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Cure kinetics of a cobalt catalysed dicyanate ester monomer in air and
argon atmospheres from DSC data
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Abstract

A kinetic analysis of the cyclotrimerisation reaction of a dicyanate ester monomer catalysed by cobalt(II) acetylacetonate and nonylphenol
in air and argon atmospheres has been carried out by differential scanning calorimetry (DSC). Dynamic and isothermal DSC scans as well as
the glass transition temperature are the experimental data obtained. From isothermal scans a higher cyanate conversion in air than in argon
was obtained. The cyanate conversions are satisfactorily described with a second-order kinetic equation in the kinetically controlled region,
and bym-order (m < 1) equation after vitrification is reached. Activation energies determined by different procedures agree among them,
showing slightly higher values in argon than in air.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Cyanate ester resins are a family of aromatic prepolymers
which contain highly reactive cyanate (–OCN) functional
groups[1–3]. They are currently finding widespread use in
high performance aerospace and electronic applications to
substitute epoxy resins in circumstances where epoxy cannot
be used, such as high-temperature applications (>177◦C)
[2]. The characteristic properties of cyanate resins are high
thermal stability, low outgassing, radiation resistance, low
dielectric constant (2.5–3.1), dimensional stability at solder
temperatures (Tg > 250◦C) and low moisture absorption
[2–5].

Due to the residual hydrogen donating impurities result-
ing from cyanate resin synthesis, upon heating, the cyanate
groups cyclotrimerise exothermically to form triazine ring
structures (Fig. 1) which result in a tightly cross linked (ther-
moset) structure[2,3,6–9]. For industrial purposes, the cure
of these resins is achieved in presence of different catalyst
systems since the cyclisation reaction is slow and usually
difficult to drive to high levels of conversion, for this high
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curing temperatures are needed. The most common types
of catalyst used for the aryl dicyanates are carboxylate salts
and chelates of metal ions[2,10–12]. A co-catalyst is needed
to dissolve readily the transition metal salts and chelates in
molten cyanate resins[2,13].

Control of the reaction kinetics is desirable to attain good
properties in the end material. Several authors have mod-
elled the polyciclotrimerisation reaction[3,7,10,14–22].
Overall, ann-order autocatalytic expression has fitted non
metal catalysed systems whereas a second-order rate ex-
pression was established for the metal catalysed ones. These
kinetics studies do not completely agree among them. The
reasons could be the different and complex catalyst systems
employed, non-specification of the curing atmosphere or
the technique used.

Another factor affecting the polycondensation reaction is
the presence of traces of water[23,24], ideal curing con-
ditions should include an inert atmosphere. However, in
industrial conditions it is difficult, not practical, to control
the curing atmosphere and both prepregs and final products
are obtained without any attention paid to the atmosphere.
Among the papers devoted to study the kinetics of cyanate
resins, not all the papers specify the curing atmosphere
and very few papers compare results in different atmo-
spheres[7]. So, it is interesting to study the influence of the
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Fig. 1. Polycyclotrimerisation reaction of bisphenol A dicyanate to form
triazine rings.

atmosphere in the kinetics of catalysed cyanate resins.
Among all the techniques used for this purpose, differential
scanning calorimetry (DSC) seems a convenient tool since
it monitors the reaction during the entire range of cure
and allows an accurate control of the curing atmosphere
[25]. The basic assumption made in treating calorimetric
data to obtain reaction kinetics is that the heat of reaction
evolved at any time is proportional to the number of moles
of reactant consumed. Moreover, it is also assumed that the
specific heat of the material either stays constant or varies
linearly with scanning temperature during a scan while both
the temperature and degree of cure change simultaneously.

This paper is aimed to study the kinetics of a catalysed
dicyanate ester monomer in air and argon atmospheres by
DSC. The well-known bisphenol A dicyanate, Arocy B10
cured in the presence of cobalt(II) acetylacetonate catalyst,
and nonylphenol as co-catalyst has been investigated. From
dynamic and isothermal DSC experiments empirical rate
expressions and activation energies have been deduced.

2. Experimental

2.1. Materials and sample preparation

A bisphenol A-based cyanate resin, BADCy (4,4′-dicyan-
ato-2,2′-diphenylpropane) monomer with the trade name
AroCy B10, 99.5% purity and with a cyanate equivalent of
139 g eq.−1, was gently supplied by Ciba-Geigy. The cata-
lyst system formed by the complex metal cobalt(II) acety-
lacetonate, Co(AcAc)2, and the co-catalyst nonylphenol, NP,
(technical grade) were obtained from Aldrich.

Cyanate resins were blended with the required amount of
the catalytic system Co(AcAc)2 at 360 ppm and NP at 2% of

the total resin weight, prior to cure. The required amount of
metal catalyst was predisolved in NP at 100◦C with continu-
ous stirring until an homogeneous mixture was obtained and
cooled down to room temperature. The catalytic blend was
added to the preselected weight of the molten cyanate resin
at 90◦C, stirred for 5 min to obtain an homogeneous mix-
ture and immediately quenched before any reaction could
occur. Prior to cure, the catalysed samples were stored in
the refrigerator in a desiccator to avoid moisture absorption.

2.2. Conversion characterisation

Differential scanning calorimetrymeasurements were
performed with a Perkin-Elmer DSC7 supported by a
Perkin-Elmer computer running DSC7 software kit (ver-
sion 3.1) for data acquisition. The DSC was calibrated
with high purity indium and zinc in fully dry air and ar-
gon atmospheres. A sample mass of 8–10 mg was selected
as a compromise between the thermal detection limit and
the existence of thermal gradients in the sample. The DSC
aluminium pans were sealed with holed aluminium lids
and experiments were conducted under an air or argon at-
mospheres at a flow of 20 ml min−1. Dynamic scans were
carried out from 40 to 400◦C at different heating rates from
5 to 25◦C min−1. Isothermal curing was carried out at six
curing temperatures (Tc = 130, 140, 150, 160, 170, and
190◦C), after these experiments the samples were quenched
to room temperature. All the samples were then subjected
to a dynamic DSC scan from 30 to 380◦C at 10◦C min−1

to determine the residual heat of reaction,�Hres, and the
glass transition temperature,Tg, of the cured material. In a
third dynamic scan, theTg of the fully cured material,Tg∞,
was determined. The temperature corresponding to the mid-
point of the transition was taken as theTg, and the residual
heat of reaction was calculated from the exothermic peak
by integrating the area between the heat flow curve and the
base line. The conversion of each sample under isothermal
conditions by assuming a single reaction mechanism can be
calculated by:

α = (�Hiso)t

�Hiso + �Hres
(1)

where (�Hiso)t is the heat of reaction at a timet calculated
from the isothermal mode, and (�Hiso + �Hres) the total
heat of reaction obtained from the addition of the total heat
from the isothermal mode,�Hiso, to the residual one. The
accuracy of the values (�Hiso+�Hres) is ±10 J g−1 with re-
spect the polymerisation enthalpies,�Htot, calculated from
dynamic scans at 10◦C min−1 (�Htot = 710± 10 J g−1).
These values are in agreement with literature data[1–5].

3. Results and discussion

In order to determine the kinetic parameters: then-order,
the kinetic constant and activation energy,Ea, for the
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Fig. 2. Dynamic DSC scans at different heating rates in: (a) air atmosphere, and (b) argon atmosphere.

polycyclotrimerisation reaction of cobalt catalysed Arocy
B10 in air and in argon, we have employed dynamic
(multi-heating) and isothermal methods.

Fig. 2 shows the DSC dynamic scans of catalysed Arocy
B10 at five heating rates (φ= 5, 10, 15, 20 and 25◦ min−1)
in both atmospheres, air (part a) and argon (part b). A sharp
melting endotherm (around 80◦C) followed by an exotherm
peak representing the progression of polycyclotrimerisation
is observed, being this peak broader in air. Similar DSC be-
haviour was found for the freshly prepared samples indicat-
ing that the storage procedure does not alter the characteris-
tic features of the uncured system (not shown for simplicity).
The similarity of the heats of reaction for the two systems
indicates that similar reactions occur for both of them. As
the heating rate increases, values of the peak temperature,
Tp, shift towards higher temperatures and are higher in air
(Tp = 194◦C at φ= 10◦ min−1) than in argon (Tp = 173◦C
atφ = 10◦ min−1) indicating, in principle, less reactivity in
air. It was also found a slight increase of the relative area of

the shoulder preceding the main exothermic peak at its ex-
penses. The main reaction exotherms show a preceding (in
air) or succeeding (in argon) shoulder and they are followed
by a low shoulder (100◦C wide). The former is an indication
for the presence of parallel reaction mechanisms[17,26,27].
The 100◦C wide shoulder at the high-temperature side is
related to vitrification and diffusion-controlled cure as de-
duced from temperature modulated DSC[15]. These re-
sults are also in good agreement with those found by Bar-
ton et al. [27] with a copper(II) naphthenate catalyst and
by Harismendy et al.[28] with a copper(II) acetylacetonate
catalyst.

The rate of kinetically controlled reaction may be ex-
pressed by an equation of the type:

dα

dt
= k f(α) = A f(α) exp

(−Ea

RT

)
(2)

whereA is a pre-exponential factor,T the cure temperature,
k = A exp(−Ea/RT) the Arrhenius rate constant, andf(α)
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is assumed to be a function of conversion independent of
temperature. In terms of the heating rate,φ = dT/dt, Eq. (2)
can be written as:

dα

dT
= A

φ
exp

(
−Ea

RT

)
f(α) (3)

From this expression a common multi-heating method to
determineEa was deduced by Ozawa[29] obtaining a simple
relationship[30] at a certain degree of conversion between
the heating rate,φ, and the temperature. So, by rearranging
this expression, integrating and applying logarithms it yields:

ln
∫ αi

0

dα

f(α)
= ln

A

φ
+ ln

∫ T

0
exp

(
−Ea

RT

)
dT (4)

by assuming thatφ is constant.
Doyle [31] defined the polynomic function:

P

(
Ea

RT

)
= R

Ea

∫ T

0
exp

(
−Ea

RT

)
dT (5)

that for values 20< Ea/RT< 60 can be substituted by:

ln P

(
Ea

RT

)
= −5.330− 1.0516

Ea

RT
(6)

then, by equalling the logarithmic form ofEq. (5)to Eq. (6)
and substituting inEq. (4) it yields:

ln
∫ α

0

dα

f(α)
= ln

A

φ
− 5.330− ln

R

Ea
− 1.0516

Ea

RT
(7)

the left hand side is constant at a certain conversion degree
and the following relation can be attained:

ln φ = Z − 1.0516
Ea

RT
(8)

Z being a constant that depends on the collision factor, on
the concentration dependent part of the rate expression,f(α),
and on the apparent activation energy,Ea. For thermoset
curing, the extent of the reaction at the exothermic peak can
be considered as constant and independent of the heating
rate, although the temperature at which the exothermic peak,
Tp, occurs depends on the heating rate[32]. The activation
energy can be calculated from a plot of lnφ versus 1/Tp, as
shown inFig. 3, from several DSC curves. These plots are
linear (r > 0.999) and seed values ofEa = 82.6 kJ mol−1,
Z = 22.4 in air, andEa = 91.8 kJ mol−1, Z = 25.6 in
argon. These values are in good agreement those reported
in the literature[1–5]

The kinetic of a dicyanate ester monomer, Arocy B10, has
also been studied by differential scanning calorimetry at dif-
ferent isothermal temperatures ranging from 130 to 190◦C.
DSC which measures the heat flow from the reacting sys-
tem has been reported to be a reliable technique to monitor
the overall kinetics of thermosets[25]. The thermal poly-
merisation of a cyanate ester is a complex process involving
large changes in viscosity and changes of state. For these
reasons the kinetics derived from DSC must be treated as

Fig. 3. Plot of ln(heating rate), lnφ, against 1/(peak temperature), 1/Tp

in air (�) and argon (�) atmospheres.

a phenomenological analysis. A practical problem that re-
quires the knowledge of the overall kinetics is predicting the
progress of cure at different temperatures. Obviously, DSC
data do not allow the measured heat flow to be separated
into contributions from single reactions.

ArocyB10 resin exhibits bell-shaped exotherms (figures
not shown for simplicity) corresponding to the catalysed
polycyclotrimerisation reaction in air and argon atmospheres
for 4 h at constant temperature (from 130 to 190◦C). These
curves allow to determine the cyanate conversion as a func-
tion of time at every curing temperature fromEq. (1).Fig. 4
shows values of the cyanate conversion,α, so obtained as a
function of the cure time,t, at the different curing temper-
atures,T, for cobalt catalysed Arocy B10 in air (part a) and
argon (part b) atmospheres. Values ofTg > T have been
found after 4 h curing atT > 150◦C in air andT > 190◦C
in argon atmospheres which indicate that these systems have
vitrified (seeTable 1). After the second dynamic scan the
glass transition temperature of the fully reacted resin was
298±2◦C. The rate of dicyanate conversion is initially rapid
above 140◦C curing temperature and then slows down,
reaching a plateau conversion,αp. The end of the kinetic con-
trolled regime (the reaction is not longer controlled by the
temperature and the concentration of reactive species), and
the beginning of the diffusion regime (the reaction becomes
dominated by mass transfer) was dependent on the curing
temperature. Most of the papers dealing with thermosets
systems invoke to a change from chemical-controlled ki-
netics to diffusion-controlled kinetics after gelation. Higher
curing temperature is needed in argon atmosphere than in air
to reach total cyanate groups conversion according toFig. 4.

Time-temperature shifts ofα versus ln(time) data at
different cure temperatures yield a master curve for the
reaction at an arbitrary selected reference temperature,Tr.
The theoretical basis for the superposition is the assumption
that the function that represents the variation of conversion
with time, f(α), is independent of the temperature and that
the polymerisation is kinetically controlled with a single
activation energy which is assumed to be that of the overall
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Fig. 4. Cyanate conversion as a function of curing time and curing
temperature in: (a) air atmosphere, and (b) argon atmosphere. The solid
line is the best fit of the data to Eqs. (11a) and (11b).

reaction [33]. Rearranging Eq. (2) and integrating, a shift
factor, aT , is defined as:

aT = ln tr − ln t =
(−Ea

R

) (
1

T
− 1

Tr

)
(9)

where tr is a reference time such as the conversion degree
attained at a certain Tr equal to that obtained for a T at a
time t [33–35].

Table 1
Cyanate conversion, α, and glass transition temperature, Tg, for different
curing temperatures in air and argon atmospheres

Air Argon

T (◦C) α Tg α Tg

130 0.53 82 0.49 70
140 0.68 132 0.57 95
150 0.79 178 0.64 119
160 0.87 218 0.68 133
170 0.89 227 0.73 150
190 0.93 254 0.82 193

The conversions overlay at Tr = 150 ◦C indicate that be-
low ∼=50% conversion the experimental data for all the tem-
peratures form a single curve while above 50% the curve
starts to diverge and the cyanate conversion increases as the
temperature does. Consequently, below 50% conversion, the
effect of diffusion on the kinetics is not evident and the reac-
tion is kinetically controlled, but above 50% conversion the
cure kinetics becomes increasingly diffusion limited. It was
observed in our experiments and also indicated by Simon
et al. [36] that the onset of diffusion control occurred well
before vitrification. The excellent superimposition of α ver-
sus ln(time) curves (figure not shown) until approximately
50% conversion confirms that the network structure is de-
termined exclusively by the conversion level attained in the
polymerisation, independently of the selected cure temper-
ature. Plotting the shift factors as a function of 1/T (K−1)
allows to obtain the activation energy of the polymerisation
from the slope with values of Ea = 85.2 kJ mol−1 in air,
and Ea = 90.7 kJ mol−1 in argon.

Isoconversional kinetic analysis also offers a viable al-
ternative of determining the activation energy at a certain
degree of conversion without knowing any explicit kinetic
model nor its parameters. The basic idea of this type of anal-
ysis is that the reaction rate at a constant conversion depends
only on the temperature. In other words, Eq. (2) can be writ-
ten in a logarithmic form for a certain α conversion as:

ln(dα/dt)α = ln[A f(α)] − Ea,α

RT
(10)

where Ea,α should be the effective activation energy at a
given conversion. For a single-step process, Ea,α is inde-
pendent of α and may have the meaning of the intrinsic ac-
tivation energy. Multistep processes reveal the dependence
of Ea,α on α, the analysis of which helps not only to dis-
close the complexity of a process but also to identify its
kinetic scheme [37]. We determine dα/dt data from Fig. 4
for each curing temperature having this function a maxi-
mum around 0.1 conversion. The plots of dα/dt versus α

(not shown) quickly decrease in the initial times of reaction
until α = 0.20–0.40, then dα/dt shows a small dependence
on α. After α ≈ 0.55–0.60 diffusion control slow down the
reaction leading, close the end of the reaction, to a faster
decrease in reaction rate. From this conversion the intensive
cross-linking reaction has occurred then reducing molecular
mobility, and the curing reaction changes from a kinetic to a
diffusion-controlled regime. At first sight we think that this
is not an autocatalytic process since the maximum conver-
sion rate occurs at α = 0.1 and for the autocatalytic reac-
tions, in most thermosets, it should appear at α = 0.2–0.4
[10,30,38]. However, Leroy et al. [15] found for a similar
cyanate resin (LECY) that the autocatalytic term is not neg-
ligible even if the reaction is catalyzed. For a given α value,
ln(A f(α)) is constant by assuming that the functionality f(α)
is independent of temperature. The plot of ln(dα/dt)α ver-
sus 1/T at each α gives a straight line from which slope
the activation energy at a certain degree of conversion can
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Fig. 5. Dependence of the activation energy upon conversion obtained
from Eq. (10) in air and argon atmospheres.

be obtained. These activation energies values are plotted in
Fig. 5 as a function of conversion. Atα < 0.1–0.2, Ea slowly
increases to reach a plateau or constant with mean value
Ea = 84.7 kJ mol−1 in air and 94.8 kJ mol−1 in argon from
α = 0.2–0.60, for higher α values (α > 0.6) an increase
is noticed, probably due to the medium viscosity increase.
Changes in Ea are due to changes in the mean average size
of the molecules, in the cross-linking degree and in the reac-
tivity of the different species. The values of Ea as a function
of conversion show an almost constant value, deviating from
this at very low or very high conversions, similarly to data
found for the cure of epoxy systems [16,37,39]. The values
of Ea in air are lower than in argon [7] and the plateau or
mean Ea values are very similar to those obtained by the
other procedures used in this paper. So, it is a good approxi-
mation to assume that Ea is a constant between a conversion
of 0.20 and 0.60.

Now, we will use a phenomenological kinetic analysis
based on the simple nth-order model with respect to the
cyanate as measured by the disappearance of cyanate groups
to analyse kinetic data. To this end, we clearly define two
conversion regions:

dα

dt
= k(1 − α)n, α<αd (11a)

dα

dt
= kd(αp − α)m, α ≥ αd (11b)

where αp is the plateau conversion, αd the onset of diffusion
control, n and m the reaction kinetic exponents, and k and
kd are the corresponding rate constants.

The kinetically controlled conversion range (α < αd) was
successfully fitted assuming a second-order reaction, n = 2,
in Eq. (11a). All the kinetic data analysed (Fig. 4) give good
linear fits (r > 0.999) by plotting 1/(1 − α) versus curing
time at every temperature, being higher in air than in ar-
gon, from which slope the rate constants are obtained. These
k values show an Arrhenius dependence with temperature

Fig. 6. Dependence of the rate of reaction on curing temperature in the
two kinetic regions:(a) Plot of ln k (Eq. (11a)) and of (b) ln k2 (Eq. (11b))
as a function of 1/curing temperature.

(Fig. 6a) from which slope we obtain Ea = 84.0 kJ mol−1,
A = 5.2 × 108 min−1 in air and Ea = 92.7 kJ mol−1, A =
1.7 × 109 min−1 in argon, in good agreement with the ki-
netics of catalysed cyanate resins [2,4,40,41].

The onset of diffusion control, αd, has been obtained by
locating the point where the experimental data starts to de-
viate from Eq. (11a). Kinetic data at α = αd were fitted
with Eq. (11b). The average kinetic exponent, m, was 0.61
in air and 0.72 in argon. The rate constants yield A =
9.5 × 106 min−1, Ea = 87 kJ mol−1 in air and A = 2.5 ×
108 min−1 Ea = 90 kJ mol−1 in argon from the plot of ln kd
versus 1/T (Fig. 6b). The experimental conversion has been
fitted with Eqs. (11a) and (11b) (solid lines in Fig. 4) show-
ing an excellent agreement between experimental conver-
sion and model calculation.

In general, a single curve representing Tg as a function
of conversion is generated from data obtained at differ-
ent cure temperatures. This unique relationship between
Tg and conversion is striking because one should expect
that different network structures result from the cure at
different temperatures. The existence of a single relation-
ship between Tg and α enables one to use the experimen-
tal measurement of Tg to follow the conversion of the
thermosetting polymer. This is particularly important at
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high conversions of the thermosetting polymer where Tg
is much more sensitive to follow small increases in con-
version of free functional groups than using α. The glass
transition temperature of the unreacted Arocy B10, Tg0, is
−33 ◦C. This temperature represents the minimum value of
Tg. By rescanning a dynamically cured sample, the max-
imum glass transition temperature that could be attained
was Tg∞ = 298 ◦C. Tg increases with curing time for the
six isothermal cure temperatures because of the increase
in average molecular weight and in crosslink density of
the network. When Tg reaches the curing temperature the
system vitrifies, and in the region where Tg > Tc the glass
transition temperature increases very slowly with time.

Fig. 7 depicts the glass transition temperature as a func-
tion of cyanate conversion for catalysed Arocy B10 cured at
different temperatures. It is evident a one-to-one relationship
between Tg and α, as usually found [7]. It is obvious for this
system that there is a unique one-to-one relationship between
Tg and α. Neither the curing atmosphere nor the curing tem-
perature has a significant influence on the glass transition
temperature reached by the material at a given conversion.
This was expected since one assumes that there is only one
product formed by the curing reaction of our cyanate ester
system. Nevertheless, the curing atmosphere or/and the tem-
perature could have a slight influence on the network struc-
ture, without significantly modifying Tg. As a consequence,
the Tg can be used in our case to measure conversion. The
data have been fitted with the modified DiBenedetto equa-
tion [42–44]

Tg − Tg0

Tg∞ − Tg0
= λα

1 − (1 − λ)α
(12)

where λ is taken as an adjustable parameter, structure-
dependent [45]. The plot of (Tg − Tg0)/(Tg∞ − Tg0) versus
α gives a value of λ = 0.47 with a master curve fitting all
the experimental data indicating that the above equation is
an appropriate scaling of the data. This λ value is similar to
that found by Simon and Gillham (0.426) for a similar liquid

220

240

260

280

300

50 100 150 200 250

T
m

ax
 in

 ˚
C

Tg in ˚C

Fig. 8. Maximum exotherm temperature, Tmax, of a dynamic scan as a
function of glass transition temperature, Tg, after 4 h curing.

resin [17], and to those reported by Pascault and Williams
[45] for several epoxies networks (0.5), but higher than the
obtained by Georjon et al. (0.23) for the uncatalysed system
[7]. The solid line in Fig. 6 is the plot of Eq. (12).

Fig. 8 reports the maximum exotherm temperature of the
residual reaction heat during a DSC scan, Tmax, plotted as
a function of the glass transition temperature for conver-
sions higher than 0.55. It is observed an almost linear de-
pendence between Tmax and Tg. As conversion increases,
also does Tg, the viscosity of the medium increases due to
higher crosslinked matrix and the rate of reaction decreases.
The reaction is no longer kinetically controlled, the rate de-
pends on the mass transfer and it is expected to be diffusion
controlled.

In order to interpret the last region of the kinetic curves,
α > 0.5–0.6, a treatment of a diffusion-affected polymeri-
sation reaction will be investigated in the future.

4. Conclusion

The polycondensation reaction of a dicyanate ester of
bisphenol A cured in the presence of cobalt(II) acetylacet-
onate (360 ppm) and nonylphenol (2 phr) have been inves-
tigated by differential scanning calorimetry in air and ar-
gon atmospheres. From dynamic DSC scans activation ener-
gies have been obtained. Isothermal curing reveals a higher
cyanate conversion in air than in argon. Kinetic analysis
shows that the experimental conversion data are fitted with
a second-order kinetic equation in the kinetically controlled
region, whereas an order lower than 1 has been used to fit
conversion in the region of diffusion-controlled reaction. Ac-
tivation energies calculated by different procedures depict a
good agreement with slightly higher values in argon than in
air. Glass transition temperature versus conversion shows a
one-to-one relationship satisfactorily fitted with a modified
DiBenedetto equation with a parameter of 0.47.
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