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Anexperimental study was carried out for the development and characterization of innovative photopoly-
merizable siloxane-modified acrylic formulations for possible use as protective coatings. The kinetics of
the radical photopolymerization mechanism induced by UV and visible radiations in presence of suitable
photoinitiators was studied by a calorimetric analysis by varying the testing conditions (temperature,
light power emission, atmosphere).

The reactivity, expressed in terms of both heat developed and rate of reaction, was generally found to

Keywords: . . . decrease when the photopolymerization was carried out in air, due the inhibiting action of the oxygen
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Kinetics towards the free-radical polymerization. The addition of both a silane coupling agent or a high molecular
Thermal analysis weight polysiloxane monomer to the acrylic resin was found to reduce the heat of reaction.

UV radiation Experimental data were fitted to a kinetic model to quantify the effects of light intensity and tempera-

ture on reaction rates and extent of reaction. A good agreement between the experimental data and the

theoretical model was generally found.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Polymers based on acrylic and methacrylic monomers are
widely used for the protection and conservation of stone build-
ings, due to their ability to form water repellent and optically clear
coatings [1-17]. There are, however, durability issues on the use of
acrylic systems for the long term protection of historical buildings
and are preferably used for indoor applications [18-20].

In addition to the insufficient intrinsic chemical stability the
deficiency of acrylic coatings can be also be attributed to two main
factors, respectively poor adhesion to porous substrates and insuf-
ficient water repellence to allow the drainage of the water from the
surface.

In recent years water-borne silane modified acrylic resins and
partially fluorinated acrylic copolymers have been evaluated as
protective coatings for porous stone surfaces [3-17].

In these specific applications the free radicals for the initiation
of the polymerization are generally produced by the decomposi-
tion of a peroxide initiator by the heat generated with the use
of IR lamps. This is a serious limitation for the coating of large
areas, particularly for outdoor applications. High energy radiation
curing, on the other hand, has been widely used industrially for
the curing of coatings, inks and even adhesives. These include
ultraviolet (UV) sources but little use has been made to-date of
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such systems as UV-curable products for the protection of stones
[21,22].

The present work represents the initial stage of a programme
intended to overcome both the deficiencies associated with the
chemical composition of acrylic coatings as well as the curing
method through the use of UV and visible radiations expressly for
protection of stone historical buildings and artworks. To achieve
these objectives a methacrylate resin system was used as a basis
identifying the main structural parameters to improve water repel-
lence, increase adhesion to stone substrate and allow the use of UV
and visible light curing methods.

In this initial study the kinetics of the radical photopolymer-
ization induced by UV/visible radiations, and in the presence of
suitable photoinitiators for a particular siloxane-modified acrylic
resin system, were studied by calorimetric analysis using various
light power emissions and temperatures. A trifunctional acrylic
resin, selected for its high reactivity, was mixed with a silane
coupling agent, containing two types of reactive functionality -
inorganic and organic - in the same molecule. A silane coupling
agent places at the interface between an inorganic substance (such
as glass, metal or mineral) and an organic material (such as organic
polymer, coating or adhesive) to bond or couple the two dissimi-
lar materials [3]. The silane coupling agent can also be an effective
adhesion promoter when used as an additive to coatings or adhe-
sives. The silane must migrate to the interface between the adhered
product and the substrate to be effective. In order to increase the
hydrophobicity and the viscosity of the acrylic-silane mixture, a
high molecular weight polysiloxane monomer was also selected
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Scheme 1. Chemical structure of: trimethylolpropane trimethacrylate (TMPTMA);
alkoxysilane methacrylate functionalized, MEMO; vinyl terminated polydimethyl-
siloxane (VT PDMS); and two differed types of photoinitiator, Irgacure 819 and
Irgacure 784.

among silane products. It is expected to provide water repellency
and enhance the protection, either if it is used as a post-treatment
or is added in the mix [3].

2. Experimental
2.1. Materials

Trimethylolpropane trimethacrylate (TMPTMA) was chosen for
its high reactivity and low viscosity (45 mPa s at 25 °C). The product
used was supplied by Cray Valley.

A trimethoxypropyl silane methacrylate monomer, produced
by Dow Corning as Z6030, known as MEMO, was used as a cou-
pling agent to enhance the adhesion of the coatings to the stone
substrates.

A vinyl terminated polydimethylsiloxane (VT PDMS), supplied
by Aldrich, was added to the acrylic mixture to enhance the water
repellence of the coatings. The VT PDMS used has a number average
molecular weight in the region of 25,000.

Table 1
Composition of all the formulations produced.

Two differed types of photoinitiator, Irgacure 819 and Irgacure
784 were supplied by Ciba. These were chosen for their broad
absorption characteristics and being capable to operate under both
UV and visible radiations, respectively. A poor initial solubility
of the photoinitiator Irgacure 819 in the siloxane VT PDMS was
observed and, as a consequence of this, the content of the ini-
tiator in all the mixtures was limited to 1.5 wt. part per hundred
(pph). Conversely, no solubility peculiarities were noticed when
the visible-photoinitiator, Irgacure 784, was added to the mixture
containing VT PDMS. In any case, the content of this photoinitia-
tor in all mixtures was again limited to 1.5 wt. pph for consistency
purposes. All the formulations obtained in presence of both the
photoinitiators were accurately stocked in dark conditions.

The structure and chemical nomenclature of all the components
are shown in Scheme 1.

2.2. Curing kinetics

The composition of all the mixtures is outlined in Table 1.

Curing of the mixture was carried out in a Differential Scanning
Calorimeter Perkin Elmer DSC-7, modified to allow the irradiation
of the sample by means of a UV/visible lamp. This technique is
known as p-DSC. The light source, produced by a 300 W Xenon lamp
Cermax LX 300, is limited to a wavelength of 370 nm (UV radiation)
or 470 nm (visible radiation) using a monochromatic. Small size
samples (0.9-1.1 mg) were used in order to achieve isothermal con-
ditions and a uniform degree of cure through the sample thickness
[23-25]. The photocalorimetric experiments were repeated at least
three times to check the accuracy of results. Isothermal scans were
run at different temperatures, respectively 10, 25 and 40°C, and
with light radiations intensity ranging from 0.16 to 9.60 wuW/mm?Z.
At each temperature and light radiation intensity curing of the mix-
ture was carried out until no residual exothermal signal could be
detected. The calorimetric experiments were performed in both air
and nitrogen atmosphere, as a way to evaluate the possible inhibi-
tion effect of oxygen on the reactivity of the mixtures. In all the DSC
experiments each sample was maintained in dark condition and
irradiated only after 30 s from the beginning of the test. During the
first 30 s, in fact, the sample was maintained under dark conditions.
The tangent to the heat flow curve during the test under dark condi-
tions was used as baseline for the peak integration. This means that
the isothermal temperature steady state has been reached before
starting irradiation. The latter procedure reduced the possibilities
that the slow recovering of the base line used for the kinetic analysis
is inside of the experimental errors.

p-DSC measurements were used to monitor the advancement of
polymerization, by considering that the heat evolved at any times
is proportional to the overall extent of reaction for the fraction of
reactive groups consumed. The extent of reaction, ¢, can be defined
as [26]:

o HO

Hmax

(1)

Sample Weight composition

Ta1g TMPTMA + 1.5 pph IRGACURE 819

MEMOg19 MEMO + 1.5 pph IRGACURE 819

VT PDMSs19 VT PDMS + 1.5 pph IRGACURE 819

90T-10Msz19 90% TMPTMA + 10% MEMO + 1.5 pph IRGACURE 819

97T-3PDMSgi9
87T-10M-3PDMSg19

97% TMPTMA + 3% VT PDMS + 1.5 pph IRGACURE 819
87% TMPTMA + 10% MEMO + 3% VT PDMS + 1.5 pph IRGACURE 819

T784 TMPTMA + 1.5 pph IRGACURE 784

90T-10M7g4
97T-3PDMS734
87T-10M-3PDMS754

90% TMPTMA +10% MEMO + 1.5 pph IRGACURE 784
97% TMPTMA + 3% VT PDMS + 1.5 pph IRGACURE 784
87% TMPTMA + 10% MEMO + 3% VT PDMS + 1.5 pph IRGACURE 784
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Fig. 1. p-DSC thermograms relative to the calorimetric isothermal scans on the
acrylic formulations activated by radiation light with intensity of 1.6 wW/mm? with
the photoinitiator IRGACURE 819 in nitrogen.

where H(t) is the heat of reaction developed at time t during a DSC
experiment and Hpyax represents the maximum heat of reaction
measured at each power lightirradiation and temperature. The rate
of reaction (do/dt) is therefore obtained from the heat flow dH/dt
as [26]:

de 1 dH
E N Hrnax E
After each isothermal p-DSC test, a second dynamic scan was
always performed on the same specimen using the same Differ-
ential Scanning Calorimeter Perkin Elmer DSC-7 without the UV
light source equipment. The dynamic tests were always performed
in nitrogen atmosphere, at a heating rate of 10 °C/min, from —10 to
250°C.

(2)

3. Results and discussion

The p-DSC isothermal scans, performed in a nitrogen atmo-
sphere at room temperature and activated by radiation with
intensity of 1.6 wW/mm?, are shown in Figs. 1 and 2. The results
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Fig. 2. p-DSC thermograms relative to the calorimetric isothermal scans on the

acrylic formulations activated by radiation light with intensity of 1.6 .W/mm? with
the photoinitiator IRGACURE 784 in nitrogen.
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Fig. 3. p-DSC thermograms relative to the calorimetric isothermal scans on the
acrylic formulations activated by radiation light with intensity of 1.6 wW/mm? with
the photoinitiator IRGACURE 784 in air.

obtained in air atmosphere are shown in Fig. 3. The maximum heat
of reaction Hpax and the time to reach the exothermic peak for both
nitrogen and air atmosphere are reported in Table 2.

Withregard to the UV activated reactions carried out in nitrogen,
the presence of MEMO in the mixture brings about a small reduction
in the heat of reaction (about 6%). This effect could be attributed
the low reactivity of the silane MEMO, which was confirmed by the
observation that, as seen in Table 2, the calculated heat of reaction
of MEMO in presence of 1.5 wt. pph Irgacure 819 is much lower
than that of the acrylic resin TMPTMA, using the same experimental
conditions.

The addition of 3 wt.% of VT PDMS was found to cause an even
greater reduction (around 25%) in the heat of reaction with respect
to the acrylic resin, when the reaction was carried out in an inert
atmosphere. The possible cause of the reduced reactivity can be,
again, related to the low heat of reaction measured for VT PDMS in
presence of 1.5 wt. pph of Irgacure 819, as reported in Table 2. Sim-
ilar results were found in a previous study conducted on a acrylate
functional polydimethylsiloxane (AF-PDMS) added as a reactive
additive in UV-curable coating formulations based on mixtures of
TMPTA (trimethylol propane triacrylate) and polyester acrylate,
although in that case the photopolymerization was carried out only
in air [27]. Moreover, one cannot exclude the possibility of a small
effect arising from the poor solubility of the UV-photoinitiator in
the liquid mixture with VT PDMS, as already pointed out.

Referring to the time to reach the peak value (,e,1), the effect
of MEMO is to slow down the reaction. On the other hand, a tpeax
similar to the value for the TMPTMA resin is obtained when VT
PDMS is also present in the mixture.

The reactivity, expressed in terms of both heat developed
and rate of reaction, was generally found to decrease when the
UV-photopolymerization was carried out in air, always at room
temperature and with a radiation intensity of 1.6 wW/mm?, due
the inhibiting action of the oxygen towards the free-radical poly-
merization [23].

It is known that oxygen inhibition of free-radical photopolymer-
ization causes numerous deleterious effects on free radically cured
products, including slow polymerization rates, long induction peri-
ods, low conversion, short polymeric chain length and tacky surface
properties [28-31]. The reaction mechanism of free-radical pho-
topolymerization can be represented with three subsequent steps:
initiation, propagation and termination. In absence of oxygen, the
initiation reactions can be schematically described by the follow-
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Table 2
Maximum heat of reaction (Hmax) and time to reach the exothermal peak (tpeax) for nitrogen and air atmosphere (operative conditions: room temperature; intensity of
radiation: 1.6 wW/mm?).

Sample Hmax (W/g) Lpeak (s) Hmax (W/g) Cpeak (s)
Nitrogen Air
Ts19 768.52 + 43.4 14.01 + 1.4 321.76 +32.1 16.02+1.6
MEMOg19 496.12 + 13.1 23.08 + 0.7 - -
VT PDMSg19 328.52 + 21.1 37.69 + 2.4 , ,
90T-10Mg19 722.98 + 78.8 18.48 + 2.1 289.47 +28.9 30.00+3.0
87 T-10 M-3 PDMSg19 576.16 + 43.9 135+ 2.1 306.02+3.5 21.00+1.2
T84 779.38 + 44.6 60.0 + 10.6 411.42+0.8 61.09+19.96
90 T-10Myg4 596.05 + 66.4 61.0 + 8.4 388.96+5.0 105.09 +47.1
87 T-10 M-3 PDMS7g4 593.57 + 11.8 46.98 + 3.8 407.18+7.8 97.02+18.0
ing: aninert atmosphere the presence of VT PDMS generally reduces the
ky heat of reaction of TMPTMA resin. This fact was mainly attributed
I + hv—R* (3) to the poor reactivity of the siloxane and only in a minor extent
K to the poor solubility of both photoinitiators in VT PDMS. On the
* * . . . .
R* + M—M; (4) other hand, the time to reach the peak is mainly influenced by

In the first step, Eq. (3) represents the photolysis of initiator, I,
to give two primary radicals, R’, while Eq. (4) is the chain initia-
tion process. In this latter reaction, a primary radical reacts with
monomer, M, to form the first repeat unit of the growing polymer
chain, Mj. The rate of both reactions is controlled by the kinetic
constants for photolysis of the initiator, k4, and the chain initiation,
k;, respectively.

The pathways of curing under nitrogen are modified by the pres-
ence of oxygen present in air [28-31]. In particular, in addition to
reactions schematized with Eqgs. (3) and (4), the chain initiation
process comprises another reaction:

R* + 0, %R0 (5)

where kg is the kinetic constant of the radical scavenging by O,
molecules. When the reaction is conducted in air, then, a part of
radicals, R*, are subtracted by reacting with the monomer since
they can also react with oxygen molecules present in air. As a
consequence, the reaction is slowed and proceeds with a lower
conversion.

The data in Table 2 confirmed that the heat of reaction of
TMPTMA resin decreased when the reaction was carried out in air
instead of in nitrogen (by about 58%). Under air atmosphere, the
values of heat of reaction calculated for all the mixtures are similar,
and can be attributed primarily to the reaction of the acrylic resin.
In fact, when the reaction is conducted in air, it was not possible
to register any heat for the reaction of MEMO or VT PDMS in pres-
ence of the UV-photoinitiator, when using a low power UV lamp,
such as that operating in the p-DSC. In Table 2, in fact, null values
are reported for the latter compounds tested in p-DSC in air. The
trend observed for the time to reach the enthalpy peak of all the
mixtures is similar to that observed when the reaction is carried
out in an inert atmosphere.

When the photopolymerization was activated by visible light,
the effect of presence of MEMO and VT PDMS on heat of reac-
tion and time to reach the peak is similar to what observed in
the UV-activated photopolymerization process, irrespective to the
atmosphere used.

From this observation it can be inferred that, irrespective to
the wave length of the light intensity, the presence of oxygen
always inhibits the radical photopolymerization of these systems.
The reactivity of the additional components present in the acrylic
mixture, i.e. MEMO and VT PDMS, is very low under air atmosphere
using a visible light source, similarly to what observed when the
photopolymerization was conducted in air using an UV source. The

the presence of MEMO, which generally reduces the reaction rate,
particularly in air.

In Table 3 the values of residual heat of reaction (H;esjqual) and
of the glass transition temperature (Tg), obtained through a second
dynamic scan performed after the isothermal photopolymeriza-
tion carried out in nitrogen and air atmosphere, are reported for
all the formulations realized. All the sample photopolymerized in
inert atmosphere does not exhibit any residual heat of reaction,
irrespectively from the temperature of photopolymerization. This
was taken as a confirmation that the reactions carried out in nitro-
genreached completion during the photopolymerization stage. The
same samples showed a Tg ranging from 85.3 to 91.2°C, again
reported in Table 3, depending on the temperature of the isother-
mal photopolymerization process.

On the other hand, when the photopolymerization was con-
ducted in presence of oxygen, in the subsequent dynamic DSC
scan the samples showed a residual reactivity, which was found to
decrease with increasing the isothermal photopolymerization tem-
perature, as shown in Table 3. The observed residual reactivity was
attributed to the effect of inhibition of the free-radical photopoly-
merization due to the presence of oxygen in the air atmosphere, as
already explained. Also in this case, the samples analyzed showed
a T; depending on the temperature of the previous isothermal pho-
topolymerization process, reported in Table 3. It can be observed
that the values of the Tg of the samples photopolymerized in air
(ranging from 28.0 to 32.0°C) are much lower than those mea-
sured on the same samples photopolymerized in nitrogen, as a
further confirmation of the adverse action of oxygen towards the
free-radical photopolymerization.

The effect of the UV power input on the kinetic of radical pho-
topolymerization was then examined by varying the power light
intensity from 0.16 to 9.60 wWW/mm?, performing p-DSC isother-
mal scans on formulation 87T-10M-3PDMSg;g at 10, 25 and 40°C
both in nitrogen and in air atmosphere. At each temperature both

Table 3
87 T-10 M-3 PDMSg19, I=9.60 pW/mm?.

Temperature of first
isothermal test
(photopolymerization
process) (°C)

Second dynamic scan performed after
the isothermal photopolymerization,
carried out in

Nitrogen Air

Hiesidual (W/g) Tg (:C) Hresidual (W/g) Tg (CC)

heat of reaction of the mixtures, in fact, almost corresponds to that 10 0 853+ 14 840+04 28.0+06
of the acrylic resin in isolation, which is, in turn, reduced with 25 0 89.1+£12 722+11  312+10
40 0 912+08 581+13  32.0+09

respect to the value measured in nitrogen. As already stated, under
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Fig.4. Reactionrate (da/dt) versus time as function of UV light intensity at a constant
temperature of 25 °C for the formulation 87T-10M-3PDMSg;s.

the heat (H(t)), the rate (do/dt) and the maximum extent of reaction
(amax) were found to increase with increasing UV light intensity,
as shown in Fig. 4 for reactions carried out at 25°C, in a inert
atmosphere. Similar results were found when the reactions were
conducted in air, as can be seen in Table 4.

It is possible to describe the kinetic behavior of the photopoly-
merization of the systems analyzed by a simple n order kinetic
equation, proposed by Maffezzoli and Terzi [32] for the free-radical
polymerization of unsaturated polyester and acrylic matrix com-
posites for dental applications:

do n
i K(1-«) (6)
where K is a kinetic constant and n is a positive setting parameter
which does not depend on temperature. The latter gives an indi-
cation of the kinetic order of the reaction. The reaction rate, do/dt,
was calculated following Eq. (2) where the maximum heat of reac-
tion, Hmax, at each temperature, for the reaction performed in inert
atmosphere, was calculated as the heat developed during the reac-
tion carried out in nitrogen atmosphere at the same isothermal
temperature, since the reaction was proved to be complete when
the photopolymerization was carried out in a inert atmosphere.

All the curves of Fig. 4 were fitted to Eq. (6). The order of reaction
calculated for the formulation 87T-10M-3PDMSg1g is 2 and it does
not depend on the light intensity. The kinetic constants obtained at
each temperature and light intensity are reported in Table 4.

The effect of the absorbed light intensity (I) on the kinetic con-
stant (K) at each temperature can be described by a power-law
expression [32]:

K = Ko(T)* P (7)

Table 4
Kinetic constants obtained at each temperature and light intensity from Eq. (6).

87T-10M-3PDMSg19

T=10°C T=25°C T=40°C
I (LW/mm?) K(s™) K(s™) K(s™1)
Nitrogen atmosphere
0.16 8x 106 1.8x 104 1.2x 107!
1.6 1.2x 1072 22x104 1.2
9.6 7x10°4 1.7x1073 1.2 x 10!
Air atmosphere
0.16 4%x10°8 24x10°6 1.24x10°3
1.6 7 %1077 6.2x107° 9x 1072
9.6 9x10-° 89x 104 14

87T-10M-3PDMS,,

: Nitrogen atmosphere
14 = Model prediction
0,04979 4
o~ ] T=25°
T 0,00248
v x
1,2341E-4 §
1 T=10°C
6,14421E-6
9 L}
3,05902E-7 =
0,13534 0,36788 1 2,71828 7,38906
I(W/imm?®)

Fig. 5. Comparison between the experimental data and the prediction from Eq. (7)
at 10, 25 and 40 °C for the formulation 87T-10M-3PDMSg;9 in nitrogen atmosphere.

where b is a dimensionless parameter and Ky(T) is a temperature
dependent kinetic constant [32]. As observed by Tryson and Schultz
[23], avalue between 0.5 and 1 for the exponent b may be observed
if termination occurs trough both unimolecular and bimolecular
pathways.

The comparison between the experimental data and the predic-
tion from Eq. (7) at each temperature is shown in Fig. 5. The values
of Ky and b obtained at each temperature and light intensity are
reported in Table 5. For the exponent b, a value on the order of 1
is confirmed when the reactions take place in an inert atmosphere,
irrespective of the temperature used in the isothermic scan.

The change in the maximum extent of reaction, oemax, with light
intensity, I, calculated starting from Eq. (1), was fitted to a power-
law relationship, similar to that of Eq. (7) [32]: i.e.

Qmax = 0o * I€ (8)

where c is a dimensionless parameter.

The data in Fig. 6 show that for the system 87T-10M-3PDMSg1g
there is a good agreement between the experimental data and the
predictions of Eq. (8) when the reaction is carried out in nitrogen
at25°C.

In the light of these findings the same measurements and model
predictions were applied for photopolymerization experiments
carried out in air atmosphere using 9.60 wW/mm?2 power at each
temperature (10, 25 and 40 °C). In this case, since the reaction was
not completed when the photopolymerization process was carried
out in air atmosphere, the maximum heat of reaction, Hnax, used
to calculate the heat of reaction, d/dt, from Eq. (2) was obtained
by adding the heat developed during photopolymerization plus the
residual heat of reaction evolved during the subsequent dynamic
scan, reported in Table 3.

When the kinetic behavior of the reactions performed in air was
fitted with Eq. (6) the order of reaction calculated for the formula-
tion 87T-10M-3PDMSgg in air atmosphere was again found to be
approximately equal to 2 irrespective of the light intensity used.

Table 5
Values of Ko and b obtained at each temperature and light intensity from Eq. (7).

87T-10M-3PDMSg19

Nitrogen atmosphere Air atmosphere

T(°C) b Ko (s71) b Ko (s7)

10 0.98 7.47 x 1076 1.42 3.58 x 107
25 1.01 13x104 1.44 3x10°°
40 0.99 7.4 x 107! 1.53 44x1073
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Fig. 6. Comparison between the experimental data and the predictions of Eq. (8) for
the system 87T-10M-3PDMS819, in nitrogen atmosphere at 25 °C.
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Fig. 7. Comparison between the experimental data and the prediction from Eq. (7)
at 10, 25 and 40 °C for the formulation 87T-10M-3PDMSg;g in air atmosphere.

The kinetic constants obtained at each temperature and light
intensity are also reported in Table 4.

The effect of the absorbed light intensity (I) on the kinetic
constant at each temperature was also determined using the
power-law expression in Eq. (7). Once more the experimental data
were in good agreement with the model predictions of Eq. (7), as
can demonstrated by the plots in Fig. 7. The values of Ky and b
obtained at each temperature and light intensity are reported in
Table 5. These show also that, in this case, b increases to reach val-
ues in the region of 1.4-1.5 when the reactions are carried out in
presence of oxygen.

4. Conclusions

The photopolymerization of a siloxane-modified methacrylate
resin mixture, initiated by the addition of an appropriate pho-
toinitiator for UV and visible activated free-radical reactions, was
analyzed as potential coating systems for stone surfaces.

From kinetic studies carried out with calorimetric analy-
sis in nitrogen atmosphere it was found that the presence of

both methacrylate silane coupling agent and vinyl terminated
polydimethyl siloxane reduces appreciably the heat of reaction,
probably due to their low reactivity.

When the reaction is carried out in air, the reactivity gener-
ally decreases, due the inhibiting action of the oxygen towards
the free-radical polymerization, irrespective to the composition of
the mixtures. The reactivity of the mixture, in this case, is mainly
determined by the reactivity of the acrylic resin.

A kinetic model, accounting for the effect of light intensity, tem-
perature and atmosphere on the reaction kinetics, was applied to
the experimental data obtaining a good agreement. The numerical
values found for the model parameters proved that the termination
reactions occurring in an inert atmosphere take place through uni-
molecular and bimolecular pathways. Moreover, the order of the
photopolymerization reactions was found to equal to 2, irrespective
the operative conditions used, thereby confirming the reliability of
experimentally obtained calorimetric data.
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