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ABSTRACT: The polymerization kinetics and thermal
properties of dicyanate/clay nanocomposites were investi-
gated. A type of organically modified clay was used as
nanometer-size fillers for the thermosetting dicyanate resin.
Differential scanning calorimetry (DSC) was used to study
the curing behavior of the dicyanate/clay nanocomposite
systems. The polymerization rate of the nanocomposite sys-
tems increased with increasing clay content. An autocata-
lytic reaction mechanism could adequately describe the po-
lymerization kinetics of the dicyanate/clay nanocomposite
systems. The polymerization kinetic parameters were deter-

mined by fitting the DSC conversion data to the proposed
kinetic equation. The glass-transition temperature of the
dicyanate/clay nanocomposites increased with increasing
clay content. The thermal decomposition behavior of the
dicyanate/clay nanocomposites was investigated by ther-
mogravimetric analysis. © 2004 Wiley Periodicals, Inc. J Appl
Polym Sci 92: 1955–1960, 2004
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INTRODUCTION

The mechanical and thermal properties of polymers
are generally improved by the addition of inorganic
fillers such as silica and talc. High-performance orga-
nic–inorganic hybrid materials can be obtained when
the interfacial adhesion between the polymer matrix
and the reinforcing material is sufficient. Generally, a
better interfacial bonding will impart better properties
to a polymer composite such as high heat resistance,
modulus, tensile strength, and resistance to tear, fa-
tigue, and cracking.1,2

Polymer nanocomposites are a class of composites
in which the reinforcing phase dimensions are in the
order of nanometers.3,4 Because their nanometer-size
characteristics maximize the interfacial adhesion,
polymer nanocomposites possess superior properties
compared to those of conventional polymer micro-
composites. Nanostructured composites, based on
polymers and layered silicates, typically exhibit prop-
erties far superior to those of separate components,
which make them extremely interesting in the field of
design and creation of new construction materials.5

Thus, clays of layered silicates are considered as
strong candidates for the preparation of organic–inor-
ganic nanocomposites because they can be broken
down into nanometer-scale building blocks, often re-
sulting in optically transparent hybrids. In the last

decade, the properties of a variety of elastomers6,7 and
linear8,9 or crosslinked10,11 polymers have been im-
proved by the incorporation of layered silicates.

Dicyanate resins are a very useful group of thermo-
set resins, with mechanical and thermal performance
far exceeding that of many commercial epoxy-based
systems. Dicyanate resins have advantages in process-
ing because they are low-viscosity resins. Conversion
of dicyanate resins to thermosets forms three-dimen-
sional crosslinking networks of oxygen-linked triazine
rings and bisphenol units, generally termed polycya-
nurates. Because no volatile byproducts are formed
during curing of dicyanate resins the cyclotrimeriza-
tion reaction, forming triazine rings, can be classified
as a noncondensation-type step polymerization. In
general, polycyanurates show high glass-transition
temperatures (250–290°C), low water absorption, and
good electrical property.12 Recent studies have fo-
cused on their potential matrix applications in ad-
vanced polymer composites.13–15

In a previous study,16 the mechanical properties and
nanostructures of the dicyanate/clay nanocomposites
were investigated. The mechanical properties of the
resin systems were improved by the incorporation of
the clay. From the X-ray diffraction (XRD) analysis
and the TEM micrographs, it was shown that the
silicate layers of clay had been either intercalated to a
distance of more than 3 nm or exfoliated in the dicy-
anate/clay nanocomposites.

To produce high-performance polymer nanocom-
posites selection of the best curing condition based on
the polymerization kinetics is very important. There-
fore in this study, the polymerization kinetics and
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thermal properties of dicyanate/clay nanocomposite
systems, composed of a low-viscosity dicyanate resin
and organically modified clay, were investigated. The
effects of clay content within the nanocomposites on
the polymerization kinetics were analyzed using the
kinetic data obtained by differential scanning calorim-
etry (DSC). The effects of clay content on the glass-
transition behavior and thermal stability of the nano-
composites were also investigated.

EXPERIMENTAL

Materials

The dicyanate resin used in this study was 1,1-bis(4-
cyanatophenyl) ethane (Arocy L-10 from Ciba Spe-
cialty Chemicals, Summit, NJ). The resin was used as
received without further purification. The nanometer-
size filler used in this study was a clay, trade name
Cloisite 30B, supplied by Southern Clay Products Inc.
(Gonzales, TX). The clay is somewhat organophilic
because it is treated with an organic modifier, methyl
tallow bis-2-hydroxyethyl quaternary ammonium,
which is intercalated between silicate layers of clay.
Figure 1 shows the chemical structures of the resin
and the organic modifier. The T in Figure 1, which
means tallow, is composed predominantly of octade-
cyl chains with smaller amounts of lower homologs
(approximate composition: 65% C18, 30% C16, 5%
C14). The basal spacing of the organophilic clay was
1.85 nm according to the XRD data supplied by the
supplier.

Measurements

DSC

To investigate the curing behavior of the dicyanate/
clay nanocomposite systems, a DSC 2910 apparatus

(TA Instruments, New Castle, DE) was used. At room
temperature, the organophilic clay was added to the
dicyanate resin, and the mixture was stirred rigor-
ously for 1 h to obtain a well-mixed mixture. The
mixture was degassed sufficiently in a vacuum oven.
About 10 mg of the mixture was placed in a hermetic
aluminum sample pan and tested immediately after
sealing. The amount of clay in the dicyanate/clay
nanocomposites was varied from 0 to 5 phr. Each
sample was cured dynamically at different heating
rates of 5, 10, and 20°C/min, respectively. The dy-
namic DSC scans were carried out from room temper-
ature to 350°C under nitrogen gas flow (65 mL/min).
After the first scan, the second DSC scan of each fully
cured sample was carried out at a heating rate of
10°C/min to monitor the glass-transition behavior of
each nanocomposite sample.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed us-
ing an SDT 2960 instrument (TA Instruments) to in-
vestigate the thermal decomposition behavior of fully
cured dicyanate/clay nanocomposites. Each TGA
measurement was performed from room temperature
to 800°C at a heating rate of 10°C/min under nitrogen
gas flow (110 mL/min). Each fully cured sample was
prepared by curing the nanocomposite systems dy-
namically up to 350°C in the DSC sample cell at a
heating rate of 10°C/min under nitrogen gas flow (110
mL/min), and then cooling to room temperature.

FTIR

Infrared spectroscopic measurements on the dicy-
anate/clay nanocomposite systems were performed
with the Bomem MB100 FTIR (Bomem Inc., Quebec,
Canada) in the wavenumber range of 400–4000 cm�1

during isothermal curing at 200°C. The degassed di-
cyanate/clay mixtures, which are the same as the mix-
tures prepared for the DSC experiments, were coated
on several KBr disks, and placed in an oven that was
automatically maintained at 200°C. Each KBr disk was
removed from the oven sequentially with a constant
time interval, and tested immediately with FTIR to
investigate changes in chemical structure during iso-
thermal curing at 200°C.

RESULTS AND DISCUSSION

Figure 2 shows the dynamic DSC thermograms of the
dicyanate/clay nanocomposites with various clay
contents. The temperature of maximum heat evolution
shifted slightly to a lower-temperature region with
increasing clay content, and this result means that the
polymerization rate of the dicyanate/clay nanocom-
posite increased slightly as the clay content was in-

Figure 1 Chemical structures of the dicyanate resin and the
organic modifier contained in the clay.
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creased. Bauer et al.17 reported that materials contain-
ing active hydrogens such as alcohols catalyze the
cyclotrimerization reaction of dicyanate resins. The
organic modifier, methyl tallow bis-2-hydroxyethyl
quaternary ammonium, intercalated between silica
layers of the clay used in this study has active hydro-
gens. Furthermore the surfaces of silicate layers have
hydroxyl groups. Thus the polymerization rate of the
dicyanate/clay nanocomposites increased with in-
creasing clay content because the active hydrogens in
the organic modifier as well as on the surfaces of
silicate layers would catalyze the cyclotrimerization
reaction of the dicyanate resin.

The curing behavior of dicyanate resins was previ-
ously studied by several researchers.18–20 They found
that the polymerization reaction kinetics of dicyanate
resins can be described by a simple second-order Ar-
rhenius-type reaction kinetic equation in the kinetic-
controlled regime for catalyzed systems as well as
uncatalyzed systems. They used the following second-
order autocatalytic reaction kinetic equation to ana-
lyze polymerization reaction kinetics of the dicyanate
resin systems:

d�

dt � �k1 � k2�
p��1 � ��2�p (1)

where � is conversion, t is reaction time, and p is the
reaction order associated with autocatalytic reaction.
The reaction rate constants, k1 and k2, follow an Ar-
rhenius dependency on temperature and are de-
scribed as follows:

k1 � k11exp� �
E1

RT� (2)

k2 � k22exp� �
E2

RT� (3)

where k11 and k22 are frequency factors, E1 and E2 are
activation energies for the polymerization reaction, R
is the ideal gas constant, and T is absolute tempera-
ture.

The autocatalytic reaction kinetic equation, eq. (1)
can be expressed as follows by introducing eqs. (2)
and (3):

d�

dT �
1
Sr
�k11exp� �

E1

RT� � k22exp� �
E2

RT��p��1 � ��2�p

(4)

where Sr represents the heating rates used in the dy-
namic DSC measurements.

The dynamic DSC measurements were carried out
to supply experimental reaction kinetic data needed in
determining the parameters in the reaction kinetic
equation [eq. (4)] for the dicyanate/clay nanocompos-
ite systems. The exothermic reaction heats produced
during the polymerization reaction of the dicyanate/
clay nanocomposite systems were measured by DSC.
The chemical conversion was assumed to be the ratio
of the partial heat of reaction generated until a certain
temperature to the overall heat of reaction at complete
conversion (� � 1). The experimental conversion data
obtained from the dynamic DSC thermograms (Fig. 2)
of the dicyanate/clay nanocomposite systems are
shown as symbols in Figure 3.

The parameters in the reaction kinetic equation
were determined by fitting the kinetic equation [eq.
(4)] to the dynamic DSC conversion data through the

Figure 3 Comparison of conversion changes measured
from DSC (points) and calculated from the kinetic model
(lines) for the dicyanate/clay nanocomposite systems with
various clay contents.

Figure 2 Dynamic DSC thermograms of the dicyanate/
clay nanocomposite systems for various clay contents (heat-
ing rate � 10°C/min).

DICYANATE/CLAY NANOCOMPOSITES 1957



Marquardt’s multivariable nonlinear regression
method and Runge–Kutta integration techniques.21

The fitting results are shown in Figure 3 as curves. The
experimental conversion data obtained from the dy-
namic DSC thermograms agree fairly well with the
fitting curves calculated from the reaction kinetic
equation for the dicyanate/clay nanocomposite sys-
tems. The reaction kinetic parameters (k11, k22, E1, E2,
and p) for the dicyanate/clay nanocomposite systems
with various clay contents are listed in Table I. The
reaction order (p) associated with the autocatalytic
reaction was decreased with increasing clay content. It
was considered that this result was attributed to the
increased catalytic effects of the active hydrogens in
the organic modifier as well as on the surfaces of
silicate layers with increasing clay content.

Figure 4 shows the DSC thermograms of the dicy-
anate/clay nanocomposite system containing 5 phr of
clay for various heating rates. The temperature of
maximum heat evolution increased as the heating rate
was increased. The shift of DSC thermograms attrib-
uted to an increase of heating rate depends on the
activation energy associated with each reaction. Based

on this peak-shifting phenomenon, the two simple
methods, by Kissinger22 and by Ozawa23 and Flyn,24

were used to calculate the activation energy associated
with each reaction. However, the nonlinear regression
method was used in this study to analyze more pre-
cisely the reaction kinetics of the dicyanate/clay nano-
composite systems. Figure 5 shows that the experi-
mental conversion data (symbols) obtained from the
dynamic DSC thermograms agree well with the con-
version curves calculated from the reaction kinetic
equation for the dicyanate/clay nanocomposite sys-
tem containing 5 phr of the clay. The slight deviations
of the reaction kinetic model at high conversion range
seem to be the result of the diffusion-controlled reac-
tion mechanism of the dicyanate/clay nanocomposite
systems after gelation.

Figure 6 shows FTIR spectra showing chemical
structure changes occurring during the cyclotrimer-
ization of the dicyanate/clay nanocomposite system
containing 5 phr of clay. The peaks for cyanate groups
(–OCN) occurring at 2230–2280 cm�1 decreased with
reaction time during isothermal curing of the nano-
composite system at 200°C. The peak almost disap-
peared after 50 min, indicating that the cyclotrimer-
ization reaction was almost finished.

The glass-transition temperatures (Tg’s)of the fully
cured dicyanate/clay nanocomposites were measured
using DSC at a heating rate of 10°C/min. Figure 7
shows that the Tg of the dicyanate/clay nanocompos-
ites increased as the clay content was increased. This
result is reasonable because the polymer chains, pos-
sibly intercalated between silicate layers or contacted
with exfoliated silicate plates, have less mobility than
that of polymer chains in the unfilled systems. The
degree of reduced chain mobility would increase with

TABLE I
Values of Reaction Kinetic Parameters for the Dicyanate/

Clay Nanocomposite Systems Containing Various
Amounts of Clay

Clay
content

(phr) k11 (1/s) k22 (1/s)
E1

(kJ/mol)
E2

(kJ/mol) p

0 7.19 � 105 1.13 � 106 77.4 65.7 0.86
1 2.16 � 1010 1.25 � 108 109.2 122.6 0.52
3 1.05 � 108 1.43 � 107 87.0 113.0 0.27
5 3.12 � 104 2.38 � 105 55.6 108.8 0.21

Figure 4 Dynamic DSC thermograms of the nanocompos-
ite system containing 5 phr of clay for various heating rates.

Figure 5 Comparison of conversion changes measured
from DSC (points) and calculated from the kinetic model
(lines) for various heating rates for the nanocomposite sys-
tem containing 5 phr of clay.
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increasing clay content, and it resulted in an increase
of Tg of the dicyanate/clay nanocomposites with in-
creasing clay content.

The thermal decomposition behavior of the fully
cured dicyanate/clay nanocomposite with 5 phr of
clay was compared with that of the fully cured pure
dicyanate resin, as shown in Figure 8. The TGA curves
for the nanocomposites containing 1 or 3 phr were
observed between the two curves in Figure 8, even
though they were not shown in the figure for simplic-
ity. The onset temperature of the thermal decomposi-
tion process for the nanocomposite was slightly higher
than that for the pure resin system. This result seems

to be caused by both the reduced mobility of the
polycyanurate chain network attributed to the intro-
duced clay and the thermally stable inorganic clay
itself even though the content is small.

CONCLUSIONS

The effects of changing clay content and dynamic
curing condition on the curing behavior and thermal
properties of the dicyanate/clay nanocomposite sys-
tems were analyzed. The polymerization rate of the
dicyanate/clay nanocomposite system increased as
the clay content was increased. The reaction kinetics of
the dicyanate/clay nanocomposite system could be
described fairly well by the second-order autocatalytic
reaction kinetic equation. The reaction kinetic param-
eters were determined from the dynamic DSC conver-
sion data by the fitting method. The glass-transition
temperature of the dicyanate/clay nanocomposites in-
creased with increasing clay content. The thermal de-
composition process of the dicyanate/clay nanocom-
posite with 5 phr of clay was slightly hindered com-
pared to the pure dicyanate system.
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