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Abstract Photo-DSC was used to investigate the cure
kinetics of a photo-initiated resin. The exothermal photo-
polymerization reactions were performed in isothermal
mode. The irradiation of photo-initiated resin was studied
under different conditions of temperature, UV lamp
intensity, and reaction atmosphere (nitrogen and air). The
results obtained by photo-DSC allowed us to determine
kinetic data of the photo-polymerized reactions: the global
activation energy and reaction enthalpy, and the conversion
as a function of time and temperature. Modulated tem-
perature DSC measurements were carried out to verify
whether vitrification occurs during polymerization. The
conversion at the top and bottom of irradiated samples was
obtained by FT-IR spectroscopy before and after photo-
polymerization. A non-homogenous photo-polymerization
into the material was observed, probably because of the
light absorptions effects within the uppermost layers.
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Introduction

During the past few years, photo-initiated polymerized

materials have received important attention because of
their industrial applications, such as adhesives, coatings,
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electronics, inks, and dental materials. The development of
this technique is mainly promoted by its advantages: sol-
vent-free systems, rapid curing rate, low costs to imple-
ment the process, and high-quality products [1-5].

Photo-polymerization is a frequently used process to
convert the multifunctional macro-monomers into insolu-
ble networks. In general, in this type of polymerization, a
free radical mechanism is involved [6]. The initiation step
consists in the absorption of UV light by a photo-initiator
that decomposes and produces a reactive species, the rad-
icals. The number of radicals formed is directly propor-
tional with the number of absorbed photons. The reactive
initiator radicals can react with the C=C bonds in the
macro-monomer, initiating the growing polymer chains.
The growth of this polymer chain continues simultaneously
with the formation of new radicals and could be terminated
by chain transfer and/or termination reactions [7].

To determine the kinetics for photo-initiated polymer-
izations, two techniques are widely used: real-time infrared
spectroscopy (RT-FTIR) and photo-differential scanning
calorimetry (Photo-DSC) [8, 9]. The photo-DSC measures
the reaction heat liberated during photo-polymerization. By
this technique, it is possible to obtain more information
about the evolution of the average rate of polymerization in
the sample.

In this article, we report the results of a photo-DSC
study concerning the cure kinetics of a proprietary photo-
initiated resin. The resin is a mixture of a multifunctional
acrylic macro-monomer, a small amount of a UV-photo-
initiator, and additives. Isothermal photo-polymerizations
were performed using different cure temperatures and UV
light intensities. The effect of oxygen on the reaction was
studied by making a comparison between experiments
using nitrogen or air as purge gas. The thermal properties
of photo-polymerized samples were studied by modulated
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temperature DSC (MTDSC). Complementary FT-IR mea-
surements were carried out to evaluate the conversion of
the reacting groups, at the top and bottom of UV-irradiated
samples.

Experimental
Photo-differential scanning calorimetry (photo-DSC)

Photo-DSC measurements were conducted using a differ-
ential scanning calorimeter (Q2000, TA Instruments)
equipped with a photo-calorimetric accessory (PCA No-
vacure 2100, EXFO). UV light was delivered by a 100-W
high-pressure mercury lamp. The PCA accessory provides
a standard filter with wavelength range of 320-500 nm. In
addition, we used a 405-nm band-pass filter (ThorLabs)
and 1 % attenuation filter, for the transmittance of the light
to the DSC cell-adjustable quartz light guides (work tem-
perature range between —50 and 250 °C). Samples with a
thickness of about 1,800 um and weighing 4-8 mg were
placed in uncovered aluminum 7, pans (TA Instru-
ments). An empty uncovered aluminum 7., pan was used
as reference.

Modulated temperature differential scanning
calorimetry (MTDSC)

The MTDSC measurements were performed on a T-zero
DSC previously calibrated (Q2000, TA Instruments) and
equipped with a refrigerated cooling system (RCS-90).
Non-isothermal experiments were carried out using a
heating rate of 10 K min~' and standard temperature
modulation conditions (amplitude A7 of 0.50 K and a
period p of 60 s). Approximately 4-6 mg of sample placed
in T,e;, hermetic aluminum pans were examined between
—150 and 50 °C. Nitrogen was used as purge gas at a flow
rate of 25 mL min~" during the MTDSC investigations.

Fourier transform infrared spectroscopy (FT-IR)

For the FT-IR measurements, a Nicolet 6700 infrared
spectrometer (Thermo Fischer Scientific Inc.) was used,
equipped with a rapid sampling Smart iTR diamond
attenuated total reflectance (ATR) accessory. Spectra of
non-irradiated and irradiated samples were recorded in a
range of 4,000-550 cm ™" with a resolution of 4 cm™'. The
absorbance spectra were evaluated after automatic base-
line, ATR corrections, and normalization using Omnic
Software (version 8.2, Thermo Fischer Scientific Inc.). The
UV-curing behavior was followed by observing the chan-
ges in the absorbance of the C=C bond at 810 cm™'. The
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double bond conversion (o) after a given irradiation time ()
was calculated using following equation:

=)= (As10)g

where (Agig)o is the initial absorbance of the 810 cm™
peak (time ¢t = 0), and (Agio), is the absorbance of the
810 cm ™' peak at time 7. The absorbances were calculated
by integrating the 810 cm™' peak.

(1)

1

Photo-polymerization kinetics

Photo-DSC can provide kinetics data, taking into account
that the measured heat flow rate is proportional with the
polymerization rate [10-15]. In general, this assumption is
valid only if no other enthalpic events than polymerization
occur. To obtain the photo-polymerization heat (H,) as a
function of time, the heat flow rate (g) curves recorded by
photo-DSC were integrated (after subtraction of the base-
line) (Eq. 2). This was transformed into the conversion (o)
through division by the total heat of reaction (AHo)
chosen as the value obtained in the measurement at the
highest (isothermal) temperature (Eq. 3).

t
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to
Photo-DSC experiments measure the overall heat
released from photo-polymerization reactions which

include initiation, propagation, and termination. Assuming
a classical radical mechanism, the rate of photo-
polymerization can be defined by the Eq. 4:

d[M] d[M] I,
Wty ) ) - B fE

where [M] is the monomer concentration; [R*] is the
radical concentration; k, and k are the propagation and
termination rate constants, respectively; and I, is absorbed
radiation intensity. The constant rates are generally
dependent on temperature and are described by
Arrhenius’ law (Eq. 5):

k=A- e & (5)

where E, is the activation energy, A is the frequency factor,
R is the ideal gas constant, and 7 is the absolute
temperature in Kelvin. Even at low conversions, k, is
controlled by segmental and translational diffusion and so
decreases rapidly with conversion. Assuming that at low
conversion the activation energy for termination is nearly
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zero, the overall activation energy for a photo-
polymerization reaction would be given by:

1
anverall = Eap - E ! Eal - anvera]] = Eap (6)
where E,., is the overall activation energy, E, is the

activation energy of the propagation step, and E, is the
activation energy of the termination step.

Results and discussions

Photo-DSC measurements were carried out in isothermal
mode, using a 10-min stabilization step before and after
90-min irradiation time. A subsequent experiment (mea-
sured in the same conditions of temperature and light
intensity) on the reacted sample was used as baseline
(Fig. 1). Thereby, the exothermic effect of the reaction was
obtained by subtracting the baseline curve from the first
registered curve corresponding to the photo-cure of the
sample.

To make sure that the baseline is recorded for a fully
cured sample, between the first and the second runs at a
certain temperature, a post-cure was performed at 50 °C for
180 min (irradiated), as is shown in the Fig. 2.

For all reaction exotherms shown in subsequent figures,
the baseline was subtracted.
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Fig. 1 Isothermal photo-DSC curves: a reaction experiment with an
exothermic peak together with the subsequent baseline experiment on
the reacted sample
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Fig. 2 Full temperature versus time experimental program used to
photo-polymerized a sample at 20 °C

Influence of temperature

To study the effect of temperature, photo-DSC measure-
ments were performed in isothermal mode at temperatures
ranging between —10 and 50 °C and using a constant UV
irradiation provided by setting the PCA accessory to a
value of 8,000 mW cm 2 for light intensity. Figure 3
shows a series of photo-polymerization traces at various
temperatures. As can be seen, the exothermic effect
becomes more significant by increasing the temperature.
The maximum heat flow rate, corresponding to the maxi-
mum photo-polymerization rate, is registered at 50 °C,
1 min after the UV irradiation was started.

For all the studied reactions, the recorded heat flow
rate behaviors are typical for a photo-induced radical
polymerization reaction mechanism. The increase of
photo-polymerization rate by rising the temperature is
mainly due to the activation energy of the propagation
rate constant, as clearly described by the overall activa-
tion energy (Eq. 6).

Figure 4, giving the conversion versus time profiles,
also shows that the final conversion increases with raised
temperature.

The numerical values of amount of the heat released
during photo-polymerization, the maximum heat flow rate,
the time for peak maximum, and the conversion after
90 min as derived from Fig. 3 and Fig. 4 are presented in
Table 1.

For our experiments, the maximum heat released
(115.1 J g ") resulted when the sample was photo-irradi-
ated during 90 min at 50 °C.
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Fig. 3 Photo-DSC exotherms for the photo-polymerization reactions
at various temperatures
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Fig. 4 Conversion profiles for the photo-polymerization reactions at
various temperatures

According to Arrhenius’ law, the E, ., can be calcu-
lated from photo-DSC data at various cure temperatures
using the slope (equal with —E, R™") of the best fitted line
of In v (rate of reaction) versus 1 7! (evaluated at a given
conversion).

Figure 5 plots the natural logarithm of the rate of
reaction (In v) against 1,000 T, using the values of
reaction rate registered when the photo-polymerization
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attained 0.2 conversion. Photo-DSC measurements at five
different temperatures and constant light intensity were
taken into account.

The obtained values of overall E, using the method
described above are presented in Fig. 6. The overall E,
calculated taking into account the reaction rate at four
values of conversion are very similar, finally obtaining an
average about 26.9 kJ mol .

Influence of the glass transition

Using low curing temperature could be inconvenient for the
process, because vitrification might occur, depending on the
increasing glass transition (7) of the polymerized monomer/
polymer mixture. In general, if the T, approaches the curing
temperature, the molecular mobility of the matrix decreases,
and the propagation reaction may become diffusion-con-
trolled, and so the photo-polymerization rate slows. Raising
the cure temperature increases the segmental mobility of the
polymer chains and permits more residual unsaturated sites
to continue the polymerization reaction. To evaluate whe-
ther vitrification might have played a role, the glass transi-
tion was measured using MTDSC.

MTDSC measurements were carried out on the UV-
cured samples using the conditions described in the
experimental part. The experiments were made 1 week
after UV exposure, the samples being kept at room tem-
perature in proper conditions, avoiding non-desirable light
irradiation or thermal effects. Once removed from the open
T,ero aluminum pans used in the photo-DSC experiments,
the samples were placed in closed 7., aluminum pans
used for MTSDC experiments.

The resulting 7, values of a non-irradiated sample was
compared with those obtained for the samples irradiated at
various temperatures. Only the values of 7, registered in the
second heating step were taken into account. As expected,
small changes in the measured 7, of samples after photo-
polymerization reaction were observed. The differences
between the T, of the uncured materials and the T, of irra-
diated samples are less than 5°. For example, for a sample
irradiated at 50 °C the T, increases from —91 °C (non-
irradiated material) to —87 °C (irradiated sample). From this
observation, one can conclude that during photo-polymeri-
zation only light cross-linkage occurs in the material.

Influence of UV light intensity

The influence of the UV light intensity on the photo-
polymerization process was studied by setting the irradi-
ance from PCA accessory at four values of intensity (2000,
4000, 8000, and 10,000 mW cm_z). Figure 7 shows the
exothermic effects registered by photo-DSC for photo-
polymerizations conducted at 20 °C using various UV light
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Table 1 Cure parameters for the photo-polymerization reactions at various isothermal curing temperature (irradiation time = 90 min)

1

Cure temperature/°C Heat flow rate maximum/W g~ Peak maximum/min AH/J g~! Conversion/1
—10 —0.044 3.8 —79.1 0.68
0 —0.060 3.1 —86.3 0.75
10 —0.089 2.1 —94.1 0.81
20 —0.122 1.7 —102.9 0.89
30 —0.154 14 —107.8 0.93
40 —-0.179 1.3 —113.4 0.98
50 —0.188 1.1 —115.1 1
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Fig. 7 Photo-DSC exotherms obtained for photo-polymerizations at
various UV light intensities

intensities. It is observed that the rate of photo-polymeri-
zation decreases with lower UV light intensity, while the
time necessary to reach the maximum rate (minimum in
heat flow rate) increases.

The rate of formation of initiator radicals is proportional
to the quantity of absorbed light. Therefore, raising the UV
light intensity causes an increase in the rates of initiator
decomposition, radical formation, and chain propagation,
and increases the double bond conversion reached at a
certain time. The rate at which the monomer is converted in
a photo-polymerization reaction also depends on the effi-
ciency to exploit the absorbed energy for radical formation,
the reactivity of the radicals with the monomer molecules,
and the presence of inhibiting or retarding species.

In Table 2 the kinetics analysis results for the photo-
polymerizations at 20 °C and various PCA UV light
intensities are summarized. It is clearly revealed that the
UV intensity has an important influence on the overall rate
of polymerization as it controls the initiation step.
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Table 2 Cure parameters for the photo-polymerization reactions in isothermal mode (20 °C) at various UV light intensities (irradiation

time = 90 min)

Cure UV light Heat flow rate Peak AH/J g™! E, average/kJ mol ™!
intensity/mW cm™> maximum/W g~ maximum/min

2,000 —0.056 34 —76.3 26 £2

4,000 —0.090 23 —80.7 27+£2

8,000 —0.103 1.8 —87.7 26 £2

10,000 —0.114 1.5 -97.9 27+£2

The values of the overall activation energy (E,) obtained
for the samples irradiated at different UV light intensities
are very similar, which demonstrates the temperature
dependence is controlled by the propagation reaction,
respecting the Arrhenius law.

Non-uniform photo-polymerization

In photo-DSC measurements, the sample was placed in
open T, aluminum pans and was irradiated at the top. At
the start of the irradiation, the light intensity reaching a
certain depth in the sample can be estimated by Lambert-
Beer’s law:

L =1y — Lps =1Ip- (1 —CXp(—S' [PI] 'x)

(7)

where I, is the light intensity reaching the depth x into the
sample, I, is the light intensity absorbed by the sample
between the surface and depth x, I is the incident light
intensity, ¢ is the molar absorption coefficient, and [PI] is
the photo-initiator concentration. Thus, as the light goes
deeper into the sample, the light intensity will decrease,
since an increasing amount of light is absorbed by the
photo-initiator present in the layer above. As a result, the
photo-initiation is initially faster at the irradiated top sur-
face, and the photo-polymerization rate (or the conversion
reached after a certain irradiation time) might be higher at
the top than at the bottom of the sample, leading to a non-
uniform photo-polymerization.

To investigate whether there is a significantly different
polymerization rate at the top and bottom surface, the
conversion of double bonds was followed by ATR-FT-IR
spectroscopy, using the decrease of the absorption band at
810 cm ™' (stretching vibration of the —-C=C— bond). For an
ATR FT-IT experiment using the diamond i7R accessory,
the penetration depth is estimated to be about 2 um (as
compared to a sample thickness of 1,800 pm. Using the
Fig. 8, the FT-IR conversions obtained by measurements
carried out at the top and at the bottom of samples previ-
ously irradiated for 90 min in photo-DSC experiments are
presented. These results are compared with the conversion
values obtained by photo-DSC measurements at different
cure temperatures. It can be observed that the conversion at
the top of the samples is always somewhat bigger than the
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Fig. 8 FT-IR conversion (top and bottom of exposed sample) after
90 min of irradiation (8,000 mW cm~>) for the photo-polymerization
reactions at various temperatures in the photo-DSC

conversion at bottom, which can be explained by a non-
homogenous reaction resulting from a higher absorption
and photo-initiation rate at the top surface. As the photo-
initiator is being consumed faster closer to the top surface,
over time, an increasing amount of light will reach the
lower layers, accelerating the initiation and photo-poly-
merization there.

Figure 5 also shows that the FT-IR conversion is in
nearly all cases slightly bigger than the photo-DSC con-
version. It is quite common to find differences in the
conversions determined using FT-IR and photo-DSC [16,
17]. This was attributed to a certain delay in the mea-
surement of the heat released during the curing reactions in
the photo-DSC module, in comparison with the monitoring
by FT-IR spectroscopy of the decrease in the absorbance
peak, corresponding to the consumption of monomer’s —
C=C- bond [18]. Using the photo-DSC technique an
average conversion for the entire photo-polymerized sam-
ple is obtained, while ATR FT-IR spectroscopy gives the
conversion at the surface, because of the limited penetra-
tion of infrared light beam (ca. 2 pm).
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Table 3 Cure parameters for the photo-polymerization reactions at various isothermal cure temperatures for 90 min using air as purge gas

Cure temperature/°C Heat flow rate maximum/W g~ Peak maximum/min AH/T g~! Conversion/1
—10 —0.039 4.2 —66.4 0.58
0 —0.059 3.1 —75.1 0.66
10 —0.090 22 —82.7 0.73
20 —0.109 1.7 —88.8 0.78
30 —0.141 1.2 —95.8 0.84
40 —0.163 1.1 —103.2 091
50 —0.180 1 —109.6 0.96

Effect of oxygen

It is well known that one of the major disadvantages of
free-radical photo-polymerization is its susceptibility to
oxygen inhibition. The presence of oxygen leads to an
induction period before polymerization takes place or to a
retardation of the photo-polymerization, because the oxy-
gen biradical reacts very rapidly with photo-generated free
radicals, forming a peroxy radical that is much less reac-
tive. Thus, oxygen acts as a chain terminator and reduces
the rate of polymerization until all oxygen in the system
has been consumed [19, 20]. This is known to lead to
incomplete cure of surfaces exposed to oxygen.

To see how oxygen influences the photo-polymerization
reaction of the resin used in our studies, photo-DSC mea-
surements using air as purge gas were carried out. The same
conditions (sample mass, cure temperature, and UV light
intensity) were chosen as in the photo-DSC measurements
carried out using nitrogen as purge gas. The cure parameters
obtained from the photo-DSC data are presented in Table 3.

Figure 9 compares the traces of heat flow rate (a) and
conversion (b) measured during the photo-polymerization at
50 and —10 °C, using nitrogen or air as a purge gas. At high
temperature, only a small difference was observed. For
lower temperatures, the oxygen effect seems to be more
significant.

The more pronounced influence of oxygen at lower
temperatures might be explained by a higher solubility of
oxygen at low temperatures. The solubility of gas molecules
in polymers can be described as a thermally activated pro-
cess that obeys Arrhenius behavior, as is shown in Eq. 8
[21]:

S=S8,-eF (8)

where S is the solubility, Sy is the pre-exponential factor,
AHj is the heat of solution, R is the ideal gas constant, and
T is the absolute temperature in Kelvin.

However, the literature does not support this, if we take
into consideration the small endothermic value
(+1.2 kJ mol™ ") for materials with similar composition as
our proprietary material [22, 23].
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Fig. 9 Photo-DSC exotherms (a) and conversion curves (b) for the
photo-polymerization reactions at 50 and —10 °C using different
purge gases (N, and air)
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On the other hand, the more pronounced influence of
oxygen at lower temperatures might be caused by a lower
activation energy of the oxygen inhibition reaction as
compared to the propagation reaction. Indeed, the ratio of
the rate constants of the reaction of a growing radical with
oxygen (inhibition) over the reaction with monomer
(propagation) will increase with decreasing temperature if
the inhibition reaction has a lower activation energy
(slowing down less as temperature decreases). As a result,
the retarding effect of oxygen would be more pronounced
at lower temperatures.

Conclusions

Photo-DSC was used to investigate the photo-polymeriza-
tion process of a photo-initiated resin under different
conditions of temperature, light intensity, and reaction
atmosphere. Kinetic parameters as overall activation
energy, total heat of reaction, and conversion were deter-
mined. After the irradiation, samples were investigated
using MTDSC and FT-IR to find out the changes in glass
transition during the photo-polymerization and the unifor-
mity of the conversion of the reacting groups, respectively.

As expected, higher temperatures and higher UV light
intensities lead to a higher reaction rate and to a shorter
time necessary to attain complete polymerization. The
MTDSC measurements showed a very small increase of the
glass transition, which is attributed to a lightly cross-linked
structure of the material after photo-polymerization. From
the ATR FT-IR investigations, it was noticed that there is a
higher conversion at the top versus the bottom of irradiated
samples, which can be explained by a non-homogenous
reaction inside the material resulting from a higher light
absorption in the top layer where the radiation is incident.
Oxygen inhibition or retardation seems to be not so
important for this photo-initiated resin, its effect being only
observed at low temperatures.
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