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ABSTRACT: The UV cure kinetics of thick samples composed of a dimethacrylate oligomer, a photobleaching
initiator, and in the presence of oxygen are modeled and measured. First, the temporal and spatial variation of
initiator concentration and the resulting variation of intensity with depth are calculated using previous results
determined from thin samples. Then cure kinetics at different depths are predicted using a model that accounts
for a changing concentration of free and trapped radicals. Thereby, the model includes variation in the extent of
unimolecular and bimolecular termination as the reaction proceeds. This is different from the classic steady-state
assumption involving only bimolecular termination. The model’s calculated results are compared with the
experimental results measured by transmitted near-FTIR for a number of thick samples of varying thickness
exposed to differing intensities and having differing initiator concentrations. The model’s predictions are in good

agreement with the experimental results.

1. Introduction

UV cure technology was originally used in thin film applica-
tion, such as for curing coatings, inks, and adhesives. Because
of the outstanding advantages of this technology, its application
has expanded quickly from traditional thin films to thick films
up to a centimeter, such as dental restorative materials,! 3
gradient structure materials,* ! and stereolithography.'>~'* The
UV cure kinetics of thin films have been extensively studied
experimentally. But most of the reports on the UV cure kinetics
of thick samples are based on theoretical calculations." ' For
thick films, Terrones and Pearlstein, Miller et al., O’Brien and
Bowman, Ivanov, and Decker have developed mathematic
models which predict the temporal and spatial variation of light
intensity, initiator concentration, and the resulting initiation rate
but which assume a number of ideal conditions.'>~'® Their
results show there is an optimum initiator concentration for
efficient photopolymerization of thick samples.

However, none of the models reported in these papers
considered the effect of oxygen that is usually dissolved in
systems and decreases the conversion at the surface. For thin
film applications, people usually try to remove oxygen to achieve
a fast cure under CO, or nitrogen to protect the surface.
However, for some thick applications, such as producing a
gradient structured material, dissolved oxygen may be preferred
to achieve a larger structure gradient through depth.

In earlier thick sample UV reports, the cure rate were either
not calculated or calculated using the classic steady-state
assumption®® which is based on a bimolecular termination
mechanism. However, a number of results point to the existence
of another termination mechanism, unimolecular termination due
to the observation of “trapped” radicals.?' ~?® The combination
of unimolecular and bimolecular termination results in a larger
exponential dependence of the reaction rate on the intensity and
the concentration of the initiator than the widely used value of
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0.5. In addition, here the effect of dissolved oxygen in the system
is included in the model. In this report, we use this recently
developed model that describes a system involving both
unimolecular and bimolecular termination.?’

Here, the UV cure kinetics of a system composed of an
oligomer, ethoxylated (4) Bisphenol-A dimethacrylate (CD540),
and a photobleaching photoinitiator bis(2,4,6-trimethyben-
zoyl)phenylphosphine oxide (Irgacure 819) is studied experi-
mentally using transmitted near-FTIR and using the model’s
predictions for this system. Expanding on previous reports on
thick samples, the bulk cure kinetics is calculated from the
average change at each depth. The model’s calculated results
are compared with the experimental results measured by
transmitted near-FTIR for samples of varying thickness, exposed
to differing intensities, and having differing initiator concentra-
tions.

The experimental results and the model’s predictions are used
to provide insight into the factors affecting the cure versus depth,
the total cure versus time, and the ability of the model to predict
the experimental results.

2. Experimental Section

Materials. As previously reported on the thin films,?” the
photoinitiator bis(2,4,6-trimethybenzoyl)phenylphosphine oxide (Ir-
gacure 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 under nitrogen. 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) at William and Mary
and a Bruker 55 FTIR Equinox spectrometer at INSA in Lyon are
used to measure the transmitted spectrum of the thin samples. The
near-FTIR spectrum monitors the decrease of the absorption peak
(6160 cm™!) 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 glass as a spacer to determine the sample thickness.
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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 and measurement with a radiometer.

Temperature Measurement. A portable AMC thermocouple
thermometer with ports connected to thermocouples located at
different depths in the sample monitored the temperatures simul-
taneously. The AMC thermocouple thermometer recorded a value
every 2 s.

3. Model Description

3.1. Spatial and Temporal Variation of Light Intensity
and Initiator Concentration. The spatial and temporal variation
of light intensity has been previously studied.®”'%!3~17:2930 The
monomer absorbs light at the wavelength of the initiator, 366
nm. Since oligomer absorption is negligible compared to the
monomer, the equation of Beer—Lambert law can be written
as

I =1, x 107 PCPIFe D) (1

Here b is the light path length of the sample (cm), I; is the
incident intensity to the surface of the thick sample, [, is the
light intensity at the distance of b from the exposure surface,
and ¢;, the absorption coefficient of the initiator, is 760 L mol ™!
cm™! measured using CD540 as the solvent. [PI], mol L™, is
the concentration of photoinitiator. €,, the absorption coefficient
of the monomer, is 0.0755 L mol~! cm™! as measured.?”-?® [M],
mol L™, is the concentration of monomer.

In some previous reports, absorption of the monomer is
disregarded because the extinction coefficient of monomers is
usually much smaller than the extinction coefficient of initiators.
However, the fraction of monomers in the system is much larger
than the initiator and oligomers. Therefore, the absorbance of
the monomers may significantly affect the intensity at a given
depth. Here the intensity and initiator concentration vs depth
are calculated for both situations, and the effect of the monomer
absorption is examined.

In addition, the initiator used here, Irgacure 819, is photo-
bleaching. After the exposure starts, the intensity inside the
system increases with exposure time due to the degradation of
the initiator and no light absorbance in this range by the
photoproducts. Therefore, as time passes more light reaches a
given depth. The photolysis of aryl phosphine oxides including
Irgacure 819 has been studied.”®>° The initiator undergoes
o-breakage to produce a benzoyl—phosphinoyl pair. The optical
absorption spectrum of the benzoyl—phosphinoyl radical pair
produced by the UV light shows that the absorption at 365 nm
is almost zero.

The degradation rate of the initiator can be expressed using
the equation

dpen o,
o =L @)
¢' is the quantum yield of the photoinitiator consumption, the
mole number of photoinitiator degraded per einstein absorbed.
The value of ¢' for a-cleavage of bis(acyl)phosphine oxides is
reported to be 0.5 to produce a benzoyl—phosphinoyl radical
pair. (Note: ¢' is different from ¢, the quantum yield of
initiation, the number of radicals which activate propagation
formed for each photon absorbed as often defined.?®) I, is the
absorbed photon number by the photoinitiator in units of einstein
sThLL
1, can be calculated at various depths and times using eq 3
according to Beer—Lambert’s law.
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I(1 — 1075 F1m)

I(iz,m) = b (3)

n

where b, is the depth of the layer n.

Using eqs 2 and 3 and doing the integration for a small time
interval, 1, — 1,

¢'Il.(1 — lo_sianI(n,m))
b

n

[PI](n,m-H) = [PI](n,m)_ (tm-H - tm) (4)

Using these equations, the change of initiator concentration and
light intensity vs exposure time m and sample depth b,, for layer
n in a thick sample is calculated.

The UV cure kinetics of this system as a thin film has been
studied.”” A model to describe the cure kinetics involving a
changing concentration of free radicals undergoing bimolecular
termination and trapped radicals undergoing unimolecular
termination was developed.”” The model is based on the
observed existence of a spatial and dynamic heterogeneity in
these methacrylate systems, a phenomena first predicted by
Duzek.?' ? It is now known that microgel regions are formed
near the onset of the reaction and are surrounded by “monomer
pools” in which radicals generated therein are highly mobile.
The radicals in the growing microgel/macrogel regions have
very limited mobility and are considered trapped, approximated
as immobile in the model. The existence of a changing per-
centage of mobile and trapped radicals has been observed by
ESR.*"* The existence of a dynamic heterogeneity resulting
from the growth of the microgel/macrogel regions as the reaction
progresses has been observed in frequency-dependent dielectric
and mechanical measurements.’®*” In order to describe the
kinetics of this changing heterogeneous system, the difference
of two kinetic terms were introduced to describe the changing
concentration of mobile radicals. The first term describes the
changing total concentration of radicals and the second the
changing concentration of trapped radicals. The model assumes
a constant rate constant, kp, as is generally assumed in traditional
cross-linking reactions up to reaction quench in the final stage
of cure. The existence of both bimolecular and unimolecular
termination is accounted for by allowing the exponential
dependence of the initiator concentration and the light intensity
to be between 0.5 and 1.0, reflecting the existence of both
termination reactions.

In our previous paper on this system of dimethacrylate and
Irgac2171re 819, the cure kinetics of thin films were described by
eq S

_w — (%)0~7(%)075 y

1 1
(1 + o 30(0—005) - 1+ 6713.7((170,36)) ®)

Here a is the conversion of C=C. The first factor, 1/(1 +
e7300=0.05) " represents the contribution of propagation rate
constant k, times [M'Jiow1, the concentration of all radicals in
the system. The second factor, 1/(1 + ¢~13.7@~036)) represents
the contribution of &, times [M;], the concentration of trapped
radicals at time t. The coefficients of 30 and 13.7 times the
conversion describe the rate of increase in the concentration of
total radicals and trapped radicals as the reaction progresses.
The numbers 0.05 and 0.36 are the conversion where the total
and trapped radical concentration is equal to half of their
maximum concentration during the exposure process. The units
of I are uW/cm?, and [M,] (mol/L) is the concentration of
monomer double bonds in the system at time .
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Thus, after the transmitted light intensity and initiator
concentration at a given depth are known, the cure kinetics in
a short interval of time at a particular depth in a thick sample
can be calculated using eq 5.

Since the system has a certain amount of oxygen dissolved
in it, there is an inhibition period before the cure starts. The
delay time (the inhibition period) can be calculated using eq 6
based on our previous thin film results on this system.?’

7 - 5.542
4 I x [PI] wt % x 100

(6)

A Matlab program is written to perform the calculation by
dividing the sample into NL thin layers and dividing the
exposure time into m time intervals. Two assumptions are used
to simplify the calculation process. First, there is no mass
exchange (no diffusion of O,, CD540, and Irgacure 819)
between any two adjacent layers. When the reaction is fast, there
is less opportunity for diffusion. In addition, when the light
gradient is small, the diffusion is small since the variation of
component concentration through depth due to the reaction
gradient is small and diffusion is proportional to the difference
of component concentrations between two thin layers. Thus,
the reaction at each layer can be regarded as a thin sample
reaction and studied in a thin film. The second assumption is
that the curing at all depths is at room temperature. The increase
of temperature due to the exothermal reaction is not considered.
It can be significant and will be discussed later for those
experiments that have a significant increase in temperature.

All light intensities, /(x,y), and photoinitiator concentrations,
PI(x,y), at different depths x and times y are calculated.

According to the original condition, all incident light intensi-
ties on the first layer at all times, /(1,1) to I(1,m), are equal to
I;. The incident light intensity that does not change with exposure
time as verified by using a radiometer. Then using eq 1, the
light intensity through depth before the exposure starts, 1(1,1),
1(2,1)... to I(n,1), can be calculated at time #(1) for all NL layers,
I through n, using the original concentration values of initiator
and monomer.

Then change of initiator concentration versus exposure time
of the first thin layer, PI(1,2), PI(1,3)... PI(1,m), can be calculated
using eq 4 for each subsequent time interval. Then the
transmitted intensity at each subsequent layer at different
exposure times, 1(2,2), 1(2,3)... I(2,m), can be calculated using
eq 1 as well as the change of initiator concentration versus
exposure time using eq 4. Hence, the variation of light intensity
and initiator and monomer concentration through depth and
exposure time can be calculated, step by step.

The delay times (inhibition periods) of UV cure at each layer
at all depths are calculated using eq 6 by substituting / with
I(x,y) from step 1 and [PI] with [PI]o.

The concentration of C=C, M(x,y), and the conversion of
C=C, a(x,y), are calculated beginning at the end of this
inhibition period as well as a, using eq 7

M
oa=1 ", 7

M(x,y) is calculated using eq 5 by integration from time y —1
to y and substituting a(x,y—1), I(x,y), and PI(x,y).

Finally, the average change of M(¢) and a(r) through depth
vs exposure time can be calculated by taking the average of all
values for each layer at the same exposure time. This result is
to be compared with the experimental result measured using
real-time transmitted near-FTIR on a series samples with
different thicknesses and initiator concentrations.
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Figure 1. Model predicted intensity at different depths in a thick sample.
CD540—0.2 wt % Irgacure 819, I; = 130 uW/cm?; thickness of sample
is 4 mm, [PI] = 0.2 wt %, ¢' = 0.5, NL = 10. (—) Considering the
absorption of the monomer, & = 760 L mol™' cm™, ¢, is 0.0755 L
mol~! cm™!; (---) without considering the absorption of the monomer.
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Figure 2. [PI] vs time at different depths in a thick sample. CD540—0.2
wt % Irgacure 819, I; =32.5 uW/cm?, thickness of sample is 4 mm,
[PI] = 0.2 wt %, ¢' = 0.5, NL = 10. (—) Considering the absorption
of monomer, ¢ = 760 L mol™! cm™, ¢, is 0.0755; (---) without
considering the absorption of monomer. Two darker curves in the
middle of other curves are the average of all 10 layers.

4. Results and Discussion

4.1. Model Predictions of UV Cure Kinetics of Thick
Samples. Light Intensity and Initiator Concentration versus
Exposure Time and Depth in Thick Samples. Using the model
described in section 3, the light intensity and the concentration
of initiator are calculated versus exposure time and depth for
two situations. The first includes the absorbance of the monomer,
and the second does not consider the absorbance of the
monomer. Both results are listed together in Figure 1.

Figure 1 shows that when the absorption of the monomer is
considered, the transmitted intensity increases slower than the
predictions without considering the absorption of the monomer.

The predicted changes in initiator concentration versus
exposure time at different depths are shown in Figure 2 for both
situations. For both cases, the initiator concentration in every
layer decreases with exposure time. At the deeper layers, the
dotted curves which neglect monomer absorption decrease faster
than the solid curves where monomer absorption is accounted
for. Thus, the predicted consumption of [PI] at deeper layers is
slower when the absorption of the monomer is considered than
when absorption of the monomer is neglected. The deeper the
layer (or the thicker the sample), the larger is the difference.
Therefore, it is necessary to consider the absorption of the
monomer especially when the sample is thick.

Predicted Cure Kinetics vs Depth in Thick Samples under
Isothermal Conditions. Using the model described in section
3, the cure kinetics at different depths assuming isothermal
conditions is calculated for a FTIR monitored 4 mm thick
sample of CD540 with 0.2 wt % Irgacure 819 initiator
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Figure 3. Predicted UV cure kinetics of CD540—0.2 wt % Irgacure 819 at different depths as marked in the figure from O to 4 mm. /; = 130

uW/cm?, time interval is 0.01 min, layer thickness = 0.05 mm.
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Figure 4. Predicted UV cure kinetics of CD540—0.05 wt % Irgacure
819 at different depths. The depths are marked in the figure as 0—4
mm. I; = 130 uW/cm? Time interval is 0.01 min, layer thickness =
0.05 mm.

concentration, under 130 ©W/cm? radiation intensity. Using the
model, the sample is divided into eighty 0.05 mm thin layers.
Using 0.01 min as the time interval, the calculated cure kinetics
at the surface, and at 1, 2, 3, and 4 mm depth are shown in
Figure 3. From Figure 3, the cure kinetics are strongly dependent
on depth. The polymerization at the surface layers is much faster
than the reaction at the bottom layers because the intensity
decreases significantly with depth, as shown in Figure 1.

Next, the cure kinetics are predicted for another FTIR
monitored 4 mm thick CD540 sample but with a lower 0.05 wt
% Irgacure 819 initiator under the same radiation conditions.
The calculated result is shown in Figure 4. In Figure 4, the cure
kinetics is also faster at surface than at the bottom layers.
Comparing Figures 3 and 4, the cure at the surface layer is faster
for the system with more initiator (Figure 3). However, the cure
at the bottom layer is slower for the system with more initiator
(Figure 3). The reaction is more homogeneous through depth
for the sample with less photoinitiator because the absorption
of light with increasing depth is higher for the system with more
initiator. In summary, the gradient of intensity vs depth for the
sample with 0.2 wt % initiator is more pronounced than the
sample with 0.05 wt % initiator, and so is the cure rate.

Predicted Bulk Cure Kinetics in Thick Samples. Using the
model predicted cure kinetics at different depths, the bulk cure
kinetics is predicted by calculating the average of the conversion
of C=C in all layers from the surface to the bottom at the same
exposure time. These samples are divided into eighty 0.05 mm
thin layers for the 4 mm thick samples. The cure curves at each
layer from surface to bottom, and the average cure kinetics are
shown in Figure 5. This figure shows that the inhibition period
of the bulk cure is determined by the cure near the surface. But
the bulk cure rate and the final conversion are affected by the
delay time and cure rate which vary with each layer.
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Figure 5. Predicted values using eqs 1—6. Cure kinetics of a 4 mm
thick sample, CD540—0.2 wt % Irgacure 819, I; = 130 uW/cm?. Time
interval is 0.01 min, layer thickness = 0.05 mm. (+++) Cure curves of
sample in 0.05 mm thin layers at different depths; (—) average cure
curve of all thin layers in thick sample.
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Figure 6. Predicted values using eqs 1—6. Bulk cure kinetics of 4 mm
thick sample, CD540—0.2 wt % Irgacure 819 under different radiation
intensities. Time interval is 0.01 min, layer thickness = 0.05 mm.
Incident radiation intensity is marked in the figure.

Next, the intensity and initiator concentration effects on the
bulk cure kinetics are calculated using the same calculation
method as in Figure 5. The bulk cure kinetics of 4 mm thick
samples of CD540—0.2 wt % Irgacure 819 under different
radiation intensities are shown in Figure 6. Figure 6 shows that
increasing the light intensity increases the cure rate and
decreases the inhibition period of these 4 mm thick samples of
CD540 with 0.2 wt % Irgacure 819. This result is similar to
that in the previously studied 0.05 mm thin samples.?’

Then, the initiator concentration effect on the bulk cure
kinetics of 4 mm thick samples of CD540—Irgacure 819, with
varying initiator concentration, [PI], and under the same
radiation intensity is calculated. The results are shown in Figure
7. Figure 7 shows that the inhibition period is shorter for the
system with more initiator. Again this is similar to the result
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Figure 7. Predicted values using eqs 1—6. Bulk cure kinetics of 4 mm
thick sample, CD540—Irgacure 819 with varying initiator concentra-
tions. /; = 130 yW/cm?. Time interval is 0.01 min, layer thickness =
0.05 mm. Initiator concentration is marked in the figure.
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Figure 8. FTIR measured bulk conversion vs time for the cure of 4
mm thick system, CD540—0.2 wt % Irgacure 819. (A) I; = 130 uW/
cm?; (@) I; = 65 uW/cm?.
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Figure 9. FTIR measured bulk conversion vs time for the cure of 4
mm thick system, CD540—Irgacure 819 under the exposure intensity,
I; = 130 uW/cm?. Initiator concentration are marked in the figure: ()
[PI] = 0.05 wt %; (@) [PI] = 0.2 wt %.

for 0.05 mm thin samples. However, Figure 7 shows that
increasing initiator concentration does not increase the average
polymerization rate of the 4 mm thick samples. This is different
from the conclusion for thin samples. The reason for the
abnormal phenomena is the significant decrease of light intensity
through the depth in a thick sample with a higher initiator
concentration. A high initiator concentration results in an
extremely slow reaction rate at the bottom. Since the bulk cure
kinetics is the average of cure in each layer at all depths, the
slow reaction rate and long delay time at the bottom decrease
the bulk cure rate. But the inhibition period is determined only
by the reaction in the layers near the surface (as shown in Figure
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Figure 10. FTIR measured bulk conversion vs time for the cure of 4
mm thick system, CD540—Irgacure 819, under the exposure intensity,
I; = 65 wW/cm?. Initiator concentrations are marked in the figure: ()
[PI] = 0.2 wt %; (W) [PI] = 0.4 wt %.

5) where the intensity is not significantly decreased but the
initiator concentration is higher. So the inhibition period in the
surface layers is shorter, as is the inhibition period for the bulk
cure.

These results are consistent with previous modeling of the
isothermal cure characteristics of thick samples.'>~'® Regardless
of the kinetic equations used to model the reaction rate in a
thin layer, models divide the thick sample up into a series of
thin layers at varying depths. It is well-known that the reaction
rate at a given depth depends on the initiator concentration, the
molar extinction coefficient of the initiator and of the monomer
plus the polymer at the incident radiation frequency, and the
intensity of the incident radiation. Our model addresses all of
these factors. Our results as do previous results show that if the
concentration times the major extinction coefficient of the
initiator is large, there is a large gradient in the UV intensity vs
depth. Thus, the sample cures from the top down, sometimes
referred to as frontal polymerization. The advantage of our
model is that the kinetic equation describing the kinetics in each
layer vs depth is a more realistic physical representation of the
spatial heterogeneity of the sample. That at each depth the
sample exhibits regions of high mobility and essentially no
mobility. Our model accounts for the decreasing the fraction
of space occupied by the mobile regions with time and at each
depth.

When the temperature during the reaction is no longer close
to isothermal conditions, many more parameters which are
generally not only unique for a particular resin but unique to
the environment in which the resin is cured are needed.'” First,
the temperature dependence of the effective rate constant times
the concentration of trapped radicals vs time must be determined
in thin sample measurements for a particular resin. Then an
energy balance equation for each depth and time that includes
heat generated by the reaction vs depth/time, heat accumulation,
and parameters that account for the heat transfer properties at
the top and bottom surface of the film are needed. As previously
shown, using a variety of possible conditions, the thermal
boundary at the interface of the top and bottom surface of the
film going from thermally insulating to conductive will have a
very large effect.'” Thus, addressing nonisothermal cure is an
exercise which is strongly dependent on a given cure environ-
ment.

4.2. Measured UV Cure Kinetics of Thick Samples
Using Real-Time Transmitted Near-FTIR. In section 4.1, the
cure kinetics of a number of samples of CD540 with Irgacure
819 was predicted using the model described in section 3. In
this section, the changing total concentration of C=C of
monomer in these thick samples is monitored using real-time
transmitted near-FTIR.



208 Zhang et al.

Macromolecules, Vol. 42, No. 1, 2009

b 08
(&)
(!;
a '06 0.6" . o
=
3
S § 0.4 4
= s
0 8
2 202
2 S o
o | @ ]
o 04 2 0 .
0 20 40 ()} 10 20 30 40 50
Exposure time(min) Exposure time(min)
C d os .
3 o | ot
5 cos
[=) 4+
c +
-9 g .
[ B .
] 204 .
> >
c 8 i
8 8
= =0.2
| a
% 10 20 30 40 50 r v v T
. . 10 20 30 40 50
E ti
Xxposure time(min) Ex psEvatin)
€ 08
9 e .
©o06 :
2 5
c -
o r
204 ;
E .
o
o
x 0.2
=}
o
0 :
0 10 20 30 40 50

Exposure time(min)

Figure 11. (a) Bulk conversion vs time for the cure of 4 mm thick system, CD540—0.4 wt % Irgacure 819. I; = 65 uW/cm?. () FTIR measured
data; (—) predicted cure curve using eqs 1—6. (b) Bulk conversion vs time for the cure of 4 mm thick system, CD540—0.2 wt % Irgacure 819. I;
= 65 uW/cm?. (@) FTIR measured data; (—) predicted cure curve using eqs 1—6. (c) Bulk conversion vs time for the cure of 4 mm thick system,
CD540—0.2 wt % Irgacure 819 at 130 uW/cm? (A) FTIR measured data; (—) predicted cure curve using eqs 1—6. (d) Bulk conversion vs time for
the cure of 4 mm thick system, CD540—0.05 wt % Irgacure 819. I; = 130 uW/cm? (®) FTIR measured data; (—) Predicted cure curve using eqs
1—6. (e) Bulk conversion vs time for the cure of 8 mm thick system, CD540—0.05 wt % Irgacure 819. I; = 130 «W/cm?. (l) FTIR measured data;

(—) predicted cure curve using eqs 1—6.

Table 1. Increase of Temperature in Thick Samples during the
Cure under Different Conditions

maximum increase of temp (°C)

Figure [PI], intensity, sample bottom
No. wt % uW/cm? thickness (nm) surface third
Ila 04 65 4 9 4
I1b 02 65 4 12 10
Ilc 02 130 4 16 13
11d  0.05 130 4 12 20
Ile  0.05 130 8 14 25

First, the exposure intensity effect on the cure kinetics is
studied experimentally under varying UV intensities. The
experimentally measured bulk cure curves of CD540 with 0.2
wt % Irgacure 819 at two different radiation intensities are
shown in Figure 8. Increasing radiation intensity increases the
bulk cure rate of a 4 mm thick sample. This agrees with the
theoretically predicted result in Figure 6.

Second, the initiator concentration effect on the bulk cure
kinetics is reported in Figure 9 for the cure of CD540—Irgacure
819 with 0.2 and 0.05 wt % initiator concentration at 130 4W/
cm? radiation intensity. Figure 9 shows that increasing initiator
concentration results in a shorter inhibition period but a slower
cure rate. This matches the predicted result in Figure 7 under
the same exposure conditions. The initiator concentration effect

on the bulk cure kinetics is also studied at another intensity, 65
uW/cm?, for the system of CD540—Irgacure with 0.2 and 0.4
wt % photoinitiator concentration in Figure 10. Thus, both
Figures 9 and 10 show that for these 4 mm thick samples of
CD540 with Irgacure 819 increasing initiator concentration
decreases the bulk cure rate, but it does shorten the inhibition
period.

4.3. Comparison of the Predicted UV Cure Curves and
Real-Time Transmitted Near-FTIR Results. In Figures
11a—c, the experimental data are plotted together with the
corresponding predicted data under the same condition to
evaluate the model’s predictions. The cure conditions of these
comparison Figures are listed in Table 1. The predicted data
match the experimental data well in Figures 11a—c where the
initiator concentration is higher and the radiation intensity is
lower. However, in Figures 11d,e, the predicted data only match
the experimental data up to oo = 0.4. At higher conversions,
the experimentally measured conversion is higher than predicted.
This is due to the exothermal reaction that results in an increase
of temperature in these thick samples during the later stages of
the cure. An increase of temperature results in an increase in
the reaction rate and the final conversion.

Table 1 reports the maximum temperature measured at the
surface and at a depth approximately one-third from the bottom
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for the runs with varying initiator concentration, intensity, and
thickness shown in Figures 11a—c. The increase in temperature
is due to the rate of heat generated by the reaction and rate of
heat transmitted to the environment. The results show that the
temperature at different depths is affected by the radiation
intensity, initiator concentration, and the thickness as all three
factors affect the rate of the reaction vs depth.

As seen in Table 1, comparing the runs shown in Figure 11b
with Figure 11c, increasing the radiation intensity increases as
expected the peak value of the temperature at the surface and
near the bottom, since the rate at which heat produced is
proportional to the cure rate/radiation intensity. Comparing the
conditions for the run in Figure 11a with Figure 11c and the
conditions for the run in Figure 11d with Figure 11e, the increase
in temperature near the bottom of the sample is higher for the
system with less photoinitiator. This is because the intensity
with increasing depth is much lower for a system with higher
initiator concentration. Table 1 also shows that the increase of
the temperature near the bottom of the sample of CD540 with
0.05 wt % Irgacure 819. The temperature for the runs shown in
Figures 11c,d is large, more than 25 °C. This is much higher
than the temperature increase present in Figures 11a,b. In all of
the systems the surface temperature does not increase much with
initiator concentration as might be expected since the transfer
of heat to the environment is much faster near the surface.

4.4. Applicability of the Model to Dimethacrylate and
Other Thermosetting Systems. As discussed in section 3 under
model description, it has been predicted and verified experi-
mentally that dimethacrylate systems do form microgel regions
and become spatially heterogeneous.?®*!'3*3%37 Numerous
experimental results often using ESR measurements on a variety
of dimethacrylate systems have shown that there are regions of
high mobility, sometimes referred to as liquid-like monomer
pools along with very low mobility regions in the growing
microgel, macrogel regions where radicals are trapped making
them essentially immobile.>' ~° Thus, we believe this model is
widely applicable to dimethacrylate polymerizations. The older
concepts involving more fitting parameters and free volume
diffusion controlled k, propagation and k; termination rate
constants are not a valid physical representation of these systems
as they assume a spatial homogeneity. That is, they assume one
can use the same kp and k; at a moment in time to describe the
kinetics in both the mobile monomer pools and in the immo-
bile gel regions. As such, the meaning of k, and ki is that they
are an average of values which differ greatly with position in
the heterogeneous space.

The applicability of the model to systems beyond dimethacry-
lates is dependent on the existence of the kinetics which cause
a spatial heterogeneity. It has been suggested that many
thermosets are inhomogeneous.*! Heterogeneity is proposed to
exist during free radical cross-linking polymerization of mul-
tifunctional monomers or by the step polymerization of three
different monomers or the decrease in solubility of reaction
products. The heterogeneity induced by these complex kinetics
become fixed by the cross-linking. Hence, we would suggest
that the model is viable in a variety of thermoset reactions which
are more complex than step polymerization of two monomers.

5. Conclusions

UV cure kinetics in thick samples are functions of depth,
incident radiation intensity, and strongly dependent initiator
concentration. Increasing intensity will always increase the bulk
cure rate, but increasing the initiator concentration can result
in a decrease the bulk cure rate as the sample thickness increases.

A model which includes both bimolecular and unimolecular
terminations arising from a changing concentration of mobile
and trapped radicals describes accurately the cure kinetics at
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particular depths and the average cure kinetics through depth.
The model’s four kinetic parameters are based on thin film
results and then models the thick system by dividing the sample
into many thin layers (0.05 mm). The model predicted results
show that the deeper the position in a thick film, the slower the
cure rate. The model predictions and the experimental results
also show that increasing the radiation intensity will always
increase the bulk cure rate and shorten the inhibition period
due to dissolved oxygen in thick samples. However, increasing
the photoinitiator concentration may decrease the overall cure
rate. The models predictions of cure at various depths describe
how the radiation intensity and initiator concentration affect the
cure as a function of depth in thick samples.

In summary, the model utilizes four fitting parameters, less
than in several previously proposed models. More important,
the advantage of the model is that the kinetic equation describing
the kinetics in each layer vs depth and time is a more realistic
physical representation of the spatial heterogeneity of the
sample. That at each depth with time, the sample exhibits
differing ratios of regions of high mobility and essentially no
mobility

The bulk cure kinetics was monitored by transmitted real-
time near-FTIR, and the results are in good agreement when
compared to the corresponding predicted bulk UV cure vs time.
The model, which does not include the temperature effect on
the kinetics, does predict well the experimentally measured bulk
cure kinetics of thick samples when the maximum temperature
does not increase more than 15 °C. When the temperature
increases more, the experimentally measured cure rate is in good
agreement up to 40% conversion. But then due to the increasing
temperature with depth, the experimentally measured rate of
cure is faster, and the final conversion is higher than the model
predictions as expected since the effect of temperature on the
kinetics is not accounted for in the model.
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