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ABSTRACT: The cure of a novolac-type cyanate ester
monomer, which reacts to form a polycyanurate network,
was investigated by using differential scanning calorimeter.
The conversions and the rates of cure were determined from
the exothermic curves at several isothermal temperatures
(513–553 K). The experimental data, showing an autocata-
lytic behavior, conforms to the kinetic model proposed by
Kamal, which includes two reaction orders, m and n, and
two rate constants, k1 and k2. These kinetic parameters for
each curing temperature were obtained by using Kenny’s
graphic-analytical technique. The overall reaction order was
about 1.99 (m � 0.99, n � 1.0) and the activation energies for
the rate constants, k1 and k2, were 80.9 and 82.3 kJ/mol,
respectively. The results show that the autocatalytic model

predicted the curing kinetics very well at high curing tem-
peratures. However, at low curing temperatures, deviation
from experimental data was observed after gelation oc-
curred. The kinetic model was, therefore, modified to pre-
dict the cure kinetics over the whole range of conversion.
After modification, the overall reaction order slightly de-
creased to be 1.94 (m � 0.95, n � 0.99), and the activation
energies for the rate constants, k1 and k2, were found to be
86.4 and 80.2 kJ/mol. © 2004 Wiley Periodicals, Inc. J Appl Polym
Sci 92: 3067–3079, 2004

Key words: differential scanning calorimetry (DSC); activa-
tion energy; curing of polymers

INTRODUCTION

Cyanate ester resin has drawn a great deal of attention
as one of the high-performance thermosets, compara-
ble to epoxies and polyimides. After heating, the cy-
anate ester monomer undergoes self-cyclotrimeriza-
tion to form a three-dimensional network structure of
polycyanurate.1 Polycyanurate possesses several su-
perior properties including high glass-transition tem-
perature, low moisture absorption, low dielectric con-
stant, good thermal stability, low shrinkage, and
strong adhesion to metal. It is widely used in the fields
of electrical and aero industries: for example, as a
major component in the printed circuit board, encap-
sulates fibers, coatings, and adhesives.1 In addition,
polycyanurate can be processed with the addition of
other thermoplastics or even thermosets, such as ep-
oxies,2–4 bismaleimide,5 phenol-formaldehyde,6 poly-
sulfone,7 and poly(propylene oxide)8 to yield blends
with unique properties. After curing in the presence of
a second polymer, a well-compatible blend or an in-

terpenetrating network structure can be formed,
which often demonstrates improved toughness com-
pared with pure polycyanurate. Polycyanurate be-
comes brittle at very high conversions.9

Bauer et al.10 found that pure cyanate ester mono-
mer did not undergo polymerization even at high
temperatures. This reaction must be catalyzed by wa-
ter or phenol compounds. Generally, in the commer-
cial production of cyanate ester monomer, about 0.5–
1.5 mol % of phenol impurity is found to be present in
the resin and hardly can be removed by ordinary
separation methods. This phenol impurity acts as a
catalyst for subsequent cyclotrimerization reactions. A
lot of effort thus goes into purifying the cyanate ester
resins so that they have adequate shelf life and can be
cured under controlled and reproducible conditions.
During curing at elevated temperatures, three mono-
mer molecules may undergo cyclotrimerization to
form cyanurate (or triazine ring). If a multifunctional
cyanate ester resin is initially used, the triazine ring
can continue to react with other monomers and even-
tually a three-dimensional network structure of poly-
cyanurate is produced.1 A three-step mechanism was
proposed for the formation of cyanurate from cyanate
ester monomer being catalyzed by phenol.10–12 First,
the —O—C'N group reacts with phenol to form
imidocarbonate:
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�1�

where Ar is a phenyl group and Ar�—OH is phenol. In
the second step, imidocarbonate continues to react

with the —O—C'N functional group to form a
dimer,

�2�

Finally, the dimer reacts with another —O—C'N
group to produce a trimer (i.e., cyanurate), together

with the release of a phenol,

�3�

According to the previous reaction scheme, the cure of
cyanate ester resin can be considered as the formation
of a triazine from three —O—C'N functional groups,

3C � P 3 T � P (4)

where C is cyanate ester monomer; T is triazine; and P
is phenol.

It has been proved10–12 that the produced triazine
can catalyze the reaction itself (i.e., an autocatalytic
reaction). Therefore, the rate equation can be de-
scribed in the form

�
d�C�

dt � k��C�n�T�m�P�l (5)

where [C] is concentration of cyanate ester monomer;
[T] is concentration of triazine; [P] is concentration of
phenol; k� is the rate constant; and m, n, and l are the
reaction orders.

The rate equation can also be expressed in terms of
the monomer conversion, �,

�C� � �C�o�1 � �� (6)

�T� � 1/3�C�o� (7)

where [C]o is the initial concentration of cyanate ester
monomer.

Substitution of eqs. (6) and (7) into eq. (5) gives

d�

dt � k��P�l�1/3�m�C�0
m	n�1�m�1 � ��n (8)

Because phenol acted as a catalyst and the concentrations of
the intermediates were assumed to be very small, a steady-
state approximation was thus assumed (i.e., both [C]o and
[P] were taken to be constants). This is a very reasonable
assumption that will simplify the kinetic equations derived
from the complex reaction mechanism. As a result, eq. (8)
can be further reduced to a simpler form,

d�

dt � k2�
m�1 � ��n (9)

where k2 is a constant equal to k�[P]l(1/3)m[C]o
m	n�1.

Equation (9) is thus used to describe autocatalytic
reactions, which can reach their maximum reaction
rate at 30 to 40% of conversion. In the literature,13–17
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this equation was widely used in the cure kinetics of
epoxy resins. To decrease the cure temperature of
cyanate ester resin for the purpose of cost reduction,
metal ions are generally employed to catalyze the
reaction, such as magnesium, zinc, copper, cobalt, chro-
mium, manganese, iron, aluminum, and titanium.18–25

Simon and Gillham12 and other researchers22 pointed
out that the metal ion could form ionic complex with
the imidocarbonate, which in turn accelerated the re-
action. If an appreciable amount of external catalyst
was added into the system, the autocatalytic reaction
would be suppressed and the overall reaction be-
comes

3C � PO¡
M

T � P (10)

where M is the ion-complexed imidocarbonate.
The rate equation corresponding to eq. (10) is given

by

�
d�C�

dt � k��C�n�M�o�P�l (11)

where k� is the rate constant and o is the reaction order.
In a way similar to obtaining eq. (8), eq. (11) is

converted to a form in terms of the conversion

d�

dt � k��M�o�P�l�C�0
n�1�1 � ��n (12)

Because [M], [P], and [C]o are all constants, eq. (12) can
be expressed in a succinct form

d�

dt � k1�1 � ��n (13)

where constant k1 is equal to k�[M]o[P]l[C]o
n�1. Equa-

tion (13) is generally ascribed to an nth-order reaction
in thermoset cure kinetics, and the reaction exhibits its
maximum reaction rate at the beginning of cure. If
both the external catalytic and the autocatalytic reac-
tions were considered, eqs. (9) and (13) can be com-
bined to yield

d�

dt � �k1 � k2�
m��1 � ��n (14)

Equation (14) was originally proposed by Kamal26 as a
semiempirical equation to describe the cure kinetics of
epoxies. Since then, this equation was widely used in
the cure kinetics of epoxy resins and unsaturated poly-
ester.26–35 After knowing the values of k1, k2, m, and n,
the relationship between the cure time and conversion
can be obtained by the integration of eq. (14)

t � �
0

� d�

�k1 � k2�
m��1 � ��n (15)

A differential scanning calorimeter (DSC) has fre-
quently been used in studying the cure kinetics of
thermosets, because it is very sensitive and reliable,
and only small amounts of material are required.
Therefore, it is the purpose of this article to use DSC to
study the cure kinetics of a multifunctional cyanate
ester monomer, PT30. In addition, Kenny’s graphic-
analytical technique27,28 was used to obtain the kinetic
parameters of the rate equation. These kinetic param-
eters were then compared with the values reported in
the literature.

EXPERIMENTAL

Materials

The cyanate ester resin, PT30, supplied by Lonza Co.,
is a novolac-type resin. The molecular weight is over
the range of 320 to 420 g/mol and the specific gravity
is 1.25. The structure is illustrated below.

The curing reaction was studied by using a DSC 7
from Perkin–Elmer. The instrument was first cali-
brated with pure indium in terms of the temperature
and enthalpy. About 5 mg of the PT30 monomer was
put into an aluminum pan and heated to a predeter-
mined temperature at a heating rate of 100 K/min.
The temperature was held constant throughout the
isothermal cure reaction and the heat of reaction was
recorded with time. The isothermal cure reaction was
studied at 513, 523, 533, 543 and 553 K. After no more
heat of reaction was released at this constant temper-
ature, the sample was cooled down to 303 K and
reheated to 623 K at a rate of 10 K/min. An additional
exothermic peak might be observed at high tempera-
ture region, and the residual heat of reaction was thus
calculated from the area under the peak.

Fourier transform infrared spectrophotometer,
Magna-IR 550 (Nicolet) was used to characterize the
chemical structure of cyanate ester resin PT30 (sup-
plied by Lonza Co., Basel, Switzerland; novolac-type
resin) before and after cure. The cyanate ester resin
was dissolved in acetone first and then cast onto KBr
disc. The disc was put into a desiccator followed by
vacuum drying to remove the acetone. For the sample
after cure, cyanate ester resin being converted into
polycyanurate, it was ground into powder first and
then homogeneously mixed with a 50-fold quantity of
KBr powder. The mixture was subsequently pressed

CURE REACTION OF CYANATE ESTER RESIN 3069



into a disc for FTIR measurement from 4000 to 400
cm�1. The resolution was set at 4 cm�1 and 32 scans
were taken to average the signal. Thermal stability of
the cured polycyanurate was investigated by using a
thermal gravimetric analyzer, TGA 2950 (TA Co.).
About 5 mg of the polycyanurate sample, which had
been cured at 523 K for 10 min, was heated from 303
to 1000 K at a heating rate of 10 K/min, and the mass
of the sample was recorded continuously.

RESULTS AND DISCUSSION

Structure characterization

Figure 1 shows the FTIR spectra of a cyanate ester
resin PT30 before and after cure at 523 K for 5 min. A
very small peak at 1750 cm�1 was observed, which
was caused by the absorption of the intermediate,
imidocarbonate, from the catalytic reaction of —O—
C
N group with the phenol impurity accompanying
the cyanate ester monomer. After cure, the absorption
peak at 2266 cm�1 corresponding to the cyanate ester
monomer —O—C
N decreased greatly. In contrast,
the characteristic peaks of the produced polycyanu-
rate from triazine ring at 1563 and 1366 cm�1 were
clearly observed. The absorption peaks at 2930 and
1500 cm�1 being assigned to the stretching vibration of
CH2 group bridging the phenyl rings and the phenyl

ring itself, respectively, were used as the internal ref-
erence, as they were not involved in the cure reaction.

Cure kinetics studied by DSC

The cure reaction of the cyanate ester resin is exother-
mic and can be conveniently monitored by DSC. The
isothermal cure reaction was investigated at several
temperatures from 513 to 553 K with a 10 K interval.
Figure 2 shows the evolved exothermic curves at these
temperatures. The heat of reaction QT(t) after a certain
time is QT(t) � �0

t (dQ/dt)dt, where dQ/dt is the exo-
thermic heat per unit time per unit mass of resin
(W/g). Consequently, the final heat of reaction, QT(tf),
at each temperature, was calculated from the inte-
grated area under the curve from the beginning to the
end of the reaction (tf) (i.e., QT(tf) � �0

tf (dQ/dt)dt). The
results are listed in Table I. It appears that the higher
the cure temperature, the larger the final heat of reac-
tion.

During the cure, the resin viscosity increased with
time due to the increase of its molecular weight. At a
certain conversion, the system started to gel, where
the reaction rate was controlled by diffusion because
of the very high viscosity in the matrix. For the cy-
anate ester resin, the gel point was estimated at the
conversion between 0.5 and 0.63.36,37 Finally, a vitrifi-

Figure 1 FTIR spectra of PT30 cyanate ester resin before (a) and after (b) cure at 523 K for 5min.
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cation state was reached, where the glass transition
temperature (Tg) of the cured resin exceeded the cure
temperature. At this point, no further reaction was
observed, unless the cure temperature was raised
higher than the Tg of the cured resin. Therefore, the
polycyanurate resin after isothermal cure was cooled
down to 303 K and reheated to 623 K at 10 K/min for
the determination of the residual heat of reaction,
QT,R. The dynamic thermal scan in DSC to 623 K did
not cause any thermal decomposition of the cured
polycyanurate, as confirmed by the TGA experiment.

The on-set decomposition temperature was 670 K. The
calculated QT,R values are also listed in Table I. The
residual heat of reaction was found to decrease with
the cure temperature. The total heat of reaction was by
definition equal to QT(tf) 	 QT,R. As shown in Table I,
it almost did not change with the cure temperature
from 513 to 553 K. The average value of total heat of
reaction at these temperatures was 670 J/g, corre-
sponding to �88 kJ per equivalent cyanate group, if a
cyanate functional group equivalent weight is as-
sumed to be equal to that of the resin repeat unit (131
g/equiv). If the conversion of reaction (�) was as-
sumed to be proportional to the heat of reaction, then
the conversion at a specific time can be determined
from the equation:

� �
QT�t�

QT�tf� � QT,R
(16)

The maximum conversion �max at a certain cure tem-
perature was the conversion when there was no fur-
ther heat released and therefore was defined as

�max �
QT�tf�

QT�tf� � QT,R
(17)

The time at the end of reaction (tf), the maximum
conversion (�max), the time at the exothermic peak
(tpeak), and the corresponding conversion (�peak) for
curing at different temperatures are all listed in Table

Figure 2 Isothermal exothermic curves of PT30 cyanate ester resin cured at different temperatures in DSC experiments.

TABLE I
The Curing Reaction Data of a Cyanate Ester Resin,
PT30, Calculated from Exothermic Curves in DSC

(Samples Were Isothermally Cured at
Different Temperatures)

Temperature (K)

513 523 533 543 553

QT(tf) (J/g) 581.01 600.46 622.48 642.65 655.77
QT,R (J/g) 84.12 67.67 50.56 33.14 13.84
QT(tf) 	 QT,R (J/g) 665.13 668.13 673.04 675.79 669.61
tf (min) 12.85 9.64 7.34 6.31 4.48
�max 0.87 0.90 0.92 0.95 0.98
tPeak (min) 4.14 2.86 1.89 1.34 0.88
�Peak 0.41 0.40 0.39 0.40 0.39

QT(tf): isothermal heat of reaction; QT,R: residual heat of
reaction; QT(tf) 	 QT,R: total heat of reaction; tf: the reaction
time at the end of cure; �max: maximum conversion; tpeak:
the reaction time at the exothermic peak; �peak: the conver-
sion at the exothermic peak.
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I. The maximum conversion increased with cure tem-
perature, which is in accordance with the final heat of
reaction. The calculated maximum conversion at 513 K
was 0.87 and it increased to 0.98 at 553 K, a state of
almost complete reaction. When eqs. (16) and (17)
were combined, a relationship between � and �max can
be obtained

� �
QT�t�
QT�tf�

�max �

�0
t �dQ

dt � dt

QT�tf�
�max (18)

Both QT(tf) and �max were only dependent on cure
temperature. Therefore, when the above equation was
differentiated with respect to time, the rate of change
of conversion (i.e., the reaction rate) can be expressed
as:

d�

dt �

d �0
t �dQ

dt � dt

dt
�max

QT�tf�
�

dQ
dt

�max

QT�tf�
(19)

The conversion (�) and the corresponding reaction
rate (d�/dt) were thus calculated from the above equa-
tions. Figure 3 shows the reaction rate as a function of
conversion at different cure temperatures. For all
cases, the reaction rate increased with conversion until
it reached a maximum. At this point, the conversion
was � 0.40. This is in accordance with the character-
istic of an autocatalytic reaction, where the maximum
rate occurs at a conversion between 0.3 and 0.4.

Kenny’s graphical analysis27,28

It is difficult to obtain the reaction parameters, k1, k2,
m, and n, in the rate equation given by eq. (14). Kenny
et al.27,28 proposed a graphic-analytical technique to
solve this equation, which has been demonstrated to
be very convenient yet with sufficient accuracy.16,35

Determination of rate constant k1

In eq. (14), when the conversion � approaches zero,
the rate constant k1 can be obtained

lim
�30

�d�

dt�
T

� k1 (20)

Therefore, all of the k1 values at different cure temper-
atures were obtained from Figure 3 by extrapolation to
zero conversion. The results are listed in Table II. As
can be seen, the higher the cure temperature, the
larger the k1 value.

Determination of reaction order, m, n, and rate
constant k2

After knowing the k1 value, two linear equations were
obtained by the rearrangement of eq. (14) into two
different forms and followed by taking the logarithm

Figure 3 The reaction rate as a function of conversion of PT30 cyanate ester resin at several curing temperatures.
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ln� �d�

dt�
T

�1 � ��n � k1� � ln�k2� � m ln��� (21)

ln� �d�

dt�
T

k1 � k2�
m� � n ln�1 � �� (22)

Because there were three unknown variables, m, n,
and k2, they could not be solved directly by these two
equations. An iteration method was therefore
adopted, where an initial guess value of reaction order
n was inserted into the left term of eq. (21). A linear
plot was hopefully obtained from ln[((d�/dt)T/(1
� �)n) � k1] versus ln(�) at each temperature, where
the slope would be the reaction order m and the y-
intercept would lead to the rate constant k2. The ob-

tained values of m and k2 were then substituted into
eq. (22) and another linear plot of ln[(d�/dt)T/(k1 	
k2�m)] versus ln(1 � �) was drawn. The slope was
the new value of the reaction order n. This new n
was again substituted into eq. (21) to obtain a new
linear plot with a new set of m and k2 values. The
final values of m, n, and k2 were obtained by repeat-
ing the above procedure, until these constants con-
verged. For example, for the sample cured at 513 K,
the initial guess value of n was 1.5 and the final
converged values of m, n, and k2 were 1.07, 0.89, and
0.82 
 10�2 (1/s), respectively. Figures 4 and 5 show
the final converged linear plots of eqs. (21) and (22),
for samples cured at different temperatures. The
obtained reaction parameters, k1, k2, m, and n, are
listed in Table II. The average values of m and n
were 1.00 and 0.99, respectively, and the total reac-
tion order was 1.99.

The activation energies E1 and E2 can be obtained
from the slopes of two linear plots, namely, ln(k1)
versus 1/T and ln(k2) versus 1/T, respectively, from
the Arrhenius equation, k � A exp(�E/RT). Figure
6 shows that a very good linear correlation was
obtained for both plots. The calculated activation
energies E1 and E2 were 80.90 and 82.31 kJ/mol,
respectively. The total activation energy was about
163 kJ/mol. By substitution of the obtained values
of k1, k2, m, and n into eq. (14), the theoretical curves
of d�/dt versus � can be plotted. The theoretical
curves fitted the experimental data very well, as
shown in Figure 7.

TABLE II
Kinetic Parameters of the Autocatalytic Model, (d�/dt)

� (k1 � k2�m)(1 � �)n, for Samples Cured at
Different Temperatures

Temperature (K)

513 523 533 543 553

k1 
 103 (s�1) 0.92 1.27 1.78 2.47 4.12
k2 
 102 (s�1) 0.82 1.27 1.76 2.28 3.53
m 1.07 0.98 0.94 1.01 0.97
n 0.89 0.97 1.03 1.08 1.05
m 	 n 1.96 1.95 1.97 2.09 2.02

Figure 4 Final linear plots of ln[((d�/dt)T/(1 � �)n) � k1] versus ln(�) by using Kenny’s graphic-analytical technique to
obtain kinetic parameters, m and k2, in the rate equation d�/dt � (k1 	 k2�m)(1 � �)n.
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Kenny’s graphical analysis with a modified rate
equation

Figure 7 shows that the kinetic model predicted the
reaction rate became 0 at the complete conversion for

all samples, regardless of cure temperature. In the
literature,16,27,28 when Kenny’s graphic-analytical
method was used to solve the kinetic parameters of eq.
(14), the resin was generally assumed to be completely

Figure 5 Final linear plots of ln[(d�/dt)T/(k1 	 k2�m)] versus ln(1 � �) by using Kenny’s graphic-analytical technique to
obtain kinetic parameter, n, in the rate equation d�/dt � (k1 	 k2�m)(1 � �)n.

Figure 6 Temperature dependence of rate constants k1 and k2 from an autocatalytic model: d�/dt � (k1 	 k2�m)(1 � �)n The
two slopes were used to determine the activation energies E1 and E2, respectively.
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cured and the conversion could reach 1. The problem
of limited mass transfer after gel formation was not
considered. Actually, as the resin began to vitrify, no
further reaction could occur. The maximum conver-
sion was therefore less than 1. The conversion could
only approach 1 at high cure temperatures. At low

cure temperatures, the cure behavior would deviate
from eq. (14) after gelation. Torre and Kenny38 used
the autocatalytic model given by eq. (9) to describe the
cure kinetics of epoxy and noticed the observed dis-
crepancy between the model and experimental data at
high conversions. Therefore, eq. (9) was modified to

Figure 7 Comparison between model predictions and experimental data obtained from isothermal DSC tests at different
temperatures. The model d�/dt � (k1 	 k2�m)(1 � �)n assumes a complete conversion can be reached.

Figure 8 Final linear plots of ln[((d�/dt)T/(�max � �)n) � k1] versus ln(�) by using Kenny’s graphic-analytical technique to
obtain kinetic parameters, m and k2, from a modified rate equation: d�/dt � (k1 	 k2�m)(�max � �)n.
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d�

dt � k2�
m��max � ��n (23)

where �max was defined as the largest attainable con-
version. In this way, when � � �max, the reaction rate
was equal to 0. Following Torre’s concept, eq. (14) was
now rewritten to yield

d�

dt � �k1 � k2�
m���max � ��n (24)

Similarly, eqs. (20), (21), and (22) were also changed to

lim
�30

�d�

dt�
T

� k1�max
n (25)

ln� �d�

dt�
T

��max � ��n � k1� � ln�k2� � m ln��� (26)

ln� �d�

dt�
T

k1 � k2�
m� � n ln��max � �� (27)

With the above-modified equations, the same iteration
method described previously was used to obtain the
kinetic parameters, except that three equations were
considered simultaneously instead of two. For exam-

ple, for the sample cured at 513 K with the same initial
guess value of n, 1.5, the final converged values of k1,
k2, m, and n were 1.06 
 10�3 (1/s), 0.89 
 10�2 (1/s),
0.96, and 1.05, respectively. Figures 8 and 9 show the
final converged linear plots of eqs. (26) and (27), for
samples cured at different temperatures. The obtained
reaction parameters, k1, k2, m, and n, are listed in Table
III. The average values of m and n were 0.95 (�0.05)
and 0.99 (�0.09), respectively, where the number in
parentheses was standard deviation. The total reaction
order was 1.94. It was also observed that k2 value was
an order greater than the k1 value. The ratio of k2/k1
was approximately 11 and this value almost did not
change with cure temperatures from 513 to 553 K. This
is not surprising, because neither metal ion nor any
other external catalyst was added into the cyanate

Figure 9 Final linear plots of ln[(d�/dt)T/(k1 	 k2�m)] versus ln(�max � �) by using Kenny’s graphic-analytical technique to
obtain kinetic parameter, n, from a modified rate equation: d�/dt � (k1 	 k2�m)(�max � �)n.

TABLE III
Kinetic Parameters of the Autocatalytic Model, (d�/dt)

� (k1 � k2�m)(�max � �)n, for Samples Cured at
Different Temperatures

Temperature (K)

513 523 533 543 553

k1 
 103 (s�1) 1.06 1.42 1.94 2.59 4.19
k2 
 102 (s�1) 0.89 1.31 1.83 2.40 3.61
k2/k1 11.9 10.8 10.6 10.8 11.6
m 0.96 0.99 0.89 0.91 0.99
n 1.05 1.08 1.01 0.94 0.87
m 	 n 2.01 2.07 1.90 1.85 1.86
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ester resin in the current study. Therefore, the cure
reaction was presumably dominated by the autocata-
lytic reaction.

In the literature,12,25,27 two sets of reaction orders for
autocatalytic reactions of cyanate ester were most of-
ten cited. One of them, n � 2 and m � 1, was generally
obtained by using spectroscopic methods such as Fou-
rier transform infrared spectrophotometer.12,25 The
other set, most often obtained from DSC, was n � 1
and m � 1, proposed by Kenny et al.,27,28 who devel-
oped the graphic-analytical method to calculate the
reaction orders. However, complete cure was as-
sumed in the model and therefore it was not applica-
ble to samples cured at low temperatures. As a result,
the reaction orders calculated from Kenny’s study28

were more scattering, although the average values
were almost the same. The average values in Kenny’s
study were m � 0.98 (�0.12) and n � 1.17 (�0.18) for
the samples isothermally cured at several tempera-
tures ranging from 453 to 503 K.

The activation energies E1 and E2 for the new rate
constants k1 and k2 were 86.38 and 80.15 kJ/mol, re-
spectively, from the slopes of two linear plots shown
in Figure 10. Again, a very good linear correlation was
obtained for both plots. The total activation energy
was about 166 kJ/mol, which was almost the same as
the previous value from the model without modifica-
tion. However, this value was a little higher than the
values reported in the literature12,28,29 for various cy-
anate ester systems, 122–146 kJ/mol. This is probably
because the cyanate ester monomer used in this study

was a novolac-type resin, which had a higher activa-
tion energy arising from the steric hindrance. By sub-
stitution of the obtained values of k1, k2, m, and n, into
eq. (24), the theoretical curves of d�/dt versus � were
plotted as shown in Figure 11. The theoretical curves
fitted the experimental data very well even at high
conversions. The reaction rate approached 0 at the
maximum conversion where the resin was believed to
begin vitrification. Equation (15), which described the
cure time required to reach a certain conversion, was
also changed to the following equation, accounting for
the limited maximum conversion,

t � �
0

� d�

�k1 � k2�
m���max � ��n (28)

From the above equation with the known reaction
parameters, the conversion (�) versus time (t) was
plotted, as shown in Figure 12. A typical S-shaped
curve was observed, consistent with characteristic of
the autocatalytic reaction. The higher the cure temper-
ature, the shorter the time to reach the maximum
conversion, �max. In addition, the maximum conver-
sion �max was dependent on the cure temperature in a
manner that as the cure temperature was higher, �max
was closer to unity.

CONCLUSION

In this study, DSC was used to investigate the cure
kinetics of a novolac-type cyanate ester monomer,

Figure 10 Temperature dependence of rate constants k1 and k2 from a modified kinetic model: d�/dt � (k1 	 k2�m)(�max
� �)n. The two slopes were used to determine the activation energies E1 and E2, respectively.
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PT30. With the assumption that the heat of reaction
was proportional to the conversion, the conversions
and the reaction rates were calculated from the exo-

thermic curves at several isothermal temperatures
(513–553 K). The plots of reaction rate versus conver-
sion revealed an autocatalytic behavior. Considering

Figure 11 Comparison between model predictions and experimental data obtained from isothermal DSC tests at different
temperatures. A modified kinetic model was used: d�/dt � (k1 	 k2�m)(�max � �)n.

Figure 12 Comparison between model predictions and experimental data of conversion (�) with time, obtained from
isothermal DSC tests at different temperatures. A modified kinetic model was used: d�/dt � (k1 	 k2�m)(�max � �)n.
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the problem of limited mass transfer after gel forma-
tion, a modified autocatalytic model was proposed,
accounting for an incomplete conversion due to vitri-
fication. By using Kenny’s graphic-analytical tech-
nique, two reaction orders, m and n, and two rate
constants, k1 and k2, in the model for each cure tem-
perature were obtained. By substituting these kinetic
parameters into the model, the theoretical curves fit-
ted the experimental data very well in the whole range
of conversion. The overall reaction order was about
1.94 (m � 0.95, n � 0.99), and the activation energies
for the rate constants, k1 and k2, were found to be 86.4
and 80.2 kJ/mol. The total activation energy was
about 166 kJ/mol, which was a little higher than the
values reported in the literature. This is because the
cyanate ester monomer used in this study was a no-
volac-type resin, which had a higher activation energy
arising from the steric hindrance.
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