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Herewith we discuss a new model for thermoset polymers that follow the autocatalytic curing kinetics.
This model is proposed upon investigation of the crosslinking reaction of 2,20-Bis(4-cyanatophenyl)iso-
propylidene (BACy), under isothermal conditions over a range of temperatures between 180 �C and
260 �C without catalyst. BACy undergoes crossslinking via a trimerization mechanism of the nitrile
groups following an autocatalytic kinetics rather than an nth order kinetics. Comparing with other
autocatalytic kinetics models, the new model takes into account that the reaction orders of the curing
reactions in the polymers are temperature dependent variables rather than constants. The new model
provides excellent agreement with the experimental data in a wide range of conversions and reaction
temperatures.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Thermosetting resins including cyanate esters or polycyanurates
continue to play an important role in several key industries including
aerospace, energy, automotive, coatings, microelectronics and opto-
electronics because of their versatility in tailoring desired properties.
Their applications span structural, such as those in composites, and
functional, such as those in lithography, waveguides, and other
photonic devices. Understanding and accurate controlling of the
curing process is a pre-condition to select suitable processing
parameters and to achieve optimum properties. It is, therefore,
imperative to study the kinetics of the cure reactions, as it is a gov-
erning factor of morphology and structure development of the
polymers.Manystudieshavebeenconductedonthecuringkineticsof
thermosetting polymers, and a variety of kinetic models have been
proposed to relate the reaction rate to time, temperature, and
conversion [1e18]. In general, the kinetics models of thermosetting
resins fall into two main types, (1) nth order model and (2) autocat-
alytic model because there are two categories of crosslink reactions
differentiated by whether the maximum rate of reaction occurs at
zero conversion or at afinite conversion value. The nth ordermodel is
often simple expressed by the reaction rate equation [1]:

da
dt

¼ kð1� aÞn (1)
65 67909081.

All rights reserved.
where a is the conversion, n is the reaction order, da/dt is the
reaction rate, and k is the apparent rate constant. Equation (1)
automatically assumes that n is a constant independent of
temperature and conversion and predicts a linear relationship
between ln(da/dt) and ln(1 � a). In most studies so far, these
assumptions were accepted although there are often large
discrepancies from the reality. In our earlier study, we attempted to
address such discrepancies by recognizing that the assumed linear
relationship is often only valid at very low conversion and
substantial deviation was seen at moderate and high conversion.
An alternative model was proposed which was able to provide
excellent description of reactions that follows nth order kinetics [6].

However, the nth order model cannot describe the progress of
complex reactions of some thermosetting resin systems in which
autocatalysis presents [8e11,18e25]. For example, Equation (1)
predicts the maximum of reaction rate at zero conversion which
is not the case for the category of thermosetting resins including
epoxy/amine systems and some bismaleimides [11] and the poly-
cyanurate reported in this study. Instead there is a different model
proposed first by Kamal et al. [18,19] based on studies of epoxy
resins which represents autocatalytic curing kinetics as shown in
Equation (2).

da
dt

¼ k1ð1� aÞnþk2a
mð1� aÞn (2)

where k1 and k2 are two individual rate constants following
Arrhenius temperature dependency. Two reaction orders m and n
are introduced that are constants. The autocatalytic kinetics model
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derived from Equation (2) predicts maximum reaction rate (da/dt)
at an intermediate conversion (a > 0). Mathematically, at the point
of maximum reaction rate, d(da/dt)/da ¼ 0, hence the following
equation can be derived from Equation (2):

�
am � m

mþ n
am�1

����
da
dt¼ðdadtÞmax

¼ � n
mþ n

k1
k2

(3)

Usually k1 << k2, then we have:

amax ¼ ajda
dt¼ðdadtÞmax

z
m

mþ n
(4)

For a typical autocatalytic reaction, amax, the conversion atwhich
the reaction rate reaches its maximum is around 0.3e0.4 [26]. This
model has been found useful and received much attention
[8e11,18e25] because it is able to address the inability of the
Equation (1) in describing reactions of many thermosetting poly-
merswhenmaximumrate of reaction is not at zero conversion (t¼ 0
or a ¼ 0) due to autocatalysis. However, controversy remains in
literatures because of the limitations of this model. One of the
limitations arose from the fact that bothm and n are not necessarily
constants, although this model is still widely used even though
serious inconsistency exists between the theory and experimental
data because of lack of alternative models. This work is therefore
devoted to derive a new kinetics model for autocatalytic curing
reactions. Curing kinetics of catalyzed cyanate ester systems has
been reported and different techniques, such as DSC [27,28], FTIR
[29], and DEA (Dielectric analysis) [30] have been employed to
monitor the curing reaction. Polycyanurate is selected in this study
not only because of its proven significance in aerospace and elec-
tronics [31e35] and its potentials in optical telecommunications,
[36e42] but also because it serves as a good model compound for
reaction kinetics studies. Its reaction may follow either nth order or
autocatalytic kinetics depending on whether a catalyst is used.
However, very few studies were reported on the curing kinetics of
uncatalyzed aromatic polycyanurates [43,44]. Although the cata-
lyzed polycyanurate systems are often used in composites applica-
tions, uncatalyzed systems are important for dielectric or photonic
applications, because theuseof catalystsmaybedetrimental to their
dielectric or optical properties. In the present study, we selected
2,20-Bis(4-cyanatophenyl)iso-propylidene (BACy) with no added
catalyst, which provides an ideal platform to derive new autocata-
lytic kinetics models. By introducing a temperature dependency of
reaction orders, an alternative model is derived which provides
accurate prediction of autocatalytic reaction kinetics in thermosets.

2. Experimental

2.1. Materials and characterization techniques

2,20-Bis(4-cyanatophenyl)iso-propylidene (BACy) is from Ciba
(under the trade name is AroCy� B-10, purity > 99%). Its chemical
structure is shown in Fig. 1. It is thoroughly dried before experi-
ment. DSC measurements were performed using a TA instrument
DSC 2010. Sample (around 5 mg) was hermetically sealed in
aluminum pans for the analysis. Before the measurement, the
temperature, baseline and heat flow calibrations were carried out
by the recommended procedures using pure indium of melting
point 156.4 �C and heat of fusion, DHf ¼ 6.80 cal/g.
Fig. 1. Chemical structure of 2,20-Bis(4-cyanatophenyl)iso-propylidene.
2.2. Determination of relationship between Tg and conversion

The percentage conversions of partially reacted polymers were
determined by the following procedures. The samples were cured
in the DSC cell at an isothermal temperature for different periods of
time. The reaction was quenched after different levels of the partial
curing and the samples were then scanned again from room
temperature to 400 �C at 5 �C/min. The latter scans give informa-
tion on both the Tg and the residual heat of reaction, DHresidue of the
polymer at different conversions. The temperature corresponding
to the midpoint of the endothermic deflection of the baseline was
taken as the Tg. DHresidue was calculated from the exothermic peak
area. The conversion a of each samplewas calculated from Equation
(5):

a ¼ DHtotal � DHresidue
DHtotal

(5)

where DHtotal is the total heat of reaction of the monomer which
was determined using DSC.
2.3. Isothermal DSC measurement

Reaction kinetics was followed using an isothermal mode using
DSC. To select suitable temperatures for the required isothermal
experiments, a dynamic DSC scan at a heating rate of 5 �C/min was
first obtained (shown in Fig. 2). Temperatures above but near the
onset of reaction were chosen. This method could avoid the
improper choice of temperature, which may be too high or too low.
Isothermal experiments were carried out at 180 �C, 200 �C, 220 �C,
240 �C, and 260 �C. In the isothermal experiment, the sample pan
was placed in the DSC cell at a temperature of 50 �C, and nitrogen
gas was used for purging at a flow rate of 60 cc/min. After the
system reached equilibrium, the temperature was quickly raised to
the isothermal curing temperature at a heating rate of 200 �C/min.
This is to minimize unrecorded reaction heat during the initial
heating before data collection was initiated. After holding at the
isothermal temperature till there is no change in heat flow, the
experiment is stopped. The conversion at time t, a(t), can be
determined from the equation:

aðtÞ ¼ DHðtÞ
DHtotal

(6)

where DH(t) is the enthalpy of the reaction at time t. For a given
isothermal temperature, DH(t) is the accumulative heat of reaction
Fig. 2. Selection of isothermal curing temperature.



Fig. 3. A typical isothermal DSC curing curve. Fig. 5. Reaction rate as a function of reaction time of BACy at different isothermal
temperatures.
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up to curing time t and given by the area above the baseline and
below the curve, as shown in Fig. 3. The baseline is a straight
tangential line to the horizontal part of the isothermal DSC curve.
3. Results and discussion

The isothermal curing kinetics of BACy was systematically
investigated at five different curing temperatures between 180 �C
and 260 �C at a 20 �C interval. Fig. 4 shows the plots of the experi-
mentally determined conversion (a) versus curing time (t) of BACyat
different isothermal temperatures. It can be seen that the increase of
conversionwith time is initially slow, then becomesmore rapid, and
then slows down again before the conversion finally reaches
a plateau towards the maximum. The plot of aet shows an ‘S’ shape
which is the characteristic feature of autocatalytic kinetics and
different from those of the reactions following the nth order kinetics
model. This is particularly notable in aet curves of lower curing
temperatures. Usually, there is a trace amount of phenol impurities
in themonomers of aromatic polycyanuratewhich resulted fromthe
synthesis process. These phenol impurities have some catalytic
effect for the initiation of the cyclotrimerization of cyanate esters.
Fig. 4. Experimentally measured conversion,a versus reaction time, t of BACy at
different isothermal temperatures between 180 and 260 �C.
Because the phenol concentration is very low, the reaction rate is
also very low, until sufficient amount of reaction intermediates are
generated, which autocatalyze of the reaction leading to reaction
rate acceleration.Another important phenomenon is thediffusion at
the later curing stage [28,29]. At low conversion, the concentration
of the functional groups is high and the mobility of the molecules is
not constrained. At higher conversion, however, the viscosity of the
reaction system increaseswith timedue to the increase ofmolecular
weight. The mobility of the reactive groups is constrained and the
reaction eventually becomes diffusion controlled. Finally a plateau
conversion is reached since the molecular weight and the viscosity
become infinitely high. Virtually no further reaction can be observed
at this point, unless the temperature is raised to increase the
mobility of the molecular chains.

As mentioned earlier, the reaction behavior of thermosetting
polymers may follow two different types of kinetics models,
namely nth order model and autocatalytic model. To predict the
curing kinetics of BACy, the relationship between the reaction rate
versus time or conversion was obtained by differentiate the aet
experimental curves which lead to the (da/dt) � t plots (da/dt) � a

plots in Figs. 5 and 6 respectively. If the reaction can be described by
an nth order kinetics model, the reaction rate should be the highest
Fig. 6. Reaction rate as a function of conversion of BACy at different isothermal
temperatures.



Table 1
Curing kinetics parameters for BACy.

T (K) k1 (s�1) k2 (s�1) k2=k1 m n amax ¼ m=mþ n amax
a

453 6.6 � 10�6 3.3 � 10�4 50 0.93 3.63 0.20 0.16
473 2.0 � 10�5 5.4 � 10�4 27 0.88 2.80 0.24 0.18
493 4.0 � 10�5 9.1 � 10�4 23 0.84 2.30 0.26 0.23
513 1.0 � 10�4 1.9 � 10�3 19 0.86 1.86 0.31 0.29
533 2.9 � 10�4 2.7 � 10�3 9 0.91 1.21 0.43 0.42

a amax: experimentally determined conversion of maximum reaction rate.
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at the beginning of the curing reaction (a ¼ 0 or t ¼ 0). If the
reaction follows an autocatalytic model, however, the reaction rate
reaches its maximum value at a certain intermediate conversion. It
can be observed in Figs. 5 and 6 that the maximum reaction rate
does occur at an intermediate conversion, amax. Therefore the
reaction of BACy follows an autocatalytic kinetics model. Attempts
weremade to curve fit the experimental (da/dt)� a plots, as shown
in Fig. 6, using Equation (2). The kinetics parameters k1, k2,m and n
from this curve fitting are given in Table 1.

It can be seen fromFig. 6 and Table 1 that k2 is always higher than
k1 although the k2/k1 ratio decreases from 50 to 9 when the
temperature increases from 453 to 533 K. This indicates that the
autocatalytic effect becomes less notable at higher temperatures,
which is consistentwith the fact that the shape of conversion versus
time curve is more ‘S-like’ at lower temperatures (see data in Fig. 4).
In addition, amax, at which the reaction rate reaches maximum,
increases with temperature, and there is a very good agreement
between the experimentally obtained amax values and those calcu-
lated from Equation (4). This is different from some other previous
reported thermosetting curing systems [3e5], in which the
maximum reaction rates were found at similar conversion in
different temperatures. The reason for this difference is probably
originated fromthe competitionbetween the autocatalytic andnon-
autocatalytic reaction which may be material dependent.

The plots of reaction orders m and n versus curing temperature
of BACy are shown in Fig. 7. It is interesting that a linear relationship
between the reaction order n and temperature was observed in
Fig. 7. Although the reaction order m can be approximately regar-
ded as a constant in this particular case, both m and n can be
expressed in general by

nðTÞ ¼ n0 þ p0T (7a)

mðTÞ ¼ m0 þ q0T (7b)
Fig. 7. Plots of reaction order as a function of reaction temperature for BACy.
where T is the curing temperature, m0, q0, n0 and p0 are fitting
parameters, in this particular case, m0 ¼ 0.88, q0 z 0, n0 ¼ 16.86
and p0 ¼ �0.0294 K�1.

Previous reports on autocatalytic curing kinetics of thermoset-
ting polymers also showed large temperature dependency ofm and
n in various polymer systems [8e11,23e25], constantsm and n, are
usually used in theoretical treatment of data. In many studies,
average m and n values over a temperature range were used to fit
the data. Although further studies are necessary in order to have
more clear understanding on the temperature dependency of
reaction orders m and n [17], the fact that the reaction orders may
vary with temperature is certain. Both increasing and decreasing
trends of m and n were reported with increasing temperature in
different filled or non-filled polymers. Furthermore, the assump-
tion of an overall 2nd order reaction, i.e.,m þ n¼2 [23], is only true
to some polymers [10,11,17]. Therefore, the autocatalytic reaction
kinetics of polymers, e.g., the uncatalyzed BACy, should not be
simply described by Equation (2). In the present discussion on
curing kinetics, a different and more general treatment is taken. By
considering the effect of temperature on m and n, a more accurate
equation is obtained,

da
dt

¼
�
k1 þ k2a

m0þq0T
�
ð1� aÞn0þp0T (8)

where reaction orders m and n are temperature dependent and
expressed in Equation (8), Although for BACy q0z 0, the equation is
applicable for other systems with different p0 and q0 values.

The activation energies (E1 and E2) can be obtained by Arrhenius
plots of ln(k1) and ln(k2) versus 1/T as shown in Fig. 8, which give
E1 ¼ 94,957(J/mol), E2 ¼ 52,120(J/mol), A1 ¼ 510,936 s�1 and
A2 ¼ 327 s�1. If the parameters, k1, k2m0, q0, n0 and p0 in Equation
(8) are known, the theoretical prediction of a versus t can be
obtained by integration:

t ¼
Za

0

da�
k1 þ k2am0þq0T

�ð1� aÞn0þp0T
(9)

A comparison of theoretical prediction and experimental curves
of a versus t is shown in Fig. 9. It can be seen that the model which
took into account of the temperature dependency of reaction orders
(Equation (8)) givesmuchmore accurate prediction of experimental
data than does Equation (2) using the average reaction orders.
Prediction using Equation (8) has very good agreement with the
Fig. 8. Plots of lnðkÞ as a function of 1/T for BACy.



Fig. 9. Comparison of model prediction and experimental aet curves. Model 1 is based
on the new model by considering temperature dependent reaction orders. Model 2
refers to Equation (2) where m and n are assumed constants. (Arrows mark the onset
deviation from chemical controlled to diffusion controlled reaction).

Fig. 11. Relationship between the overall rate constant k and am at 220 �C.
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experimental data in the chemical controlled region. The prediction
only begins to deviate fromexperimental data at higher conversions
due to the onset of diffusion controlled kinetics. Therefore, as
expected in this case, the model over estimates the reaction rate in
Equation (8) at conversions above aonset when diffusion controlled
can no longer be ignored. However, this over estimation can be
readily rectified by adopting a similar approach as previously dis-
cussed concerning an nth order kinetics model [45]. Fig. 9 also
indicates that aonset, at which the reaction kinetics begins to shift
from chemical controlled to diffusion controlled is temperature
dependent. aonset decreases with increasing temperature, and can
be empirically expressed as:

aonset ¼ p1

�
1
T1

� 1
T

�
(10)

where p1 is a constant, T is the reaction temperature, and T1 is
a hypothetical critical temperature below which no chemical
controlled reaction could occur (i.e., aonset ¼ 0 when T ¼ T1). p1
and T1 can be obtained from curve fitting, as shown in Fig. 10.
Equation (10) is a semi-empirical equation reflecting an increasing
Fig. 10. Onset conversion at which the system becomes diffusion controlled as
a function of reaction temperature.
aonset with temperature, and satisfies the condition of, when
T ¼ T1, aonset ¼ 0.

Although most reported studies on thermosets which undergo
autocatalytic reaction focused on the chemical controlled region
using Equation (2) initially proposed by Kamal, it is important to
have a model that is also able to predict the diffusion controlled
reaction. In order to derive a kinetics model to describe the entire
curing conversion range including the chemical controlled and
diffusion controlled regions, a unified generic expression is used:

da
dt

¼ kð1� aÞn0þp0T (11)

Note Equation (11) has a similar form as Equation. However, k in
Equation (11) is not a simple constant but an overall rate constant
given by Equation (12) [4,6],

1
k
¼ 1

kT
þ 1
kD

(12)

where kT is the rate constant in the chemical controlled region and
is temperature dependent as described by Arrhenius relationship,
kD is the diffusion rate constant, which is a function of both
conversion (a) and temperature (T). Equation (12) shows that the
overall rate constant is governed at one extreme by the Arrhenius
rate constant when kT << kD (prior to vitrification), and at the
Fig. 12. Tg versus conversion a for BACy.



Fig. 13. Comparison of experimental data and prediction using the newmodel based on
temperature dependent reaction orders and after unified combiningwithWLF treatment.
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other extreme by the diffusion rate constant when kD << kT (after
vitrification) [29].

The overall rate constant k can be determined from experi-
mental data after rearranging Equation (11),

k ¼ da=dt

ð1� aÞn0þp0T
(13)

On the other hand, the rate constant in the chemical controlled
region, i.e., a < aonset, kT is given by:

kT ¼ k1 þ k2a
m ¼ k1 þ k2a

m0þq0T (14)

Then the diffusion rate constant kD can be calculated using
Equation (12). The relationship between k (determined experi-
mentally) and am at different isothermal temperatures can be
established. The relationship at 220 �C is shown in Fig. 11 as an
example. It can be seen that in the chemical controlled region,
kzkT ¼ k1 þ k2am, which follows the solid line. Then there is
a region in which both chemical control and diffusion control take
effect, i.e., the value of kT is comparable to kD. As the conversion
increases, the reaction is eventually dominated by diffusion
controlled kinetics, and then kzkD.

The diffusion rate constant kD is known to be inversely
proportional to the relaxation time of the polymer chain segments,
and can be described by a WLF expression [7]:

log
kD

kD�onset
¼ C1½Tgonset � TgðaÞ�

C2 þ jTgonset � TgðaÞj (15)
or
Table 2
Summary of parameters obtained from the new kinetics model in this study.a

A1¼508,897 (s�1) E1 ¼ 94,957 (J/mol)
m0 ¼ 0.88 q0 ¼ 0
kD�onset ¼ 9.33 � 10�4 (s�1) C1 ¼ 2.54 (K)
p1 ¼ 1096 (K) T1 ¼ 363 (K)
Tg0 ¼ 295.8 (K) TgN ¼ 632.3 (K)

A1, A2, E1, and E2 are the pre-exponent constants and activation energies from Arrhenius
m0, n0, q0, and p0 are defined in Equation (7). q0 and p0 quantify the gradients of change
kD�onset is the diffusion rate constant at aonset.
C1 and C2 are constants in WLF equation.
p1 is a constant in Equation (10) which should be materials dependent, while T1 is the h
occur. Tg0 is the glass transition temperatures at conversion 0. TgN is the glass transitio
parameter in DiBenedetto equation.

a Notes.
log kD ¼ log kD�onset þ
C1½Tgonset � TgðaÞ�

C2 þ jTgonset � TgðaÞj (16)
whereC1and C2 are constants, kD�onset and Tgonset are the diffusion
rate constant and the glass transition temperature at aonset respec-
tively. TgðaÞ is the glass transition temperature at conversion a.

By taking the constantC2 as 51.6, theuniversalWLF constant [45],
kD�onset and C1 can be obtained by plotting log kD versus
½Tgonset � TgðaÞ�=C2 þ jTgonset � TgðaÞj. Equation (16) defines kD as
a function of a because TgðaÞ is established experimentally in Fig.12,
which shows the measured Tg of BACy as a function of conversion.
The data can be fitted using the Dibenedetto equation [46]

TgðaÞ ¼ ð1� aÞTg0 þ laTgN
1� aþ la

(17)

where Tg0 and TgN are the theoretical glass transition tempera-
tures of the polymer at very low conversion and after complete
reaction, l is a polymer dependent parameter related to the lattice
energy and segmental mobility.

Therefore, the relationship between kD and a can be established,
and then a new unified kinetics model for thermosets which
undergoes autocatalytic curing reaction is established by (1) taking
into consideration the temperature dependency of the reaction
orders in the chemical controlled region and (2) by combining with
the diffusion controlled region using the WLF equation. A
comparison between the unified model and experimental data is
given in Fig. 13, which clearly shows that there is an excellent
agreement between the experimental data and the kinetics model
in both chemical and diffusion controlled regions.

The equations used in this new kinetics model are summarized
below and the obtained values of the parameters in this study are
given in Table 2.

da=dt ¼ kð1� aÞnðTÞ

nðTÞ ¼ n0 þ p0T

1=k ¼ 1=kT þ 1=kD

kT ¼ k1 þ k2a
mðTÞ

mðTÞ ¼ m0 þ q0T

k1;2 ¼ A1;2EXP
�� E1;2=RT

�

log
kD

kD�onset
¼ C1½TgðaonsetÞ � TgðaÞ�

C2 þ jTgðaonsetÞ � TgðaÞj
aonset ¼ p1ð1=T1 � 1=TÞ
A2 ¼ 326 (s�1) E2 ¼ 52,120 (J/mol)
n0 ¼ 16.86 p0 ¼ �0.0294 (K�1)
C2 ¼ 51.6 (K)

l ¼ 0.225

equations corresponding to k1 and k2 in Equation (2).
of m and n respectively with temperature.

ypothetical critical temperature below which no chemical controlled reaction could
n temperatures after complete curing of polymer. l is a polymer dependent fitting
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TgðaÞ ¼ ð1� aÞTg0 þ laTgN
1� aþ la
4. Conclusions

Based on the study of uncatalyzed BACy, which undergoes an
autocatalytic reaction in the chemical controlled region, a new
kinetics model is established. An advantage of this newmodel is that
it incorporates mathematically the temperature dependency of the
reaction orders m and n. Although the reaction orders can have
substantial variation with reaction temperature in thermosetting
polymers, constant reaction orders, usually the average values, were
used for curve fitting in the literature. The new kinetics model
predicts the experimental data of BACy more accurately in the
chemical controlled reaction region than does the existing models
assuming constants m and n. This new model is further unified by
combining with a WLF treatment and the overall model is able to
accurately describe reaction kinetics in the entire conversion range of
the curing reaction. Although developed based on study of BACy, this
model or at least the treatment towardsdeveloping it is not restricted
to this particular polymer and may be successfully applied to other
thermosetting polymers following autocatalytic reaction kinetics.
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