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ABSTRACT: UV cure kinetics of the system bisphenol A dimethacrylate and a phenylphosphine oxide initiator
are studied as a function of incident intensity (I) and initiator concentration (PI). The rate of polymerization,
d(ln[M(t)])/dt, is found to be proportional to the intensity and initiator concentration raised to an exponential
power of approximately 0.7 rather than the classical value of 0.5. The system does not obey classical steady-state
kinetics but rather the rate of the reaction reaches a maximum shortly after gel and then decreases rapidly well
before the reaction is quenched during the glass transition. These nonclassical results are proposed to be due to
the coexistence of a varying ratio of the traditional bimolecular kinetics and a unimolecular trapped radical
termination process due to the changing spatial/ dynamic heterogeneity arising from microgel formation in these
systems. A model which focuses on the changing concentration of mobile active radicals is proposed. It uses four
fitting parameters to describe changes in the total number of radicals minus the number of trapped immobile
radicals. The model assumes a constant propagation rate constant,kp, as is generally assumed in traditional
crosslinking reactions up to the reaction quench in the final stage of the cure. The model is similar in mathematical
form to a more complex multiparameter free volume molecular approach in which bothkp, kt, and a trapping rate
constant change with reaction advancement. Our model is based on the changing mobile radical concentration,
which reflects the changes in the spatial heterogeneity of these systems due to the formation of microgels at the
beginning of the reaction. It predicts the initial rapid buildup of the total radical concentration to a constant value
and then the existence of an increasing proportion of trapped radicals up to reaction quenching in the glass
transition. It accurately describes the UV cure kinetics at varying incident intensities and varying initiator
concentrations and its predictions of the changes in the total and trapped radical concentrations are similar to
ESR measurements on other systems.

Introduction

UV curing is well-known for its fast curing, energy saving,
and environmental friendly advantages. Originally, it was mainly
used in the coating industry for producing varnishes and inks.
Today, UV curable material is not limited to the coating
industry. It has found new applications in many other fields,
such as encapsulates for microelectronic devices,1 glass fiber
andsilica-filledpolymercomposites,2adhesives,stereolithography,3-5

and dental restorative materials.6-8

Although UV curing technology has been widely used in
industry, the reaction mechanism and kinetics are quite complex
as the system moves quickly from a monomer mixture to a sol-
gel and then is quenched during the glass transition.

The general kinetics and mechanism of free radical chain
polymerization and photocure has been well reviewed.9 The
classic text book equation, eq 1, is derived based on the
assumption of a steady-state concentration of active free radicals
and a bimolecular termination.

wherekp andkt are rate constants of propagation and termination,
φ is quantum yield of initiation,ε is the extinction coefficient
of initiator, [M] is the concentration of monomer, [PI] is the
concentration of photoinitiator,b is the thickness of the sample,
Ii is the incident light intensity. This equation shows that the
cure rate is a function of intensity, photoinitiator concentration,
and the sample thickness.kp, kt, φ, andε are usually regarded
as constants. It is also well-known that the cure rate is also a
function of conversion10-18 particularly at the gel point where
the reaction auto accelerates. In order to explain this phenomena
at the gel, a diffusion controlled termination mechanism was
proposed and became very popular.17-29 Diffusion controlled
theory is based on bimolecular termination. It assumes that the
radical does not terminate until it meets another radical. At the
gel point, when the system viscosity increases significantly, it
is much harder for a polymeric radical to diffuse and meet
another radical. Therefore, the termination rate constant,kt, is
decreased by the decrease of the radical’s diffusion ability and
thereby the opportunity to meet another radical. In these models
of divinyl polymerization, the mobility of monomers is not
assumed to be affected significantly until quench during the
glass transition, so the propagation rate,kp, is not changed. Thus,
in this respect, the system is viewed like most other crosslinking
systems such as epoxies where the elementary binary rate
constants remain unchanged until well into the final few percent
of cure in the glass transition.29 From eq 1, the total cure rate
increases due to a decreased value ofkt. Although this approach
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involving a changingkt explains auto acceleration, it does not
account for the deviation of the exponent from 0.5, a phenomena
that has been observed in many reports.10-18,30

On the other hand, other authors have discussed the complex
cure kinetics on conversion and the question of diffusion control
of the propagation rate constant throughout the reaction. Soh
and Sandburg argue that the translational movement of mac-
roradicals becomes increasingly difficult, and segmental motion
resulting from the propagation reaction becomes the prevailing
mechanism.20 Martin and Hamielec assumekp remains constant
up to a critical value of the free volume.31 Stickler suggests
that propagation is not diffusion but chemically controlled at
low conversions and finds that the literature reports a wide range
of results wherekp remains unchanged up to 50% conversion
but in some cases a decrease occurs shortly after onset of the
reaction.19 Stickler’s model uses only a single adjustable
parameter, a critical free volume, which controls the onset of
diffusion control. Russell, Napper, and Gilbert, and in several
papers by Cook et al., build on these earlier works and assume
kp is constant for almost all of the reaction, and the overall
reaction kinetics are determined by the transition from translation
to reaction diffusion termination.17,18,21

Previously, it has also been noted by Bellobono et al. and by
Cook that the exponent rose from 0.5 at low conversions to
higher values approaching unity for a wide range of systems.18,30

They proposed that this is due to the presence of first-order
termination kinetics. This was suggested to be due to reaction
of the radical with trace impurities or immobilization of the
radical in the matrix.

These results were joined by a number of papers which focus
on the existence and role of immobile, trapped radicals on the
cure kinetics.15,30-39 Bowman and co-workers have used ESR
to monitor the rapid buildup in radicals after gelation and the
fraction of trapped radicals versus conversion.15,32,38This was
joined by Wen and McCormick’s publication of a kinetic model
describing the effects of radical trapping which builds on
Bowman and co-workers’ work.39 Their model involves both a
free volume diffusion controlledkp, kt, and a rate constant for
radical trapping all of which are changing with free volume as
the reaction advances. Their detailed fundamental kinetic model
utilizes thirteen molecular parameters determined independently
by experiment and/or from the literature plus six fitting
parameters. For the system they studied, their model describes
changes in the active radical concentration with conversion and
that a higher light intensity leads to a lower fraction of trapped
radicals at a given conversion and thereby a higher final
conversion.

Over the past 10 years, additional insight into the changing
morphology of these complex dimethacrylate systems is the
verification of microgel formation at the onset of the cure
reaction.15,38,40The hypothesis of a spatial heterogeneity was
initially proposed by Ducek at al.41-43 The existence of a spatial
heterogeneity has led to verification of a dynamic heterogeneity
through dielectric, dynamic mechanical, and DSC measurements
which show an increasingly very broad glass transition with
conversion.44,45 These results and those of many others dem-
onstrate that there exists simultaneously, beginning with the
earliest stages of the reaction, regions of high molecular mobility
sometimes referred to as liquid-like/monomer pool regions and
regions of very low-molecular mobility in the growing micro/
macrogel regions.

Here we report the results of experiments and a model which
emphasizes the consequences of this changing spatial/dynamic
heterogeneous polymerization environment. The model focuses

on changes in the total concentration of radicals and the
concentration of trapped radicals due to growth of the microgel
regions. The kinetics and the effect of the UV intensity and the
initiator concentration dependence on the cure kinetics are
examined. The experiments reported on this paper are different
from other published reports46-50 in several aspects. First, the
samples used in this paper have a thickness of 0.05 mm, and
the initiator concentration is less than 0.2 wt %. Thereby, the
total absorption of light through depth is less than 4% and the
reaction can be regarded as homogeneous through depth. This
is important as the results can be used to make accurate
predictions of the cure kinetics versus depth in a thick sample.
Second, the system is put between two pieces of glass like a
sandwich so that the oxygen cannot diffuse into the sample
during the curing process and the only oxygen that affects the
cure is that initially dissolved in the system. Third, the cure
intensity is less than 32.5µW/cm2, which is smaller than what
was usually used in other reports. A water filter eliminates IR
heating. Therefore, the cure rate is not fast and gives enough
time for the reaction heat to release to the environment so that
the cure is not affected by an increase of sample temperature.
The results are then fit to an approach model which focuses on
describing the changing proportion of active (mobile) and
trapped (inactive) radicals while keepingkp constant.

Experimental Section

Materials. The photoinitiator bis(2,4,6-trimethy-benzoyl)phe-
nylphosphine oxide (Irgacure 819, Ciba) was dissolved in the pure
oligomer, ethoxylated (4) bisphenol A dimethacrylate (CD540,
Sartomer), molecular weight 540 with 100 ppm inhibitor. The
system was stirred at room temperature for 1 h. The initiator
concentration in the system is 0.05-0.2 wt %. All materials were
used as received.

FTIR Analysis. In real-time, near FTIR measurements, with a
FTS 7000 series FTIR spectrometer (Digilab), are used to measure
the transmitted spectrum of the thin samples. The near FTIR
spectrum monitors the decrease of the absorption peak (6160 cm-1)
area of the carbon double bonds of the oligomer during the cure
process and thereby provides the conversion vs cure time profiles.
The sample was prepared by putting it between two glass slides
(transmission of IR> 95%, transmission of UV at 365 nm> 90%)
using 0.05 mm Kapton tape as the spacer to determine the sample
thickness.

The radiation source (200 W Hg lamp) has a 356-365 nm band-
pass filter and is equipped with a water filter to remove the IR
radiation’s sample heating. A fiber optic cable guides the light to
the sample chamber of the FTIR equipment. The intensity of the
exposure is adjusted by changing the distance of the fiber optic
cable from the sample.

Results

Light Intensity Effect on the Cure Kinetics of Thin
Samples.A series of thin samples with the composition of
CD540-0.2% Irgacure 819 were cured at various intensities from
32.5 to 1µW/cm2. The thickness of all the samples is 0.05 mm.
The resulting conversion versus time monitored by real-time
near FTIR is shown in Figure 1.

Figure 1 shows a delay period due to oxygen inhibition. This
inhibition period is a function of the incident light intensity.
After the oxygen in the system is consumed, the polymerization
starts. The slope of the curves in Figure 1 represents the
polymerization rate at different intensities. The slope is steep
and then it levels off before the conversion of CdC reaches
completion. The cure rate increases rapidly initially and then
slows down, becoming extremely slow. The cure rate is a
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function of light intensity as the initial slope decreases with a
decrease in light intensity.

Cure termination is due to the onset of the glassy state
throughout the system. The final conversion is affected by the
incident light intensity. Figure 1 shows that at the lower
intensity, the reaction rate starts to slow down at a relatively
low conversion. This has been explained by volume relaxation
theory and radical trapping.39,51

In order to study quantitatively the effect of light intensity
on the inhibition period, the inhibition time versus the value of
1/intensity is plotted in Figure 2. This figure shows that the
delay time (in min) is inversely proportional to the incident
intensity (in µW/cm2) due to the presence of oxygen and the
radical scavenger/stabilizer as previously shown by Wight and
others50-52 in eq 2.

In Wight’s paper, plots of delay time versus 1/I produced
straight lines. The difference is that Wight found extrapolating
those straight lines back to 1/I ) 0 gave nonzero values for the
delay time. This is because the sample in that paper was exposed
to the air. Therefore, oxygen could diffuse into the sample during
the polymerization process to change the total amount of the
oxygen which is scavenged by initiator radicals in the system.
However, the concentration of the oxygen in the sample here
can be regarded as a constant because there is no diffusion of
oxygen as discussed above. In our case, extrapolating the lines
back to 1/I ) 0 gives a zero value for the delay time.

In order to study the effect of incident light intensity on the
polymerization rate of thin samples, the value of-d(ln[M(t)])/
dt as a function of conversion at different intensities is calculated
using a 0.32 time interval and the result is shown in Figure 3.

In order to generate values of-d(ln[M(t)])/dt with less
experimental error at different conversions, the experimental
data are fit to a polynomial curve using Excel software. Figure
3 shows that the solid fitted curves of-d(ln[M(t)])/dt versus

conversion of CdC at different intensities exhibit similar
behavior. All four reactions experience at a low conversion an
auto-acceleration process that is known as the Trommsdorff or
gel effect. After the conversion of CdC reaches about 18%,
the reaction rate starts to drop. The reason for the increase and
decrease of the reaction rate over the range of conversion to
50% can be explained as previously reported by assuming a
changing total concentration of radicals and that some become
trapped in the growing microgel regions. The value of-d(ln-
[M( t)])/dt at conversions from 0.1 to 0.6 are determined at
different intensities from the solid curves in Figure 3. In the
region of 0.5-0.6, the reaction is quenched as the glass transition
is approached throughout the sample. In this region askp is
rapidly reduced due to dramatic changes in mobility, only a
small amount of additional reaction occurs.

Plots of-d(ln[M(t)])/dt versus intensity at different conver-
sions are shown in Figure 4.

From Figure 4, it is found that the relationship of-d(ln-
[M( t)])/dt to intensity is fit at different degrees of conversion
by

As seen in Table 1, the value ofb is 0.70 ( 0.04 for the
conversion range from 10% to 50%. After 50% conversion, the
value ofb increases considerably. Comparison of theb value
here with the value of the exponent in eq 1, it is found thatb
is higher than the classic value, 0.5. We attribute this to
unimolecular termination which is occurring due to trapping of
a portion of the radicals in the microgel regions. As described,
trapped radicals have been extensively observed in many free
radical polymerization systems.15,25,28,32,36-38,52,53 These im-
mobile radicals can terminate themselves by a unimolecular
mechanism and in this case the cure kinetics can be expressed
by eq 1, where the value of the exponent is equal to 1. Thus
the value ofb approaches 0.5 if bimolecular termination is the

Figure 1. UV cure of CD540 with 0.2% Irgacure 819 at different
intensities from 32.5, 16, 8, and 1µW/cm2. Calculation of cure
conversion at different times for different intensities. (s) the calculated
data, (• • •) the experimental data.

Figure 2. Delay time as a function of intensity at 32.5, 16, 8, and 1
µW/cm2. CD540-0.2wt%IC819, thickness) 0.05 mm.

Td ) 31.8
Intensity

(2)

Figure 3. -d(ln[M(t)])/dt versus conversion at different intensities at
32.5, 16, 8, and 1µW/cm2. CD540-0.2wt%IC819, thickness) 0.05
mm.b are experimental data;s are the polynomial curve fitting results.

Figure 4. -d(ln[M(t)])/dt versus intensity at different conversions
(0.1-0.6). CD540-0.2wt%IC819,Ii ) 32.5µW/cm2, thickness) 0.05
mm.

d(ln[M(t)])
dt

∝ aIntensityb (3)
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main termination process, and it approaches 1 if unimolecular
termination is the main process. The values ofb between 0.5
and 1.0 reported in Table 1 support the existence of both mobile
and trapped radicals throughout the cure process. The increase
in the value ofb considerably beyond 0.7 at a conversion greater
than 50% reflects the onset of the glass transition region and
extensive radical trapping throughout the system as the viscosity
rapidly increases during the glass transition.15,32,38

In the glass transition region, Bowman and co-workers32,38

found the concentration of trapped radicals to be almost equal
to the total radical concentration. From eqs 1 and 3, many more
trapped radicals in the system means more unimolecular
termination relative to bimolecular termination which correlates
with the value ofb approaching 1.

Modeling Polymerization Rate Versus Conversion at One
Intensity. A model is developed to fit the experimental curve
of -d(ln[M(t)])/dt versus conversion at the intensity of 32.5
µw/cm2 in Figure 3 up to a conversion of 0.5. The existence of
a changing concentration of trapped radicals in the growing
micro/macrogel regions and a constant value ofkp is used as
the theoretical basis for the model. In the model, the radicals in
the system are divided into two groups, completely “free/mobile”
radicals and completely “trapped/immobile” radicals. The reac-
tion rate constant,kp, of “free” radicals is considered unchanged,
as commonly assumed in most crosslinking reactions. On the
other hand, “trapped” radicals are considered completely im-
mobile, enclosed by the growing micro/macrogel network and
have no chance to react with another radical. Thus in the model,
at any point in time, radicals are assumed to be in one of two
extreme situations reflecting the mobile and immobile regions
in these systems. Thus the radicals can be divided into a percent
of completely “free/mobile” radicals and a percent of completely
“trapped/immobile” radicals which reflects the changes into
spatial and dynamic heterogeneity during the course of the
reaction. According to this description, we can write an equation
for the reaction of a radical with a monomer

The changing value of-d(ln[M(t)])/dt versus conversion in
Figure 3 is due to the value ofkp times the changing value of
[Mf

•], the free radical concentration. Herekp remains a constant
that does not change with conversion until the reaction is
quenched during the glass transition. The concentration of free
radicals is equal to the changing total concentration of radicals
minus those that are trapped.

and eq 4 can be rewritten as

Using eq 6, the UV cure results for CD540-0.2wt%IC819 at
intensity of 32.5µW/cm2 in Figure 3 are fit using eq 7, which
is the difference of two reciprocal exponential expressions.

Here R is the conversion of CdC. The first factor, 1/(1+
e-30(R-0.05)), represents the contribution ofkp times [M•]total, the
concentration of all radicals in the system. The second factor,
1/(1+ e-13.7(R-0.36)), represents the contribution ofkp times [M•]t,
the concentration of trapped radicals. The parameters of 30 and
13.7 times the extent of reactionR, describe the magnitude of
kp times the rate of increase in the concentration of total radicals
and trapped radicals, respectively. The parameters 0.05 and 0.36
describe the value of the conversion,R, when the rapid rise in
the concentration of total and trapped radicals occurs. They are
the value ofR when the total and trapped radical concentration
is equal to half of their maximum.

The mathematical expressions in eq 7 are a Sigmoid function,
an equation that describes well the rapid increase and the
subsequent slow decrease in some polymer properties. One
example is the sudden rapid change in tensile properties versus
molecular weight during the ductile-brittle transition common
to most semicrystalline thermoplastics.

Similar kinetic Sigmoid type equations for propagation,
termination, and trapping were developed in the diffusion control
approach based on changes in the free volume during the
reaction in the paper by Wen and McCormick.39 In their
derivation they use the free volume dependence ofkp, kt, and a
trapping rate constant to reflect the consequences of changes
in the spatial heterogeneity as the reaction advances. As such
their free volume dependence is an average free volume
reflecting the dynamics of what we consider to be two extremes;
the mobile fluidlike low-molecular weight regions and the
immobile-trapping regions of the growing micro/macrogel
regions. We suggest that such an average is better suited to a
homogeneous system where time/spacial averaging is appropri-
ate. Their final kinetic expression for predicting the reaction
rate involves 19 parameters, of which 13 are measurable
molecular parameters characterizing a particular polymer system,
while others are adjustable to fit the shape of the overall reaction.

This is in contrast to our approach which uses far fewer fitting
parameters and which is completely different as it focuses on
the effect of having a widely varying heterogeneity of a loosely
to densely crosslinked network structure. This fact suggests that
an approach for modeling the kinetics should emphasize the
changing concentration of mobile and trapped radicals as the
reaction progresses.

Here we assume, as in most crosslinking reactions, thatkp is
an approximate constant for almost all of the reaction, that is
until the final stage where the reaction rate is quite small and
the final few additional percent of conversion occurs during
quenching of the entire reaction while in the glass transition
region. In eq 7 as described there are four additional
parameters to describe the changes in the concentration versus
conversion of the total number of radicals and of the trapped
radicals. Thus, the focus is on the changing concentration of
mobile, free radicals times a constant propagation rate
constant up until the onset of the glass transition atR > 0.5.
This approach emphasizes the effect of the changing heteroge-

Table 1. The Values ofa and b in Equation 3 at Different Degrees of
Conversiona

conversion of CdC a × 1000 b

0.1 62.1 0.72
0.2 85.2 0.67
0.3 64.6 0.69
0.4 31.9 0.74
0.5 10.9 0.78
0.6 2.5 0.82

a Here the consumption of initiator is not been considered in this section
because it is less than 1.2% for all the systems studied here when the
conversion of CdC is less than 50%.

- 1
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neous spatial morphology of dimethacrylate systems where the
fraction of immobile micro/macrogel regions increases from the
beginning of the reaction to the reaction quench in the glass
transition.

Using eq 7, the changing concentration of total radicals and
“trapped” radicals is shown in Figure 5. From Figure 5, the
model predicts that the concentration of total radicals in the
system increases very fast at the beginning. After 20% conver-
sion, total radical concentration becomes constant. The model
predicts that the fraction of trapped radicals is low when the
conversion is less than 20%; however after that, the fraction of
trapped radicals increases significantly till 50% conversion. After
50% in the glass formation region, most of the radicals in the
system are trapped radicals. These predictions using the model
as applied to the dimethacrylate system studied here are quite
similar to those observed on another system using ESR
measurements by Bowman and co-workers.32,38

The model predicts a leveling off to a constant value of the
total radical concentration. This is in contrast to experimental
results which show a gradual continual increase for another
system as it remains rubbery but approaches the glass transition
region. The experimental results show that the rate of the gradual
increase as opposed to a leveling off to a constant value is
correlated with the fraction of highly crosslinked regions that
are already glassy during the course of the polymerization. Since
these radicals are trapped in the glassy region and the vast
majority of the cure occurs well before reaction quenching in
this region, the model and its predicted leveling based on the
changing concentration of mobile radicals accurately describes
the reaction rate up to reaction quench in the glass transition
region.

Using eq 7, in Figure 6 the model predictions are compared
with the experimental data of-d(ln[M(t)])/dt versus conversion

for the intensity of 32.5µW/cm2. Figure 6 shows that the model
calculated curve fits the experimental data well over the entire
range of conversion. Thus eq 7 can be used to predict-d(ln-
[M( t)])/dt versus conversion for the cure of the system CD540-
0.2 wt % Irgacure 819 at room temperature,Ii ) 32.5µW/cm2,
thickness) 0.05 mm.

Prediction of UV Cure Kinetics at Different Intensities.
Combining eqs 3 and 7, the value of-d(ln[M(t)])/dt versus
conversion and time at other incident intensities (Ii) can be
calculated using eq 8.

wheref (R) is the right-hand side of eq 7,A ) (Ii/32.5)0.7, and
the units ofIi areµW/cm2.

The conversion of CdC, R, versus cure time is calculated
for the cure of bisphenol A dimethacrylate with 0.2wt%IC819
at different light intensities using eq 8. Note that the cure times,
t1 to tn, take the cure starting point at the end of the inhibition
period, instead of the exposure starting point, as 0. The length
of the inhibition period is calculated for any given intensity using
eq 2 for the bisphenol A dimethacrylate the system with 0.2 wt
% Irgacure 819 at room temperature with a thickness of 0.05
mm.

With the use of the method above, the cure kinetics of
bisphenol A dimethacrylate 0.2wt%Irgacure 819 thin films at
the different exposure intensities of 32.5, 16, 8, and 1µW/cm2

are calculated and the model predicted results are shown in
Figure 1 as the solid curves. The experimental data are listed
in the same figure as the dotted curves to compare with the
predicted curves. Figure 1 shows that the predicted curves fit
the experimental data very well. The outcome demonstrates that
it is possible to predict the cure kinetics of a thick sample at
different depths since the changing intensity versus depth and
exposure time is the main reason for the change of cure kinetics
in thick samples.

Initiator Concentration Effect on Cure Kinetics. A series
of thin samples of bisphenol A dimethacrylate and Irgacure 819
at varying concentrations of 0.05 to 0.2 wt % were cured at the
intensity of 32.5µW/cm2, thickness of 0.05 mm. The conversion
of CdC versus exposure time is shown in Figure 7. The
inhibition period, reaction rate, and the final conversion are all
functions of initiator concentration, [PI], with a similar effect
to increasing the light intensity as both directly affect the rate
of formation of radicals.

The delay time versus the value of 1/[PI] is plotted in Figure
8. The delay time is longer for the system with less initiator

Figure 5. The model’s predicted concentration of total radicals
and trapped radicals versus conversion for the cure of a sample,
CD540-0.2wt%Irgacure 819, at room temperature under intensity of
32.5µW/cm2, thickness) 0.05 mm. (s) the total radical concentration,
(- - -) the trapped radical concentration.

Figure 6. -d(ln[M(t)])/dt versus conversion at room temperature
under an intensity of 32.5µW/cm2, CD540-0.2wt%Irgacure 819,
thickness) 0.05 mm. (b) the experimental data, (s) the model
predicted values.

Figure 7. UV cure of CdC conversion with varying concentrations
of Irgacure 819 of 0.2%, 0.1%, and 0.05%;I ) 32.5µW/cm2. Model
predicted values of CdC conversion versus time for different [PI],
photoinitiator concentration. (s) the calculated data, (• • •) the experi-
mental data

-
d(ln([M(t)]))

dt
) Af(R) (8)
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concentration as observed in Decker’s paper54 for the polym-
erization with much higher cure rate. Studying the relationship
of delay timeTd (in min) and [PI] gives eq 9.

Figure 9 shows that increasing the initiator concentration
results in a larger polymerization rate and final conversion. In
order to study the connection between the polymerization rate
and [PI], the value of-d(ln[M(t)])/dt versus conversion at
various initiator concentrations is plotted in Figure 9.

Similar to Figure 3, the experimental data in Figure 9 are fit
to curves using a polynomial and Excel software to give values
of -d(ln[M(t)])/dt with less experimental error versus conver-
sion. The value of-d(ln[M(t)])/dt versus [PI], the photoinitiator
concentration at different conversions of CdC is shown in
Figure 10.

From Figure 10, the relationship of-d(ln[M(t)])/dt and [PI]
can be described as

In Table 2, the value ofd (0.75 ( 0.04) is almost a constant
for the conversion range from 10% to 40% where the reaction
rate is large. This value is within the experimental error of the
value ofb, 0.7 in eq 3. As before, the deviation of the value of
b andd from 0.5 is attributed to the unimolecular termination
kinetics due to trapped radicals in the system whose concentra-
tion rapidly increases around a conversion of 0.5. When the
conversion of CdC reaches 0.5,d increases to 0.88. At 0.6
conversion it becomes essentially 1 when the percentage of
trapped radicals rapidly increases as the reaction is quenched
when the system enters the glass transition region.

Prediction of UV Cure Kinetics at Different Initiator
Concentrations.From eq 10 and the previous eqs 7 and 9, the
cure kinetics of bisphenol A dimethacrylate with different
initiator concentrations, [PI], at 32.5µW/cm2 intensity can be
calculated. The model’s predicted results are shown in Figure
7.

Given the good fit, the cure kinetics of a thin sample of
bisphenol A dimethacrylate with Irgacure 819 at varying
Irgacure 819 concentrations and varying the radiation intensity
can be described by combining eqs 2 and 9 to give eq 11,

This reciprocal dependence of induction time is known to reflect
the presence of oxygen as a radical scavenger and/or of added
stabilizer.55,56

Combining eqs 7, 8, and 10 gives eq 12,

HereK is described by eq 7 forI1 ) 0.32µW/cm2 and [PI]2 )
0.2 wt % whileb is 0.70 andd is 0.75 for this system.

Equation 12 utilizes a fit at one intensity and initiator
concentration to describe the changes in the rate of polymeri-
zation versus the changing total concentration of radicals and
concentration of trapped radicals. This rate dependent eq 7 is
then scaled to other intensities and initiator contractions based
on the independently determined exponential parameterb for
intensity andd for initiator concentration which for this system
are about 0.7. The value 0.7 reflects the combination of
unimolecular and bimolecular termination which is occurring
up to the reaction quench in the glass transition.

With eqs 11 and 12, the cure kinetics of bisphenol A
dimethacrylate with Irgacure 819 can be predicted as a function

Figure 8. Delay time as a function of [PI],I ) 32.5 µW/cm2.

Figure 9. -d(ln[M(t)])/dt versus conversion for system with
different initiator concentrations, [PI],Ii ) 32.5µW/cm2, thickness)
0.05 mm. Points are experimental data; solid curves are the fitting
polynomials.

Figure 10. [PI] effect on the value of-d(ln[M(t)])/dt at different
degrees of conversion (0.1-0.6 marked in the figure).

Td ) 0.1745
[PI]wt % × 100

(9)

Table 2. The Values ofc and d in Equation 11 at Different Degrees
of Conversiona

conversion of CdC c d

0.1 2.71 0.77
0.2 2.90 0.73
0.3 2.18 0.71
0.4 1.28 0.74
0.5 0.62 0.86
0.6 0.21 1.03

a The values are calculated using corrected initiator concentrations at
different conversions.

-
d(ln[M(t)])

dt
∝ c[PI]d (10)

Td ) 5.542
I[PI]wt % × 100

(11)

(-
d(ln[M(t)])

dt )I2, PI2 ) K(I2

I1
)b(PI2

PI1)
d

(12)
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of UV intensity I2 and the amount of initiator concentration [PI]2

when the sample thickness is small.

This equation emphasizes the spatial heterogeneity due to the
growing micro/macrogel regions throughout the reaction and
the resulting changes in the concentration of the total radical
concentration minus the trapped radical concentration. It assumes
a constantkp. It describes theI and PI dependence for almost
all of the reaction. After 50% conversion, the reaction rate is
very small and the reaction advances only a small amount during
diffusion controlled quenching of now a changingkp in the glass
transition.

Conclusions

As previously shown, UV cure kinetics of this dimethacrylate
system composed of bisphenol A dimethacrylate and a phe-
nylphosphine oxide initiator are a function of incident intensity
and initiator concentration. The inhibition period of the free
radical photopolymerization due to the existence of previously
dissolved oxygen is inversely proportional to the initiator
concentration and the incident intensity with an intercept of zero
if no further oxygen is allowed to diffuse into the sample.

The rate of polymerization, d(ln[M(t)])/dt, is found propor-
tional to the intensity and initiator concentration raised to an
exponential power of approximately 0.7 rather than the classical
value of 0.5. The increase of the exponential value from the
theoretical value of 0.5 in eq 1 is proposed to be due to
unimolecular termination of “trapped” radicals as observed
previously by ESR spectra.

The existence of a changing concentration of trapped radicals
in the growing micro/macrogel regions and a constant value of
kp is used as the basis for the model. In the model, the radicals
in the system are divided into two groups, completely “free/
mobile” radicals and completely “trapped/immobile” radicals.
“Trapped” radicals are considered completely immobile, en-
closed by the growing micro/macrogel network and have no
chance to react with another radical. Thus at any point in time,
radicals are assumed to be in one of two extreme situations
and are divided into “free/mobile” radicals and completely
“trapped” radicals reflecting the changes in the spatial/dynamic
heterogeneity resulting from the growing micro/macrogel
regions throughout the reaction.

Four parameters in two exponential functions are used to
describekp time changes in the total number of radicals minus
the number of trapped immobile radicals where the propagation
rate constant,kp, is approximated as constant up to the reaction
quench in the final stage of the cure. The model is similar in
mathematical form to a more complex multiparameter free
volume molecular approach in which bothkp, kt, and a trapping
rate constant change with reaction advancement.

Our model predicts the initial rapid buildup of the total radical
concentration to a constant value, the steady state approximation,
and then the existence of an increasing proportion of trapped
radicals up to reaction quenching in the glass transition. The
model’s predictions of the changes in the trapped radical
concentration are in good agreement with ESR results in other
dimethacrylate systems. The model accurately describes the UV
cure kinetics at varying incident intensities and varying initiator
concentrations.

The results offer a method to study the cure kinetics of
dimethacrylate systems in which the changing concentration of
free/mobile and trapped/immobile radicals represents the changes
in the spatial/dynamic heterogeneity due to growth of micro/
macrogel regions throughout the reaction.
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