing monomer and because the
developing network structure restricts the molecular
motion.12,13,27,31,46 In agreement with that found by other

Figure 3 Isothermal conversion of photocured networks as a function of time at various temperatures. The curve for
bisGMA/XDT (20°C) was moved along the abscissa to remove the induction time (15 min).
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workers,12,27,31,32,46 the dependence of Tg on the conver-
sion tends to increase as the degree of crosslinking in-
creases.

The effect of conversion on the dynamic properties
of photocured networks formed from NEGDMA, bis-
GMA/PGEMA, bisGMA, and TETDMA is shown in
Figures 5–8. In each case, the tan � passes through a
maximum and the real modulus undergoes a large
reduction associated with the glass transition. None of
the DMTA traces show the double-peaked behavior
typically observed in undercured resins,30,31 because
the propagating radicals formed during photoinitia-
tion are capped by the dithiocarbamate radicals when
the irradiation ceases.35,36 As noted above, an increase
in the crosslink density results in an increase in Tg. As
expected from the theory of rubber elasticity,47 the
modulus in the rubber region also increases with in-
creasing conversion due to the higher crosslink den-
sity and thus greater concentration of elastically active
strands. After attaining the rubbery region, the mod-
ulus remains relatively constant, which is also confir-
mation that the partially cured networks are thermally

Figure 4 Tg of photocured dimethacrylates as a function of
degree of conversion.

Figure 5 Storage modulus (E�) and tan � curves (at 1 Hz) for NEGDMA photocured with XDT at 20°C for varying times and
postcured at 70°C for 30 min, resulting in the conversions indicated. For a comparison, the DMTA behavior is shown for a
thermally cured sample using AIBN as an initiator. Only one in 20 of the datum points is shown to aid clarity.
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stable. A comparison of the rubbery moduli of the
polymers reveals that, for the same level of conver-
sion, the modulus varies in the order

bisGMA � TETDMA � NEGDMA

� bisGMA/PGEMA

This ranking is not the same as the crosslink densities,
which (for the same level of cure) is

TETDMA � bisGMA � NEGDMA

� bisGMA/PGEMA

and this difference is probably due to the non-Gauss-
ian chain statistics48 of these highly crosslinked mate-

rials—of all the materials, the chains in bisGMA are
the most rigid and this appears to increase the moduli
of bisGMA-containing networks higher than they
would otherwise be.

Figures 5 and 6 suggest that the transition breadth,
as measured by the real-modulus and tan � curves, for
NEGDMA and for the 50:50 bisGMA/PGEMA copol-
ymer is virtually independent of conversion; however,
for the TETDMA and bisGMA samples (Figs. 7 and 8),
the breadth appears to increase with higher cure lev-
els. Plots of normalized tan � versus the departure
from Tg (T � Tg; not shown) revealed that the breadth
of the tan � curve for the partly cured NEGDMA and
bisGMA/PGEMA systems was essentially indepen-
dent of the degree of conversion for each system,

Figure 6 E� and tan � curves (at 1 Hz) for 50 wt % bisGMA/50 wt % PGEMA cured to various conversions. Only one in two
of the data points is shown to aid clarity.
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while the breadth of tan � increases with the degree of
cure for TETDMA (due to a broadening on the low-
temperature side) and for bisGMA (due to symmetric
broadening). The breadth of the tan � curve, expressed
as the full width at half-height in Table I, confirms the
conclusion that the tan � breadth does not necessarily
increase with increased cure. In addition, a compari-
son of the breadths of the four resin systems listed in
Table I does not exhibit a systematic dependence on
the crosslink density but shows that the less mobile
structures (TETDMA with a short flexible chain or
bisGMA with long rigid chains) tend to have broader
transitions.

Both the real (E�) and loss moduli (E�) can be ex-
pressed in terms of the various relaxational modes
involved in the transition via the distribution of relax-
ation times.49 The tan � is defined as the ratio of E�/E�
and so has a more complex relationship to the distri-

bution of molecular relaxation times. Thus, it might be
argued that the breadth of the glass transition should
be determined from the loss modulus rather than from
tan �. Table I lists these values. Interestingly, the
breadth of the loss modulus does not show a system-
atic dependence on the monomer structure, but, in
contrast to the real-modulus and tan � data, as the cure
advances, a broadening is found in the E� curves of all
the networks (with the possible exception of the bis-
GMA/PGEMA system). These data must be treated
with caution as they are less reliable than are the tan �
data, since they are not directly determined experi-
mentally but are calculated from the tan � and the real
modulus. In addition, E� is more sensitive to overlap
of the sub-Tg relaxations with the glass transition since
the low-temperature (high stiffness) side of the glass
transition is more accentuated in the E� curve com-
pared with the tan � curve.

Figure 7 E� and tan � curves (at 1 Hz) for TETDMA photocured to various conversions using XDT. Only one in 20 of the
data points is shown to aid clarity.
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By analogy with the loss modulus, the loss compli-
ance [D� given by the formula49 E�/(E�2 � E�2)] can
also be expressed in terms of the range of molecular
motions by the distribution of retardation times.49

Contrary to the trends shown by E�, but in agreement
with the tan � and E� data, the loss compliance data
suggest that the breadth of the bisGMA/PGEMA and
NEGDMA transitions show no systematic dependence
on conversion, whereas the bisGMA and TETDMA
networks do tend to shown an increase in breadth.

It is not clear whether the variations in the transition
breadth are inherently due to crosslinking or if they
are due to heterogeneity in the crosslinked structure.
As discussed above, the bisGMA/PGEMA networks
have the lowest crosslink density (see Table I), the
NEGDMA and bisGMA networks have intermediate
crosslink density, and the TETDMA networks have
the highest crosslink density. This trend partly agrees
with the E�, tan �, and D� transition breadths, since the
bisGMA/PGEMA and NEGDMA have narrow transi-

Figure 8 E� and tan � curves (at 1 Hz) for bisGMA cured to various conversions using XDT. Only some of the points are
shown to aid clarity.
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tions which do not appear to change with curing,
whereas the bisGMA and TETDMA have the broadest
transitions which increase in breadth with higher levels
of curing. Alternatively, Kannurpatti et al. suggested5,6,50

that the broad tan � curves imply a wider distribution of
relaxation times due to a more spatially heterogeneous
polymer, which depends strongly on the crosslinking
density of the system and the nature of the crosslinking
monomers. According to Bowman et al.,6,51 longer-chain
dimethacrylates (such as NEGDMA) or longer-chain
and more rigid dimethacrylates (such as bisGMA) are
less likely to form the cycles which lead to microgels and
heterogeneity. However, this argument does not agree
with the data since NEGDMA has one of the narrowest
transitions while bisGMA has one of the widest. It is
noteworthy that, unlike TETDMA, NEGDMA is not a
pure monomer but also contains shorter and longer oli-
go(ethylene oxide)dimethacrylates,44 but this heteroge-
neity in the crosslink density does not result in a broad
transition region.

As noted by McCrum et al.19 the breadth of the
viscoelastic properties as a function of temperature is
not only dependent on the distribution of relaxation
times but is also dependent on the activation energies
of the molecular motions in the transition. In an at-
tempt to remove this additional factor in the transition
breadth, frequency scans were undertaken during
some of the DMTA experiments. These data were
analyzed by time–temperature superposition of the
real-modulus data and the resulting shift factors were
applied to the other viscoelastic parameters. Figures

9–14 show the superposed data for the systems stud-
ied. The superposition seems reasonable for the NEG-
DMA resin but is not so good for the other resins. In
part, this may be due to the breadth of the transition
and the narrow range of frequencies studied, because
broad curves are more difficult to accurately superim-
pose. In addition, the errors may be due to the overlap
of other relaxations with the glass transition region
because the time–temperature superposition principle
assumes19 that, when the temperature is increased, all
relaxation times are decreased by same amount—that
is, the shift factor (and, thus, the effective activation
energy at each temperature) is the same for all the
molecular motions occurring in the transition.19 The
temperature dependence of the shift factors (aT), over
the temperature range of approximately �50° below
the Tg to 100° above the Tg, were analyzed in terms of
the WLF equation:

log(aT) � log��ref

� � �
�c1�T � Tref)
c2 � T � Tref

where T and � are the measurement temperatures and
frequencies and Tref is the reference temperature
where the tan � exhibits a peak at a frequency, �ref, of
1 Hz. The values for c1 and c2 are listed in Table II, as
are the statistical R-squared parameter. Since the fits of
the WLF equation to the shift factors were not very
good (as indicated by the low R-squared values), the
values of c1 and c2 are likely to be only approximate.

TABLE I
Variation of the Full width of the tan � and G� Curves at Half-height (fwhh) with Conversion for NEGDMA,

TETDMA, bisGMA, and 50/50 bisGMA/PGEMA Copolymer

Dimethacrylate system
Concentration of divinyl

monomers (mol/g)
Conversion

(%)
Crosslink

densitya (mol/g)
fwhh (°C)
from tan �

fwhh (°C)
from E�

fwhh (°C)
from D�

50/50 bisGMA/PGEMA 9.75 	 10�4 51 4.97 	 10�4 42 36 24
9.75 	 10�4 68 6.63 	 10�4 45 64 37
9.75 	 10�4 73 7.12 	 10�4 42 67 29
9.75 	 10�4 82 7.99 	 10�4 41 59 29

bisGMA 1.95 	 10�3 25 4.88 	 10�4 29 24 18
1.95 	 10�3 47 9.18 	 10�4 67 46 43
1.95 	 10�3 57 1.11 	 10�3 72 63 34
1.95 	 10�3 63 1.23 	 10�3 86 ca. 110b 65

NEGDMA 1.81 	 10�3 60 1.09 	 10�3 38 23 58
1.81 	 10�3 69 1.25 	 10�3 36 26 33
1.81 	 10�3 73 1.32 	 10�3 39 31 24
1.81 	 10�3 79 1.43 	 10�3 48 45 40
1.81 	 10�3 87 1.57 	 10�3 38 50 26
1.81 	 10�3 92 1.67 	 10�3 40 ca. 78b 22
1.81 	 10�3 100 1.81 	 10�3 32 ca. 70b 18

TETDMA 3.03 	 10�3 58 1.75 	 10�3 76 35 59
77 2.33 	 10�3 109 ca. 75b 82
89 2.70 	 10�3 137 ca. 200b 84

a Defined here as the concentration of divinyl molecules connected to the network estimated from the product of the
concentration of divinyl molecules in the resin times the fractional conversion.

b Due to the high loss modulus values on the low-temperature side of the transition and overlap with other low-
temperature relaxations, these values are only approximate.
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The “universal values” for c1 and c2 should be 16 and
50°C if the temperature at the tan � peak is accepted to
be the glass transition temperature.49 Table II shows
that the value of c1 is close to the universal value.
According to the free-volume derivation of the WLF
equation,49 c1 is related to the free volume at the Tg

and so it appears that this is not significantly affected
by crosslinking. In contrast, c2 is much larger than is
the theoretical value and this may be a consequence of
the high crosslink densities in these networks, since, in
the free-volume derivation, c2 is given by the free
volume at the Tg divided by the free-volume expan-

sion coefficient49 and it is known that the latter de-
creases with increased crosslink density.21 The WLF
parameters, c1 and c2, were also weakly correlated
with themselves (with an r-squared value of 0.38) and
with the Tg (with an r-squared values of 0.30 and 0.59,
respectively), although there does not appear to be a
theoretical justification for this observation.

Figures 9–14 show that the transition region of the
partly cured networks is very broad and spans many
decades, as was observed by Kannurpatti et al.5,6,50 for
other dimethacrylate networks. Table II lists the full
widths at half-height for the frequency dispersion of
tan �, E�, and D�. It is noteworthy that, for a particular
network, the widths of these functions are quite dis-
similar, with E� giving the broadest transition, and D�,
the narrowest. The frequency dispersion of the tan �
curves are narrowest for bisGMA/PGEMA and NEG-
DMA and widest for bisGMA and TETDMA, as was
observed for the temperature dependence. A similar
correlation was observed for the dynamic loss compli-
ance but the loss modulus data did not show a clear
trend. Contrary to that found for the temperature-
dependent data, for each particular dimethacrylate,
there was no clear trend with conversion, but this may
be a result of the limited experimental data.

Another measure of the range of relaxation times
was obtained by fitting the superposed real-modulus
(E�) data to the stretched exponential expression:

E� � E0e��1/��
n � E�

where E0 and E� are the unrelaxed (glassy) and re-
laxed (rubbery) moduli, respectively; �, the frequency;
�, the relaxation time; and the exponent n, the distri-
bution parameter. This equation was adapted from the

Figure 9 E�, E�, and tan � versus frequency for NEGDMA using time–temperature superposition of the real-modulus data.
The samples were cured to 91% conversion, by photocuring with XDT as an initiator at 20°C for 60 min followed by
postcuring at 70°C for 30 min. The reference temperature of 5°C is the temperature at which the tan � passed through a
maximum at 1 Hz. To increase clarity, not all points are plotted. The solid line shows the fit to the E� data using the stretched
exponential.

Figure 10 Tan � versus frequency for 50/50 bisGMA/
PGEMA using time–temperature superposition of the real-
modulus data. The samples were cured to the conversions,
as shown, by photocuring for different times at 60°C (or
100°C for the sample with 81% conversion) with XDT as an
initiator. The reference temperature for each sample was the
temperature at which the tan � passed through a maximum
at 1 Hz. To increase clarity, not all points are plotted.
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Williams–Watts equation52 for the stress-relaxation
modulus on the basis that E(t) � E� (�) at � � 1/t. This
approximation was also used by Kannurpatti et al.5

and is valid provided that the distribution of relax-
ation times is broad.53 In fact, the glass transition
region in dimethacrylate networks is very broad com-
pared with that in networks formed by step-growth
polymerization54 or linear polymers.55 The fit of the
data to the stretched exponential, shown in Figures 9,
11, 13, and 14, is good for NEGDMA and bisGMA/
PGEMA but is poorer for bisGMA and TETDMA. The

values of the distribution parameter are listed in Table
II. In contrast to that found with linear polymers,53

where the distribution parameter is often close to 0.5,
Table I shows that n ranges from 0.05 to 0.12, suggest-
ing a wide range of relaxation times. These results are
similar to those obtained by Kannurpatti et al.5,6 using
DMTA methodology and those obtained by Young et
al.56 by dielectric studies of related methacrylate net-
works. Although the distribution parameter tended to
be smaller for the TETDMA and bisGMA networks,
no clear correlation with the structure, crosslink den-
sity, or transition breadth was obvious.

CONCLUSIONS

The isothermal thermal polymerization kinetics of a
series of dimethacrylate oligomer resins was studied
and compared with the photopolymerization kinetics
using an iniferter radical polymerization mechanism.
The final isothermal conversion increased as the flex-
ibility of the polymer backbone increased and was also
increased by higher curing temperatures—as the
monomer flexibility or the curing temperature is in-
creased, the network vitrifies at a later stage in the
polymerization and results in higher conversion.

An iniferter photoinitiator was used to produce four
series of highly crosslinked polymers with varying con-
version but no trapped radicals so that the thermome-
chanical properties of the network polymer could be
characterized by DMTA as a function of the degree of
conversion without the complicating effect of thermal
cure. Characterization of the thermomechanical proper-
ties shows that the Tg and the rubbery modulus rises as
the degree of conversion and, thus, the crosslink density
is increased. The breadth of the transition in the temper-

Figure 11 E� and E� versus frequency for 50/50 bisGMA/PGEMA using time–temperature superposition of the real-
modulus data. The samples were cured to the conversions, as shown, by photocuring for differing times at 60°C (or 100°C for
the sample with 81% conversion) with XDT as an initiator. The reference temperature for each sample was the temperature
at which the tan � passed through a maximum at 1 Hz. To increase clarity, not all points are plotted. The solid lines show the
fit to the E� data for the sample having 51, 73, and 81% conversion, using the stretched exponential.

Figure 12 Tan � versus frequency for bisGMA using time–
temperature superposition of the real-modulus data. The
samples were cured to the conversions, as shown, by pho-
tocuring for differing times at 60°C (or 150°C for the sample
with 63% conversion) with XDT as an initiator. The reference
temperature for each sample was the temperature at which
the tan � passed through a maximum at 1 Hz. To increase
clarity, not all points are plotted.
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ature domain was relatively independent of the conver-
sion for NEGDMA and bisGMA/PGEMA, as shown by
the E�, D�, and tan � data—the E� data did not follow this
trend, but this is believed to be due to an overlap of the
transition region with sub-Tg relaxations. The transition
breadth of the bisGMA and TETDMA networks did
increase with higher conversion and networks formed
from these monomers had the broadest glass transition.

This may suggest that there is a wider range of molecu-
lar motions in networks with less flexible backbones
(short chains as in TETDMA or stiff backbones as in
bisGMA). Alternatively, these data may suggest that the
TETDMA and bisGMA networks are spatially heteroge-
neous.

Time–temperature superposition was used to de-
rive the viscoelastic parameters as a function of the

Figure 13 E� and E� versus frequency for bisGMA using time–temperature superposition of the real-modulus data. The
samples were cured to the conversions, as shown, by photocuring for different times at 60°C (or 150°C for the sample with
63% conversion) with XDT as an initiator. The reference temperature for each sample was the temperature at which the tan
� passed through a maximum at 1 Hz. To increase clarity, not all points are plotted. The solid lines show the fit to the E� data
using the stretched exponential.

Figure 14 E�, E�, and tan � versus frequency for TETDMA using time–temperature superposition of the real-modulus data.
The samples were cured to 89% conversion, by photocuring with XDT as an initiator at 20°C for 90 min followed by
postcuring at 70°C for 30 min. The reference temperature of 118°C is the temperature at which the tan � passed through a
maximum at 1 Hz. To increase clarity, not all points are plotted. The solid line shows the fit to the E� data using the stretched
exponential.
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oscillation frequency. The shift factors were reason-
ably well fitted by the WLF equation, but the WLF
constant, c2, was quite different from the universal
value. The transition breadth in the frequency domain
generally showed the same trends as in the tempera-
ture domain. The E� data were fitted to the stretched
exponential, and although the magnitude of the dis-
tribution parameter indicated that these materials
have broad transitions, they did not shown any clear
dependency on network structure or architecture.
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