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Photo-initiated polymerizations of two series of di(meth)acrylate oligomers, one
bisphenol-A based and the other ethylene glycol based, with a camphorquinone/tertiary
amine radical photo-initiator system were studied using differential scanning calorimetry.
Bisphenol-A based oligomers polymerized much faster than ethylene glycol based
oligomers because the higher viscosity of E-bis-A oligomers induced an autoacceleration
upon exposure to ultraviolet (UV) radiation; however, higher vinyl conversions were
observed with ethylene glycol oligomers due to their greater segmental mobility and
elastomeric character of the cured networks. The two series also showed very different
temperature dependence for vinyl group conversion. The polymerization rate of E-bis-A
DMA oligomers increased when the number of oxyethyl units increased from four to six,
but the rate decreased when the spacer length further increased. The exponential factors of
the rate dependence on the CQ concentration for all the oligomers were smaller than 0.5.
Below 70◦C, the maximum rate of polymerization increased with temperature, and yielded
apparent activation energies between 10.3–11.6 kJ/mol. At temperatures ≥80◦C, the
reduced viscosity and improved segmental mobility suppressed autoacceleration, causing
the maximum rate to decrease with an increase of temperature.
C© 2001 Kluwer Academic Publishers

1. Introduction
Photo-initiated polymerization of multifunctional vinyl
monomers leads to highly crosslinked polymer net-
works. High crosslink densities increase dimensional
stability, mechanical strength, thermal resistance, and
decrease solvent penetration for the networks. Because
of the excellent physical properties and rapid reac-
tion rates, the photopolymerization of multifunctional
vinyl monomers has found a wide range of appli-
cations including dental restorative materials, micro-
electronic devices, laser video discs, and optical fiber
coatings [1–4].

The photopolymerization of di(meth)acrylate
monomers with a camphorquinone/amine initiator
system proceeds via a free-radical chain growth mech-
anism. Typical polymerization rate versus reaction
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time curve shows a sharp increase in the rate from the
beginning of the reaction, caused by a dramatic reduc-
tion in radical termination due to chain entanglements
and crosslinking. A rapid decrease follows as a result of
diffusion-controlled propagation as well as monomer
depletion. The reaction virtually stops at a certain level
of the conversion as the mobility of reactive species is
severely reduced by vitrification. The polymerization
kinetics and vinyl group conversion depends mainly
on the curing temperature and the monomer type, as
well as the camphorquinone/amine system [5–9].

Over the years, a range of (meth)acrylate end-capped
oligomers have been developed in order to meet specific
requirements in different applications. These oligomers
differ by the functionalities, the type of functional
groups, and the chemical structures in the spacer, which
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have strong influence on the polymerization rate, vinyl
group conversion, and network structure. Because of
the technological importance of the materials’ physi-
cal properties, it then becomes important to understand
the photopolymerization behavior of these oligomers.
In this paper, the UV initiated photopolymerizations of
two series of di(meth)acrylate oligomers, one bisphenol
A based and the other ethylene glycol based, were inves-
tigated using differential scanning calorimetry (DSC).
Their polymerization behavior was compared, based
on the reaction rate and vinyl group conversion. The
effects of curing temperature and photo-initiator con-
centration on the polymerization were also studied in
order to provide further insight into the mechanisms
and kinetics of these photopolymerization systems.

2. Experimental
2.1. Materials
The chemical structures for the multifunctional
oligomers are shown in Fig. 1. These oligomers can
be classified into two categories: bisphenol A based
oligomers and ethylene(or propylene) glycol based
oligomers. All oligomers were supplied by Sartomer

Figure 1 Chemical structures of the oligomers studied.

T ABL E I Parameters of the oligomers and their polymers used in this work

Average number of Molecular Viscosity Tg of the cured
Oligomer code oxyethyl (or oxypropyl) units weight, Mn (Pa.s. 25◦C) network (◦C)

E-bis-A DMA-1 4.2 550 0.55 110
E-bis-A DMA-2 6.0 628 0.445 70
E-bis-A DMA-3 10.4 820 0.418 5
E-bis-A DMA-4 30 1680 0.610 −40
E-bis-A DA 4 474 1.08 60
PPGDMA 7 560 0.065 −22
PEGDMA 9.3 563 0.085 −25
PEGDA 9.9 560 0.075 3

Inc., USA, except for E-bis-A DMA-4 and PPGDMA,
which were supplied by Aldrich, Oakville, ON, Canada.
The average numbers of ethylene (propylene) oxide
units between divinyl groups in the oligomers were de-
termined by 1H n.m.r analysis, from which the molec-
ular weights and the vinyl group concentrations could
be calculated. The glass transition temperatures for the
cured polymer networks were measured by DSC at a
heating rate of 5 ◦C/min. It should be noted that, due
to the broadened transition region, the Tg values for
some cured networks with higher crosslinking densities
were not readily discerned in the DSC thermogram, and
they were then measured using a dynamic mechanical
method at a frequency of 1 Hz and a heating rate of
5 ◦C/min. These parameters are presented in Table I.

The photopolymerizations were initiated with cam-
phorquinone (CQ, initiator, Aldrich, Oakville, ON,
Canada) and 2-(dimethylamino)ethyl methacrylate
(DMAEM, co-initiator, Aldrich, Oakville, ON, Canada).
All chemicals were used as received.

2.2. Characterization of the polymerization
CQ and DMAEM were dissolved in the oligomers in
darkness and at room temperature for five hours. For
a standard formulation, 0.02 mol CQ and 0.04 mol
DMAEM per kg resin were used. To assess the effect
of initiator concentration, CQ was varied from 0.005 to
0.04 mol and the ratio of DMAEM to CQ was fixed at
2 (mol/eq).

The photopolymerizations were carried out in a dif-
ferential scanning calorimeter capped with a UV radia-
tion unit (DSC 2910, TA Instruments). The light inten-
sity was measured at the sample level by a radiometer
and it was 710 W/m2. Approximately 10 mg of sample
mixture was placed as a thin layer in an open aluminum
pan having a diameter of 4.5 mm. In order to minimize
the effect of dissolved oxygen on the polymerization
the DSC cell was purged with nitrogen gas for 10 min
prior to exposing the sample pan to radiation.

Heat flow versus time (DSC thermogram) was
recorded in an isothermal mode under a flow of ni-
trogen (50 ml/min). The heat liberated in the poly-
merization is directly proportional to the number of
vinyl groups reacted within the system. By inte-
grating the area under the exothermic peak in the
DSC thermogram, vinyl group conversion (C) or the
extent of reaction could be determined according to:
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C = �Ht/�H theor
o , where �Ht is the reaction heat

evolved up to time t , and �H theor
o is the theoretical

heat for complete conversion. For the methacrylate dou-
ble bond, �H theor

o = 54.85 kJ/mol, and for the acrylate
double bond, �H theor

o = 86.25 kJ/mol [10]. As well, the
polymerization rate (Rp) was directly related to the heat
flow (dH/dt): Rp = dC/dt = (dH/dt)/�H theor

o .
After photopolymerization, the cured sample was im-

mediately placed into acetone for 72 hours in order to
extract unreacted monomers and linear polymers. The
insoluble portion was defined as the gel fraction and was
reported as a percent value relative to the total amount
of resin incorporated in the original sample.

3. Results and discussion
3.1. Polymerization behavior
Fig. 2 shows the polymerization rate profiles for five
different oligomers obtained from the isothermal pho-
topolymerization experiments conducted at 30 ◦C in
the DSC. The maximum rates for E-bis-A DA and
PEGDA were double as those for their counterparts,
E-bis-A DMA-1 and PEGDMA. This rate difference
is attributed to the increased reactivity of the acrylate
group. These observations are in agreement with the
literature that the propagation and termination kinetic
constants, kp and kt, of acrylate are many times higher
than that of methacrylate [10].

It is observed in Fig. 2 that the bisphenol A based
oligomers polymerized much faster than the ethylene
glycol based oligomers. The major difference between
the two series is that the former has a rigid bisphenol
A group while the latter contains flexible ethylene or
propylene oxide segments. It seems unlikely that the
inductive effect of bisphenol A could be transferred
to the vinyl groups because of the long spacer between
them. Hence, an alternate explanation for the difference
is believed to be related to the difference in the vis-
cosity of the oligomers. In the photopolymerization of
multifunctional monomers, the rate of polymerization
increases dramatically at the beginning of the reaction
caused by the hindered mobility of the macroradicals.

Figure 2 Polymerization rate profiles for different oligomers, cured at
30◦C with UV light intensity of 710 W/m2.

The viscosity of the liquid oligomer influences the on-
set and development of the autoacceleration because
the “reduction effect” of viscosity is more pronounced
on kt than on kp. A study has shown [11] that the poly-
merization rate increased as the initial viscosity of the
formulation was increased. For the E-bis-A oligomers,
because of their relatively high viscosities, the reaction
became diffusion-controlled immediately upon expo-
sure to UV radiation, resulting in a dramatic autoaccel-
eration that gave rise to a higher polymerization rate.
However, in the case of PEGDMA or PPGDMA, the
lower viscosity allowed the reaction to occur in a less
restricted environment. The diffusion-controlled reac-
tion was postponed and the autoacceleration was par-
tially suppressed, leading to a relatively slower and less
erratic polymerization behavior.

Fig. 3 illustrates the polymerization rate as a function
of vinyl conversion for the same photopolymerizations
reported in Fig. 2. It is observed that the final conver-
sions for the two E-bis-A oligomers were much lower
than those of the three ethylene or propylene glycol
oligomers (Table II). The difference in the extent of
reaction can be explained by the physical state of the
cured polymer network. The five oligomers can be di-
vided into two groups based on their Tg data presented
in Table I: glass-forming systems for E-bis-A DMA
and E-bis-A DA, and elastomer-forming systems for
PPGDMA, PEGDMA, and PEGDA. When the poly-
merization proceeds beyond the Rmax

p , the rate begins
to decrease because of the reduced monomer mobility.
In the glass-forming system an additional decrease in
the rate is expected when the sample vitrifies (i.e. the
Tg of the resulting network is higher than the reaction
temperature) during the polymerization. The vitrifica-
tion will freeze the free volume, reduce the mobility of

TABLE I I Vinyl group conversion and gel fraction of the oligomers

E-bis-A E-bis-A
DMA-1 DA PPGDMA PEGDMA PEGDA

Conversion (%) 56.0 51.7 87.7 90.1 78.1
Gel Fraction (%) 86.5 81.0 98.5 99.1 98.2

Figure 3 Polymerization rate as a function of vinyl group conversion for
different oligomers, cured at 30◦C with UV light intensity of 710 W/m2.
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the reactive species, and finally stop the polymeriza-
tion, giving rise to a lower vinyl group conversion. In
an elastomer-forming system, although the formation
of the polymer network restricts the mobility of the re-
active species, leading to a progressive decrease in the
rate, the diffusion of macroradicals and the motion of
chain segments can still occur, allowing the reaction to
continue. In this case, a high vinyl group conversion can
be achieved within an adequate reaction time period.

3.2. Effect of spacer length
Four E-bis-A DMA oligomers with different lengths
of spacer units were selected to investigate the effect of
the spacer on the polymerization behavior. The average
numbers of oxyethyl units in the oligomers were X = 4,
6, 10, and 30, respectively. Fig. 4 shows the relationship
between the polymerization rate and vinyl conversion
for these four oligomers, at 30◦C. The maximum rate
follows the order: E-bis-A DMA-2 (X = 6) > E-bis-
A DMA-1 (X = 4) > E-bis-A DMA-3 (X = 10) > E-
bis-A DMA-4 (X = 30). A similar trend was also ob-
served over a range of curing temperatures. Since these
oligomers have different molecular weights, the re-
duced rate, (dc/dt)/(1 − c), is used to compare their
polymerization reactivities. This reduced rate is given
by kp(fRi/kt)1/2 and is often denoted as the apparent
rate constant [12], where Ri is the initiation rate, f
is the initiation efficiency, kp and kt are the propaga-
tion and termination rate constants. When expressed as
(dc/dt)/(1 − c) at the peak maximum, the data shows
the same order in the reactivities.

There have been several reports on the influence
of the length of spacer on the rate of polymerization.
Cook [7] studied the photopolymerization kinetics of a
series of bisphenol A based dimethacrylate monomers
where the oxyethyl units ranged between zero to four.
It was found that the maximum polymerization rate in-
creased with the increase of the length of the spacer
and this was attributed to the decreased mobility of the
pendant double bonds and the steric shield effect by the

Figure 4 Polymerization rate vs. vinyl group conversion for the four
E-bis-A DMA oligomers with different spacer lengths, cured at 30◦C
with UV light intensity of 710 W/m2 (oxyethyl units are 4, 6, 10, and
30 for E-bis-A DMA-1, E-bis-A DMA-2, E-bis-A DMA-3, and E-bis-A
DMA-4, respectively).

close proximity of the bulky bisphenol A as the spacer
length was reduced. In other work by Scranton et al.
[13], with a series of ethylene glycol dimethacrylates,
it was shown that while an increase in the ethylene gly-
col unit from one to four repeating units resulted in
an increase in the maximum reaction rate, a decrease
of the maximum rate was observed when the repeat-
ing unit was increased from four to nine. Based on
these findings and our experimental results, it seems
that there is a critical spacer length for E-bis-A DMA
oligomers. This value lies between six to ten oxyethyl
units. When the length of spacer is lower than the crit-
ical value, increasing the ethylene glycol chain length
provides greater mobility of the pendant double bonds,
leading to a faster polymerization. However, when the
spacer length is over the critical value, the mobility and
accessibility of the pendant double bonds become in-
sensitive to the number of spacer units. The increased
units of ethylene glycol chains then act as an inert “sol-
vent” to reduce the effective concentration of the reac-
tive species, which results in a decrease in the rate of
polymerization.

With the increase of ethylene glycol units in E-bis-A
DMA oligomers, segmental mobility is improved and
crosslinking density is reduced, which benefits further
reaction of the pendant double bonds. As a result, the
final vinyl conversion is increased from 56% for E-bis-
A DMA-1 system to 86.5% for E-bis-A DMA-4 system
(Fig. 4). At the same time, the cured polymer materials
become more rubbery.

3.3. Effect of initiator concentration
For a photo-initiated radical polymerization based on
a steady-state hypothesis, the rate can be expressed
as [14]: Rp = −d[M]/dt = kp/k1/2

t [M](φε Io[A])1/2,
where kp and kt are the propagation and termination rate
constants, [M] is the molar concentration of methacry-
late group, φ is the initiator efficiency, ε is the absorp-
tion coefficient, Io is the incident light intensity, and
[A] is the photoinitiator concentration. According to
this equation, the photopolymerization rate is propor-
tional to [A]1/2 and it must increase as the initiator
concentration increases.

Fig. 5 presents the polymerization rate as a function
of vinyl conversion at various CQ concentrations for E-
bis-A DMA-1 (Fig. 5a) and PEGDMA (Fig. 5b). The
polymerization rate of E-bis-A DMA-1 increased with
CQ concentration. However, the increase slowed down
at high CQ concentrations. This trend becomes even
more evident in the PEGDMA curing system, where an
obvious decrease of polymerization rate was observed
when the CQ concentration was higher than 0.02 mol.
per kg resin. This phenomenon contradicts the predic-
tion of the equation. It should be noted that the pho-
topolymerization rate is also affected by the initiation
efficiency, φ, which corresponds not only to the disso-
ciation efficiency of the photoinitiator but also to the
recombination of the primary radicals (a cage effect)
[14, 15]. With the increase in CQ concentration, more
primary radicals are generated in a short period of time,
and the probability of primary radical recombination
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(a)

(b)

Figure 5 (a) Polymerization rate vs. vinyl group conversion at various
CQ concentrations for E-bis-A DMA-1; (b) Polymerization rate vs. vinyl
group conversion at various CQ concentrations for PEGDMA, cured at
30◦C with UV light intensity of 710 W/m2.

increases, and this yields a smaller φ. The reduced initi-
ation efficiency φ unavoidably reduces the polymeriza-
tion rate. However, it is still unclear as to why the drop
in the initiation efficiency for the PEGDMA system was
greater than that for the E-bis-A DMA-1 system.

The theoretical exponent for the relationship between
polymerization rate and initiator concentration is 0.5,
based on the bimolecular termination mechanism de-
scribed above. Table III lists the experimental data for
the different oligomers, which were obtained by plot-
ting log Rp versus log[CQ]. All the exponents are less
than the theoretical value and they increase at high con-
versions. The deviation of the exponents from 0.5 is
believed to be caused by the recombination of primary
radicals [16], which is more likely to occur at high ini-
tiation rates. As the network develops, radicals in the
matrix become less and less mobile, leading the expo-
nent to increase [5, 17].

T ABL E I I I Exponential factors for the CQ concentration dependence

E-bis-A DMA-1 E-bis-A DA PPGDMA PEGDMA

At 10 % 0.30 0.25 0.35 0.20
conversion

At peak rate 0.40 0.34 0.42 0.28
conversion

Figure 6 Effect of CQ concentration on the final vinyl group conversion,
cured at 30◦C with UV light intensity of 710 W/m2.

The influence of the CQ concentration on the final
vinyl group conversion is shown in Fig. 6 for the four
oligomer systems. The increase in the extent of reaction
with initiator concentration has been observed in many
photopolymerization systems and it is attributed to a
volume relaxation effect [15, 18, 19]. The delay in vol-
ume shrinkage due to the development of the network
generates an excess free volume, which increases the
mobility of the reactive species in the system and leads
to a higher conversion. Our experiments showed that
the volume relaxation effect is more evident when the
monomers are rigid like E-bis-A DMA-1 and E-bis-A
DA. For ethylene glycol oligomers, the flexible chain
and good segmental mobility make the volume relax-
ation almost instantaneous. Therefore they show a very
weak conversion dependence on CQ concentration.

3.4. Effect of curing temperature
Fig. 7 shows the photopolymerization rate versus time
for E-bis-A DMA-1 at various curing temperatures.
The maximum rate shifted to longer reaction times

Figure 7 Polymerization rate profiles for E-bis-A DMA-1 at various
reaction temperatures, cured with UV light intensity of 710 W/m2,
CQ = 0.02 mol/kg resin.
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Figure 8 Polymerization rate profiles for PEGDMA at various re-
action temperatures, cured with UV light intensity of 710 W/m2,
CQ = 0.02 mol/kg resin.

and the peak became broader as the curing temperature
increased. Similar behavior was also observed in the
E-bis-A DA system. However, ethylene glycol based
oligomers demonstrated a complete opposite tempera-
ture dependence in their polymerization rate profiles.
As shown in Fig. 8, the maximum in the rate of
PEGDMA appeared earlier and the polymerization was
completed in a shorter time at the higher curing tem-
perature.

The contrasting temperature dependence profiles are
mainly due to the differences in the segmental mo-
bility for oligomers and the proximity of the curing
temperature to the Tg of the polymer networks. E-bis-
A DMA-1 has a relatively rigid structure and yields a
cured network with an elevated Tg. The higher curing
temperature improved its segmental mobility and al-
lowed the reaction to continue for a longer period of
time before becoming diffusion-controlled. This pro-
moted the maximum rate to occur at later time in the
reaction (Fig. 7). Moreover, elevating the temperature
lifted the restriction placed on the matrix by its Tg tran-
sition and permitted the reaction to further progress to
reach a higher conversion (Fig. 9). On the other hand,
increasing the temperature provided little improvement
for the segment mobility of ethylene glycol oligomers
because of their very flexible chains and the low Tg of
their cured networks. Nevertheless, the earlier forma-
tion of the three-dimensional structure at higher curing
temperature exerted extra restriction to the reactivities
of the monomeric and the pendant double bonds later
in the reaction. Therefore, the final conversions of these
systems showed a slight decrease with the curing tem-
perature (Fig. 9).

In the photopolymerization of multifunctional
monomers, the temperature effect on the reaction rate is
quite complicated [9]. While high temperature always
favors chemical activation, leading to an increase in
the rate, it reduces the viscosity of the reaction system
and suppresses the “gel effect” by enhancing mobil-
ity of the reactive species, which may have an oppo-
site effect on the polymerization rate. Fig. 10 gives
Arrhenius plots of polymerization rates at the peak
maximum (Rmax

p ) for four oligomers. It can been seen
that Rmax

p passes through a maximum with an increase

Figure 9 Influence of reaction temperature on the final vinyl group con-
version in E-bis-A DMA-1 and PEGDMA systems, CQ = 0.02 mol/kg
resin.

Figure 10 Arrhenius plot of Rmax
p for the four oligomers.

in curing temperature. The maximum polymerization
rates appeared near 80–90 ◦C for E-bis-A DMA-1 and
PEGDMA, and near 60–70 ◦C for E-bis-A DA and
PPGDMA.

Apparently, these experimental results are the com-
bined outcome of the chemical activation effect and
the effect of “viscosity reduction”. In the temperature
region below 60–80 ◦C, the thermal activation mecha-
nism is dominant, resulting in an increase of Rmax

p as
temperature increases. In the higher temperature region
(between 80–120◦C), the viscosity of reaction system
is greatly reduced. Hence, the enhanced segmental mo-
bility and chain translation diffusion lessens the autoac-
celeration.

Table IV lists the apparent overall activation ener-
gies, ER, obtained from the derivatives of the Arrhenius

TABLE IV Apparent activation energy (kJ/mol) of the photopoly-
merization at Rmax

p

E-bis-A E-bis-A
DMA-1 DA PPGDMA PEGDMA

Low temperature range 10.6 3.5 10.3 11.6
High temperature range −8.6 −6.9 −4.6 −4.8
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curves in Fig. 10. In the low temperature region, the
ER values were found to be between 10.3–11.6 kJ/mol.
for E-bis-A DMA-1, PEGDMA, and PPGDMA, re-
spectively. These values are in a similar range to
those reported for other dimethacrylate monomers
[15, 20]. However, E-bis-A DA exhibited a very low
ER, 3.5 kJ/mol. In the high temperature region, negative
values of ER were obtained because of the decreased
polymeriztion rate.

The reason for the low ER in the E-bis-A DA curing
system is not quite clear. Usually for a more viscous
system, the reduced monomer mobility leads to a higher
activation energy [21]. In this case, it is presumed that E-
bis-A DA exhibited a stronger temperature dependence
of viscosity, thus rendering the “viscosity reduction”
effect more evident in the low temperature region. This
may partially offset the effect of chemical activation,
giving rise to a lower apparent activation energy.

4. Conclusion
The photopolymeriztion behavior of two series of
di(meth)acrylate oligomers with respect to polymer-
ization rate and final vinyl conversion were compared.
The effects of the length of spacer, initiator concentra-
tion, and curing temperature were also studied. Based
on the experimental results, the following conclusions
could be made:

1. Acrylates are much more reactive than methacry-
lates in the photoinitiated polymerization. Although
the higher initial viscosity of E-bis-A oligomers in-
duces more dramatic autoaccelerations upon exposure
to UV radiation, the greater segmental mobility and
elastomeric character of the cured networks for ethy-
lene glycol oligomers yield higher vinyl conversions.

2. For E-bis-A DMA oligomers, there is a critical
spacer length determining the polymerization reactiv-
ity. The reaction rate initially increases with the increase
in the spacer length. When the spacer length is beyond
the critical value (six oxyethyl units), the rate starts to
decrease.

3. With the increase of CQ concentration, the poly-
merization rate increases for all the oligomers. How-
ever, the exponential factors for the dependence of poly-
merization rate on CQ concentration are between 0.20
and 0.42, and are not in agreement with the theoretical
exponent (0.5). At very high CQ concentrations, the re-
combination of primary radicals significantly reduces
the initiation efficiency, slowing down the polymeriza-
tion rate.

4. The two series of oligomers show a different tem-
perature dependence of the vinyl conversion. While
the final conversions in E-bis-A DMA-1 and E-bis-A
DA significantly increase with the increase of tempera-
ture due to enhanced chain mobility, the conversions of

PEGDMA and PPGDMA slightly decrease with tem-
perature because of an earlier formation of the three-
dimensional structure.

5. Elevating the temperature increases the polymer-
ization rate in the low temperature region. The appar-
ent activation energies at Rmax

p are found to be 10.3–
11.6 kJ/mol, except for E-bis-A DA that has an ER of
3.5 kJ/mol.
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