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Abstract

The kinetic of photoinitiated polymerization of a dimethacrylate oligomer was studied by using isothermal photocalorimetry. The reaction
was realized with 2,2-dimethyl-2-hydroxyacetophenone (Darocur 1173) as radical photoinitiator. Two kinetic models were applied. First, it
was shown that an autocatalytic model can describe this reaction in a satisfying way. The reaction temperature does not influence themandn
orders of the reaction which were found to be constant and respectively equal to 0.8 and 2. The phenomenological rate constantk varies with
temperature according to the Arrhenius law up to 808C. Above this temperature, this law can again be checked if the initial variation of
double bond concentration due to thermal polymerization is taken into account. In addition, by means of a mechanistic model, thekp andkt

rate constants were calculated. Their evolution with conversion was studied at 508C and well illustrates the importance of the reactive
diffusion mechanism.q 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The photoinitiated polymerization of multifunctional
monomers leads to highly crosslinked networks and parti-
cular behaviours such as autoacceleration and autodecelera-
tion [1–4], incomplete functional group conversion [5–8],
delay in volume shrinkage with respect to equilibrium
[9,10], and unequal functional group reactivity [7,11,12].
Moreover, the high rate and the great exothermic effect of
this reaction can modify the final polymeric material proper-
ties. A better control of the homogeneity can result from a
good knowledge of the kinetic behaviour of these multi-
functional systems.

The kinetics of photoinitiated polymerization has been
the subject of many works [13–18]. Kinetic models result
in the evolution of reactive species concentration as a
function of time by means of a reaction rate expression.
Generally, kinetic models are phenomenological or
mechanistic. Because of the complex nature of the photo-
initiated polymerization, phenomenological models are
often used to describe these systems. However, these

models have been originally conceived for reactions of
which rates are only controlled by the chemical reaction.
Thus, the autocatalytic model has been much used to predict
the treatment of thermosetting resins [29,30]. On the other
hand, very few works put forward the use of these models
for the photopolymerization kinetic. Indeed, these reactions
are controlled by reaction diffusion as a termination
mechanism [2,6,19–24]. By this reaction diffusion mechan-
ism, the mobility of the radical species takes place through
unreacted functional groups until they encounter a second
radical for a termination step. Thus, the reaction diffusion is
a propagating termination mechanism. This mechanism is
physically different from the termination mechanism by
segmental or translational diffusion which implies the diffu-
sion of macroradicals and chain segments to move radicals
within a reaction zone before termination. Those are related
to a diffusion polymer coefficient whereas the reactive dif-
fusion is related to the kinetic propagation constant. Thus,
other models taking this phenomenon into account are pre-
ferred to describe the photochemical reactions.

In a previous work [25], we have studied the photo-
initiated polymerization of a dimethacrylate oligomer with
2,2-dimethyl-2-hydroxyacetophenone (Darocur 1173) as
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radical photoinitiator by using isothermal photocalorimetry.
The effect of temperature was particularly investigated. We
have shown that a maximum conversion was obtained at
temperatures near 908C. Below 908C, the photochemical
reaction completely stops when the glass transition tempera-
ture of the crosslinked material is reached. Thus, conversion
increases with reaction temperature. On the other hand, for
temperatures higher than 908C, our experimental conditions
allow thermal polymerization to occur before irradiation.
Thus, photochemical conversion decreases when reaction
temperature increases.

In this paper, we use the results of this previous study to
describe the kinetic of this photocrosslinking reaction. The
first part is dedicated to a phenomenological model. In the
second part, we use a mechanistic model in order to
determine the different kinetic rate constants of the above
system.

2. Experimental

2.1. Materials

The chemical formula of the reactant used is the
following:

The average number of oxyethyl units in the dimeth-
acrylate oligomer (Akzo,M ¼ 575 g mol¹1) was determined
by 1H n.m.r. analysis and was found to be equal to 4.8.

The photoinitiator 2,2-dimethyl-2-hydroxyacetophenone
(Darocur 1173: 0.15% (w/w) i.e. 10¹2 mol l¹1) was dis-
solved in the oligomer under stirring at room temperature
for 3 h.

2.2. Measurement

The photocrosslinking reaction kinetics were monitored
by a differential scanning calorimeter (DSC 7 Perkin Elmer)
topped by an irradiation unit. Heat flow versus time was
recorded in isothermal mode under nitrogen atmosphere.
The optical part of the calorimeter, the sample preparation,
the treatment of the thermogram and the computation of
conversion and reaction rate were described elsewhere
[25]. The UV radiation intensity was measured at the sample
level by a radiometer at 365 nm and was 2.7 mW cm¹2.

Photoinitiated polymerizations evolve an important
thermal effect and kinetic constants are very sensitive to
an increase in temperature. A simulation of heat transfer
within monomer film during photocrosslinking allows us
to show that our experimental conditions (thin film of
0.2 mm, reaction rate not too fast) are convenient to work

in isothermal conditions [26]. Indeed, the elevation of
temperature within the film is always lower than 18C.

3. Results and discussion

3.1. Phenomenological model

Generally, phenomenological models are based on two
kinetic relations [27–30]. For thenth order reaction, the
reaction is directly proportional to the unreacted monomer
concentration according to Eq. (1):

dC
dt

¼ k(1¹ C)n (1)

whereC is the relative conversion,k is the rate constant and
n is the order of reaction. For an autocatalytic reaction, one
of the products of the reaction markedly increases the reac-
tion rate. The kinetic of this reaction can be expressed as
following:

dC
dt

¼ kCm(1¹ C)n (2)

wherem is the autocatalytic exponent. The rate constantk is

usually assumed to observe the Arrhenius law:

k¼ Ae
¹

E
RT (3)

whereA is a pre-exponential factor andE is the activation
energy.

The later model is usually used to describe the kinetics of
autocatalytic reactions which are characterized by a max-
imum reaction rate between 20 and 40% conversion. The
shape of the photoinitiated polymerization rate curves is the
same as the autocatalytic reaction (Fig. 1). Although photo-
initiated polymerization is autoaccelerated and not autoca-
talyzed, this model can be applied to describe these
reactions in a purely mathematical way.

DSC thermograms give dH/dt versus time. The relative
conversionC is defined as the ratioDHt/DHp or S1/S(Fig. 2),
whereDHt is the polymerization enthalpy att (areaS1) and
DHp is the overall polymerization enthalpy at a given tem-
perature (areaS). Thus,
dC
dt

¼
1

DHp

dH
dt

and Eq. (2) can then be written:

dC
dt

¼ k
S1

S

� �m S2

S

� �n

(4)
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Some studies were realized on the dependence of the orders
m and n on these factors [31–34]. Indeed, bothm and n
orders may change greatly with temperature, surrounding
atmosphere and the type of functionality.

In this work, we have investigated the effect of tempera-
ture onm, n and k values. The kinetics of photoinitiated
polymerization were followed over a wide temperature
range (30–1608C) under nitrogen atmosphere.

Eq. (2) leads to Eq. (5) and the plot of log dC/dt versus
log[Cm/n(1-C)] must be a linear relation (Fig. 3) by adjusting
the ratiom/n, which is first estimated asS1/S2 on both sides
of peak apex. The zero ordinate givesk and the slopen
allows one to calculatem.

log
dC
dt

¼ log kþ n log [Cm=n(1¹ C)] (5)

The calculated exponentsm andn are constant and equal to
0.8 and 2 whatever the temperature. The rate constantk only
varies with temperature. Thus, the equations of the model

are:

dC
dt

¼ kC0:8(1¹ C)2 or
dC
dt

¼ k
S1

S

� �0:8 S2

S

� �2

(6)

To check the validity of this model, we have compared
experimental and modelized results. In order to obtain an
expression of the conversion versus time, it a priori seems
easier to integrate Eq. (6). Unfortunately, this integration is
very complex and we have chosen to realize a numerical
treatment. For this computation, we consider that, on a very
small time increment, conversion increases with time
according to a linear relation of which the slope is given by:

dCi þ 1

dt
¼

Ci þ 1 ¹ Ci

ti þ 1 ¹ t1
¼

Ci þ 1 ¹ Ci

Dt
(7)

Generally, the fit between the model and experimental rate
is good for all the temperatures (e.g. on Fig. 1 at 508C).

Likewise, simulated and experimental relative

Fig. 1. Typical photoinitiated polymerization rate curve versus time at 508C. Experimental curve (——) and modelization (l).

Fig. 2. Relation between relative conversion and partial areas.
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conversions or absolute conversions (Y%) are in good agree-
ment (e.g.Y% versus time at different temperatures; Fig. 4).
Y% is defined as 100DHt=DHtheor

0 (or 100(S1/S0)) where
DHtheor

0 is the theoretical enthalpy (¹13.1 kcal mol¹1 per
methacrylate double bond[40], i.e.¹190 J/g for our
dimethacrylate oligomer) which corresponds to an areaS0.

The plotlnk versus 1/T (Fig. 5; full symbol) shows thatk
linearly increases up to 808C; the slope gives a small
activation energy of 2.2 kcal mol¹1.

Above 808C, k decreases because of thermal polymeriza-
tion already mentioned in our first paper [25]. Indeed, in Eq.
(4), only the double bond able to react (areaS) is considered.
Thus, to take into account the double bond consumed by
thermal polymerization before irradiation above 808C, we
have estimated a fictitious areaS9 ¼ Y%S0/100 by extrapo-
lation of the absolute conversion versus temperature, which
can be assumed as a straight line (Fig. 6). One can see that
above 808C, S9 is rapidly equal toS0 (Y%,100 at 1108C).

Thus, introducingS9, Eq. (6) becomes:

dC
dt

¼
k

S
S9

� �2:8

S1

S9

� �0:8 S2

S9

� �2

(8)

This relation reveals a new corrected rate constantkcorr:

kcorr ¼
k

S
S9

� �2:8 (9)

This new rate constant can be calculated as soon as thermal
polymerization appears, i.e. above 808C. Thek values are
reported in Fig. 5 (open symbol) and now fit very well the
Arrhenius straight line.

3.2. Mechanistic model

Many researchers have integrated the reaction diffusion

Fig. 3. Determination ofm, n andk values.

Fig. 4. Comparison between experimental (——) and modeled (l) conversion curves at different temperatures.
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concept to conceive a kinetic model [35,36]. The model we
have applied was first revealed by Tryson and Shultz [37]
and then developed by Decker et al. [38,39] and Anseth et
al. [24,40,41]. This model analyses a series of non-steady
state kinetic experiments and allows one to calculate the
propagation and termination rate constants.

The model is based on the classical chemical equations of
initiation and propagation and only assumes a bimolecular
termination:

Initiation:

A2 →hv
2A• Ri ¼ 2,3f«I0[A2] (10)

A• þ M → AM• [A2] ¼ [A2]0e¹ 2,3f0«I0t (11)

Propagation:

¹ M• þ M →kp
¹ MM• Rp ¼ ¹

d[M]
dt

¼ kp[M•][M] (12)

Bimolecular termination:

¹ M• þ •M ¹ →kt
¹ MM ¹ Rt ¼ ¹

d[M•]
dt

¼ 2kt[M•]2 (13)

whereRi, Rp, Rt are respectively the initiation, propagation
and termination rates,kp and kt are respectively the
propagation and termination rate constants,f is the
initiation quantum yield,f0 is the number of radicals pro-
duced per absorbed light energetic quanta,« is the molar
extinction coefficient,I 0 is the light intensity, [A2] and [M]
are respectively the photoinitiator and monomer
concentrations.

Notice that, for the best understanding of the kinetic
behaviour, it is easier to work at low temperatures to
avoid thermal polymerization.

In order to determinekp andkt, the first step is to follow
the polymerization rate as a function of time under contin-
uous irradiation. In our case, from DSC experiments,Rp is
defined as

Rp ¼
[M]0

DHtheor
0

dH
dt

At low photoinitiator concentration and assuming a quasi-
steady state for [M •], the evolution of kp=k

1=2
t can be

expressed by:

kp

k1=2
t

¼
Rp

[M]

�������������������������
2, 3f«I0[A2]

2

r
(14)

As Anseth et al. [24,41], no attempts were made to measure
the initiation quantum yield (f). Therefore, it is the variation
of f1=2(kp=k

1=2
t ) for different reaction temperatures which is

plotted in Fig. 7. At the beginning of the reaction, the high
increase in viscosity reduces the segmental or translational
diffusion of the reactive species and the collision between
two radicals is more and more difficult.kt decreases faster
thankp andkp=k

1=2
t increases. Then, the termination mechan-

ism becomes reaction diffusion controlled and can be
assimilated to a propagation mechanism. From the top of
the curve and because of the great decrease in the mobility
of species, propagation and termination constants and then
kp=k

1=2
t decreases quickly.

In a second step, the UV irradiation was cut at a different
time of reaction and the reaction rate was monitored during
the dark period. Assuming a non-steady state,kt can be
calculated from the integration of Eq. (13):

¹
d[M•]
[M•]2 ¼ 2ktdt (15)

∫t1
t0

¹
d[M•]
[M•]2 ¼ 2kt

∫t1
t0

dt (16)

then

1
[M•]t1

¹
1

[M•]t0

¼ 2kt(t1 ¹ t0) (17)

wheret0 is the end of the irradiation period andt1 is some
time later at the beginning of the dark period.

By substituting [M •] ¼ Rp/kp[M] from Eq. (12) into

Fig. 5. Temperature dependence of the experimental reaction rate constantk
(X) and corrected rate constantkcorr (W).

Fig. 6. Absolute conversion (Y%) versus temperature.

1407L. Lecamp et al./Polymer 40 (1999) 1403–1409



Eq. (17),kt can be calculated as follows:

kp[M]t1

Rpt1

¹
kp[M]t0

Rpt0

¼ 2kt(t1 ¹ t0) (18)

i.e.

k1=2
t ¼

kp=k
1=2
t

2(t1 ¹ t0)
[M]t1

Rpt1

¹
[M]t0

Rpt0

 !
or

f1=2k1=2
t ¼

f1=2(kp=k
1=2
t )

2(t1 ¹ t0)
[M]t1

Rpt1

¹
[M]t0

Rpt0

 !
(19)

This analysis assumes that the kinetic rate constants do not
vary during the time increment (t1 ¹ t0) where the conver-
sion variation is small. Our experimental conditions allows
us to use a very small time increment of 0.8 s. Thus, the
conversion change betweent0 and t1 does not exceed 2%.

One can notice that these calculated constants are average
values, i.e. all the double bonds are assumed to have the
same reactivity.

The computation ofkp andkt was carried out at 508C. The
values of [M], Rp at t0 andt1 were directly obtained from the

DSC thermogram. The variations offkp andfkt are plotted
in Fig. 8.

This figure illustrates well the dependence between rate
constants and conversion. Generally, termination is con-
trolled by the polymer diffusion whereas propagation is
controlled by small monomer molecules. At the beginning
of the reaction, the diffusivity of the species decreases with
the increase in double bond conversion and explains the
rapid drop ofkt. On the other hand, diffusion of the small
molecules is not disturbed andkp is relatively constant.
These variations inkt and kp lead to the autoacceleration
behaviour which characterizes these multifunctional sys-
tems. Between 25 and 35% conversion, when the system
approaches the gel point, termination becomes reaction dif-
fusion controlled and an inflexion of thekt curve at 35–40%
conversion is observed. Above conversion, propagation
becomes monomer and polymer diffusion controlled.kp

and thenkt decrease and quickly tend towards 0. Indeed,
at 508C, the glassy state is reached at about 70% conversion.
The lack of mobility of reactive species quickly leads to the
end of the photopolymerization reaction.

Moreover, we can notice that ourkp andkt curves exhibit
the same shape as those found by Anseth et al. [24], who
also observed a slight variation of these constants versus
temperature for a diethyleneglycol dimethacrylate.

4. Conclusion

In this work, we have shown that the kinetics of photo-
initiated polymerization can be described either by an auto-
catalytic model or by a mechanistic model. The first consists
of a mathematical description. The effect of temperature is
revealed in the variation of the constant ratek. k follows an
Arrhenius law up to 808C. Above this temperature, this law
can be again checked if thermal polymerization, occurring
before irradiation, is taken into account. The second
model is based on the reaction diffusion concept. A series

Fig. 7. Variation off1=2(kp=k
1=2
t ) versus conversion for different reaction temperatures.

Fig. 8. Variation offkp andfkt versus conversion at 508C.
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of non-steady state analyses allows us to determine the
variation of propagation and termination rate constants dur-
ing the course of the reaction. The results show well the
dependence of the rate constants on the reaction diffusion
as a termination mechanism.
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