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a b s t r a c t

A novel bismaleimide containing phthalide cardo structure (BMIP) was mixed with 2,2′-diallyl bisphenol
A (DABPA), and the cure behavior of the mixture was studied by Fourier transform infrared (FTIR) spec-
troscopy and differential scanning calorimetry (DSC). The FTIR results demonstrated the cure reaction
below 200 ◦C progressed preferentially via alternating copolymerization of maleimide and allyl groups.
The DSC thermogram of the prepolymer showed three different cure regimes in the temperature range

◦

eywords:
ismaleimide
hthalide cardo structure

of 100–350 C and the 2nd exothermic peak was predominant. The kinetic parameters of the 2nd curing
process were evaluated using various kinetic models: Kissinger and Ozawa–Flynn–Wall, and the appar-
ent activation energies obtained from two methods were consistent with each other. Thermal properties
of the cured network were characterized by thermogravimetric analysis (TGA) and dynamic mechani-

imen
600
peak
ure behavior
inetics
hermal properties

cal analysis (DMA). Exper
∼431 ◦C and char yield at
274 ◦C based on the tan ı

. Introduction

Bismaleimide (BMI) resins are a promising and relatively young
lass of thermosetting polymers [1]. They play an increasingly
mportant role in high-tech industries due to the fact that their
ured products have good electrical properties, lower coefficient of
hermal expansion, excellent fire and moisture resistance, superior
hermal and thermal-oxidative stability, and high glass transition
emperature and mechanical strength [2–9]. However, the inher-
nt brittleness, limited durability and poor impact resistance of the
ure resins, resulting from high crosslink density and rigid molec-
lar skeleton, hamper the further application in the aerospace
nd electronic industries [10]. Hence, many modification methods
ave been developed to overcome the above-mentioned drawbacks
11–13]. It was reported that the most successful modification

ethod was the copolymerization of BMIs with allyl-substituted
romatic compounds, which not only could be able to enhance
he toughness of BMIs but also endowed the resultant resins with

etter process flexibility and lower cost [14–16]. Based on the 4,4′-
ismaleimidodiphenyl methane (BMPM) and 2,2′-diallyl bisphenol
(DABPA), numerous high performance modified BMI resins were

eveloped, such as QY8911, Matrimid 5292 and BASF 5260 [17].
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tal results exhibited that the onset decomposition temperature (T5%) was
◦C was ∼39.1%. In addition, the glass-transition temperature (Tg) reached
temperature.

© 2010 Elsevier B.V. All rights reserved.

Despite the 2,2′-diallyl bisphenol A modified BMI resins win
great honors for their outstanding properties, there is still not
unambiguous information about the mechanism and kinetic fea-
ture of their cure reaction. Undoubtedly, aside from dependence
on the molecular structure of various ingredients in the system,
the properties of polymeric materials such as Tg, modulus and
toughness also depend strongly on the extent of cure and the
cure pathway which is controlled by the time of cure and the
cure temperature [16,18,19]. Therefore, the optimization of poly-
mer properties calls for reliable curing kinetic parameters and a
clear picture of the chemical transformations which occur during
curing. In fact, many efforts have been made to investigate the
curing pathways and kinetics of BMPM/DABPA systems. Mijovic
and Andjolic studied the isothermal cure of BMPM/DABPA using
remote in situ real time fiber optic near-infrared spectroscopy in
the 140–250 ◦C range [2]. They reported the principal reaction was
alternating copolymerization involving maleimide and allyl dou-
ble bonds, and maleimide homopolymerization occurred only in
the initial stages of reaction at temperatures above 200 ◦C. Phelan
and Sung characterized the cure behavior by FT-IR, fluorescence,
and UV-reflectance spectroscopy and discussed various reaction
pathways [16]. Rozenberg et al. reported the cure kinetics and
mechanism of equifunctional BMPM/DABPA revealed by a combi-

nation of many analytical techniques [20]. In addition, isothermal
and nonisothermal DSC methods were often employed for kinetic
analysis of BMPM/DABPA cure [4,5,14,17]. According to these stud-
ies, the following reaction types have been proposed to be involved
in the curing process: Ene, Diels–Alder, homopolymerization, alter-

dx.doi.org/10.1016/j.tca.2010.12.001
http://www.sciencedirect.com/science/journal/00406031
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The structures of BMIP and DABPA are shown in Fig. 2. The
prepolymer BMIP/DABPA was prepared by mixing an equimolar
amount of crushed BMIP and DABPA at 150 ◦C under vigorous
mechanical stirring for about 10 min, and then a homogeneous,
Fig. 1. Proposed curing me

ating copolymerization and rearomatization. The proposed curing
athways are outlined in Fig. 1.

In the previous research, we designed and synthesized a chain-
xtended BMI monomer containing phthalide cardo structure
BMIP) [21]. The monomer shows an advantageous combina-
ion of properties, such as good solubility, lower melting point
nd favorable cost. Nevertheless, its high melt viscosity and high
ure temperature disfavor preparation of good-quality products.
o solve these manufacturing limitations, DABPA was chosen to
opolymerize with BMIP. The objective of this study was to provide
he information about the mechanism and kinetics of curing for
quimolar BMIP/DABPA resin investigated by FTIR and nonisother-
al DSC. Furthermore, the thermal properties of the blend resin
ere characterized by DMA and TGA.

. Experimental

.1. Materials
Commercially available 2,2′-diallyl bisphenol A (DABPA) was
rovided by Laizhou City Laiyu Chemical Co., Ltd. (Shangdong,
hina). BMIP was synthesized according to the reported method
21].
sms for BMI/DABPA resin.

2.2. Preparation of BMIP–DABPA blend
Fig. 2. Chemical structures of BMIP and DABPA.
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Table 1
DSC peak maximum temperature of BMIP/DABPA prepolymer at different heating
rates.

ˇ (K/min) Tp1 (◦C) Tp2 (◦C) Tp3 (◦C)

5 111.2 240.6 326.2
ig. 3. FTIR spectra of BMIP/DABPA resin at various times during isothermal cure at
80 ◦C. Cure times were 0, 10, 30, 60, 120, 180, 240, 300, 360, 420, and 480 min.

isually transparent mixture was obtained. The mixture was
egassed at 150 ◦C under vacuum to remove trapped air and then
oured directly into preheated (150 ◦C) Teflon moulds and ther-
ally cured in an air convection oven at 180 ◦C for 1 h, 200 ◦C for
h plus a post-cure period at 250 ◦C for 6 h. Finally, the casting was

emoved from the mould and characterized.

.3. Characterization

Fourier transform infrared (FTIR) spectra (KBr) were recorded
n a Nicolet-20DXB IR spectrophotometer. 32 scans were signal
veraged with a resolution of 4 cm−1 at room temperature.

Differential scanning calorimetry (DSC) measurements were
onducted with an NETZSCH DSC 204 instrument. About 7–9 mg
amples were used at a heating rate of 10 ◦C/min under a flow of
itrogen (20 mL/min).

Dynamic mechanical analysis (DMA) was done on a TA
nstruments Q800 DMA with an amplitude of 20 �m, driving fre-
uency of 1.0 Hz, and a temperature ramp rate of 5 ◦C/min in
itrogen atmosphere. The specimen was cut to dimensions of
0 mm × 6 mm × 2.5 mm for the single cantilever mode.

Thermogravimetric analysis (TGA) was performed on a Perkin-
lmer TGA-7 thermal analyzer and the sample (around 5 mg) was
eated from 25 to 600 ◦C at a heating rate of 20 ◦C/min, under the
urified nitrogen flow rate of 60 mL/min.

. Results and discussion

.1. IR characterization of cure reaction

Fourier transform infrared (FTIR) analysis is a useful tool to study
ure mechanism and kinetics by monitoring the intensity change of
he characteristic absorption bands. Herein, FTIR spectroscopy was
mployed to determine the extents of various reactions involved
n BMIP/DABPA copolymerization process at lower temperatures
<200 ◦C). At elevated temperature (>200 ◦C), it was difficult to fol-
ow the kinetic behavior because the cure reaction rate was too
ast to obtain well distinguished spectra. Fig. 3 shows the typical IR
pectra of BMIP/DABPA during isothermal cure at 180 ◦C. The spec-
ra taken at various stages of cure were shifted along the ordinate
or clarity. It can be seen that the absorption band at 1149 cm−1,

ttributable to the C–N–C stretching vibration of the maleimide
roup, decreases with the polymerization time, indicating the con-
ersion of BMIP. Another evidence for the consumption of the BMI
nsaturation can be found from the gradual disappearance of the
bsorbance band centered at 3100 cm−1, which is assigned to the
10 120.2 257.2 342
15 123.5 269.8 351.5
20 128.2 274.5 357.2

C–H stretching. The allyl unsaturation presents two characteristic
modes in the C–H wagging region. One is found at 995 cm−1 and
is due to a trans –HC CH– wagging, while the other, at 912 cm−1,
arises from a vinyl CH2 wagging. The latter was often used to
evaluate the conversion of allyl groups [6,16,17]. Unfortunately, it
suffers from heavy interference in the present system under inves-
tigation and hence appears as a shoulder of the absorption peak at
927 cm−1. Therefore, the consumption of DABPA allyl groups has to
be measured from the peak at 995 cm−1 although it shows a weak
intensity.

Quantitative evaluation of the reaction kinetics was conducted
by following the change of absorbance peaks at 1149 cm−1 and
995 cm−1. The methyl absorption at 2964 cm−1 did not change dur-
ing the cure process and can thus be used as an internal reference
band. The extent of cure reaction (˛) at any time, t, was calculated
using the following equation:

˛ = 1 −
(

Ar/Aref

Ar/Aref

)
0

(1)

where (Ar/Aref)t is the ratio of the areas of reactive (r) and reference
(ref) peaks at cure time t corrected for thickness and (Ar/Aref)0 is
the ratio of the areas of reactive (r) and reference (ref) peaks at
cure time zero corrected for thickness.

The normalized extent of reaction based on the consumption of
carbon–carbon double bonds is shown in Fig. 4 as a function of time
for isothermal cure at 130, 180 and 200 ◦C. From Fig. 4a, all isother-
mal conversion curves first increase sharply and then level off and
the rate of reaction increases with increasing curing temperature.
The conversion ratio of maleimide to succinimide reaches approx-
imately 90% and do not show increasing trend after BMIP/DABPA
underwent about 200 and 100 min of isothermal cure at 180 and
200 ◦C, respectively, while the consumption of maleimide is nearly
60% after 600 min of isothermal cure at 130 ◦C. As shown in Fig. 4b,
the pattern of the loss of allyl groups is similar to that of maleimide.
To further elucidate the relationship between rates of conversion of
maleimde and allyl groups, we made a plot (in Fig. 5) of maleimide
group conversion (extracted from Fig. 4a) as a function of ally
group conversion (extracted from Fig. 4b), with temperature as
a parameter. It is apparent from Fig. 5 that the consumption of
maleimide and allyl groups shows a fairly strict 1:1 correlation
regardless of the temperature. This observation suggests that the
cure reaction below 200 ◦C progressed preferentially via alternat-
ing copolymerization of maleimide and allyl groups. By contraries,
the homopolymerization of bismaleimide and isomerization reac-
tion of the allyl to the propenyl form are neglectable. An analogous
conclusion was made through the study of BMPM/DABPA curing
process using near-infrared spectroscopy [2].

3.2. DSC characterization of cure reaction

Fig. 6 shows the dynamic DSC thermograms of BMIP/DABPA

prepolymer scanned at different heating rates and the charac-
teristic results are listed in Table 1. At all heating rates, the
exotherms show three temperature regimes: (i) in the 100–150 ◦C
range, the exothermic peak, which will disappear if mixing time is
prolonged during the prepolymer preparation, is associated with
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Fig. 4. (a) The conversion of maleimide group determined by FTIR at 1149 cm−1 as
a function of cure time for BMIP/DABPA isothermal cure at different temperatures.
(b) The conversion of ally group determined by FTIR at 995 cm−1 as a function of
cure time for BMIP/DABPA isothermal cure at different temperatures.

Fig. 5. Comparison of the consumption of maleimide and allyl groups during
BMIP/DABPA isothermal cure at different temperatures.
Fig. 6. DSC exotherms for BMIP/DABPA cure at different heating rates.

the Ene reaction; (ii) the principal exothermic peak located at
150–300 ◦C is assigned to the following reactions (Fig. 1): Ene
reaction, copolymerization, Diels–Alder reaction, BMIP homopoly-
merization, isomerization of the allyl groups as well as dehydration
of the hydroxyl groups; (iii) above 300 ◦C, the residual unreacted
groups further react, such as homopolymerization of allyl group
[17]. In addition, it is observed that the all exothermic peaks asso-
ciated with the curing reaction shift to higher temperatures as the
heating rate increases.

The kinetic analyses of three stages were done by Kissinger
method based on the multiple heating rates. The activation energy
(Ea) was estimated using Kissinger equation [14,22,23]:

ln

(
ˇ

T2
p

)
= − Ea

RTp
+ ln

(
AR

Ea

)
(2)

where ˇ is the heating rate(K/min), Tp is the peak maximum tem-
perature (K), R is the gas constant.

The typical kinetic plots of ln (ˇ/T2
p ) versus 1/Tp by Kissinger

equation were drawn. According to the plots shown in Fig. 7, the
values of the activation energy were obtained by the determination
of the value of the slope. The Ea values of the three curing processes

are 100.2, 83.6 and 128.8 kJ/mol, respectively. The second curing
process shows the lowest Ea value, suggesting the reactions more
easily progressed in this temperature region. The variation of Ea

demonstrates the different reaction mechanisms for the three cur-
ing stage and the trend is in good agreement with the fact that the

Fig. 7. Kinetic plots of three cure process for BMIP/DABPA resin based on Kissinger
equation.
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tions, such as thermal rearomatization which is initiated at higher
temperature [27,34–36]. The mean value of activation energies in
the plateau region is 85.9 kJ/mol, which is comparable to the result
obtained based on Kissinger method.
ig. 8. Fractional conversion as a function of temperature for various heating rates.

ne reaction is required to overcome the higher activation energy
arrier than the analogous Diels–Alder reaction because of stere-
electronic requirement of breaking the allylic C–H �-bond [24].
dditionally, the polymerization of allyl group, thermally initiated
t high temperature, is also difficult because of the resulting allyl
adical possesses an ability to stabilize itself by resonance [25].
herefore, allyl polymerization shows higher apparent activation
nergy. The Ea of allyl homopolymerization achieves 121 kJ/mol
alculated according to the Kissinger equation, which has been
eported by Wang et al. when they have studied the kinetic of the
uring of allyl poly (phenylene oxide) [26]. The Ea value of 3rd cure
rocess of the system under consideration is nearly equal to that
f allyl homopolymerization. The agreement of two Ea values is
lso an evidence that exothermic peak located at the highest tem-
erature region is attributed to the polymerization of residual allyl
roups.

As shown in Fig. 6, the 2nd cure process is predominant, and
ence its state of cure has a profound impact on properties of
he resulting cured resin. Although the Kissinger method has been
pplied for kinetic analysis, it only produces a single value of
he activation energy for the whole process. The obtained result
s believable only if Ea is constant throughout the process. As
forementioned, the 2nd cure process in which many reactions
ccur is very complicated, and no variety of Ea with cure reaction
rogress is unrealistic. Isoconversional kinetic analysis is capable
f yielding a dependence of the activation energy on the extent
f conversion [23,27–31]. Analysis of this dependence allows for
ntangling complex mechanism of cure processes and for predict-

ng kinetics [18,27]. Furthermore, the 2nd exothermic peak, which
s completely free from being overlapped, can be separated from
djacent peaks and analyzed solely. Therefore, it is suitable that this
ure process was investigated by the means of an isoconversional
ethod.
To perform isoconversional analysis, the original DSC data on

nd exothermic peak was transformed into the fractional conver-
ion (˛) versus temperature curves at various heating rates, and
he corresponding plots are shown in Fig. 8. The ˛ values were
btained by the integration of the 2nd exothermic peak based on
he following equation:

= H˛

Htotal
(3)
here H˛ is the fractional enthalpy and Htotal is the total enthalpy
f the cure reaction.

It is clear from Fig. 8 that all ˛ values increase very slowly at the
eginning of curing and when the samples were heated to given
Acta 514 (2011) 44–50

temperatures, the ˛ values show a sharply increase and then level
off. Moreover, to obtain the same ˛ value, the required temperature
is increased with increasing heating rate.

The Ozawa–Flynn–Wall method, a model-free isoconversional
method based on data recorded for various heating rates, was used
to obtain the activation energies (Ea) for different conversion levels
(˛). Ozawa–Flynn–Wall Equation is expressed as follows [32]:

log(ˇ) = log
(

AEa

R

)
− log[g(˛)] − c − l

(
Ea

RT

)
(4)

where ˇ is the heating rate, c and l are couple tabulated coeffi-
cients, and g(˛) is integrated form of the conversion dependence
function and independent from the scanning rate at a fixed value
of the variable ˛. The critical point in kinetic analysis using the
Ozawa–Flynn–Wall method consists in the accurate setting of the
coefficients c and l. The most frequently used values are: c = 2.313
and l = 0.4567, if Ea/RT = 28–50, or c = 2.000 and l = 0.4667 when
Ea/RT = 18–30 [33]. For BMIP/DABPA system under consideration,
Ea/RT is in the range of 13–20, which is significantly less, so we
considered c = 1.600 and l = 0.4880 [34]. The activation energy can
be calculated from the slope of the linear plot of log (ˇ) against 1/T.
Fig. 9 shows the dependence of Ea on ˛. It can be seen that the Ea val-
ues exhibit systematic variation within the range of 84–98 kJ/mol.
The Ea firstly decreases in the initial cure stage (˛ < 0.1), reaches a
slowly increasing plateau in the region ˛ = 0.1–0.7, and increases
significantly after ˛ value reaches about 0.7 especially near the end
of cure. The similar phenomenon was observed during the course
of studying the cure kinetic behavior of other thermosetting sys-
tems and some different explanations were given [34–40]. For the
present system, the decreasing Ea at ˛ < 0.1 may associate with the
diffusion control which is induced by melt viscosity [30]. This is
because the molecular weight increases slowly at low conversion,
but the viscosity decreases drastically with increasing temperature,
which may result in an increase in mobility of the molecular chains.
Additionally, an apparent increase in Ea values at ˛ > 0.7 is because
the growing molecular chains lose their mobility as the degree of
cure increase, which may be an indication of the reaction mecha-
nism from chemical kinetic control to diffusion control induced by
the vitrification [37–40]. Alternatively, the sharply increasing Ea at
the final cure stage may be ascribed to the occurrence of side reac-
Fig. 9. Dependence of the activation energy on the extent of conversion.
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Table 2
TGA analysis of cured BMIP/DABPA resin.

Copolymer T5%
a (◦C) T30%

b (◦C) Tmax
c (◦C) RWd (%)

BMIP/DAPBA 432 495 476 39.1
Fig. 10. DMA thermograms for cured BMIP/DABPA resin.

.3. Thermal properties of cured BMIP/DABPA

The thermal mechanical behavior of cured BMIP/DAPBA was
nvestigated by dynamic mechanical analysis (DMA). Fig. 10 shows
he temperature dependence of storage modulus (G′), loss modu-
us (G′′) and loss tangent (tan ı) of the polymer. From G′–T curve
n Fig. 10, the cured resin experienced one-step obvious physi-
al transition, and possesses high bending modulus in the glassy
egion. The curve of G′′ versus T shows two relaxation peaks. Firstly,
he strong ˛ relaxation peak at 239 ◦C is due to the motion of net-
ork chain segments. Secondly, the fairly broad weak ˇ relaxation
eak located in the 50–100 ◦C may be due to packing defects in
he glassy state, whose relaxation intensity decreases after aging
t enhanced temperature and increases dramatically after one
ater absorption–desorption cycle [41]. Furthermore, only one

harp and symmetrical tan ı peak centered at 274 ◦C is observed,
ndicating the formation of a homogeneous network structure of
MIP/DABPA.

The dynamic TG and DTG thermograms of BMIP/DABPA copoly-
er are shown in Fig. 11. The 5% and 30% mass loss temperatures
T5% and T30%), temperature at the maximum rate of decomposi-
ion (Tmax) and char residue at 600 ◦C were chosen as the thermal
tability parameters and are compiled in Table 2. As seen from
ig. 11, the cured resin exhibits a high level of thermal stability

Fig. 11. TGA thermograms for cured BMIP/DABPA resin.

[

[
[

[
[

a 5% weight loss temperature.
b 30% weight loss temperature.
c Temperature at maximum rate of weight loss.
d Char yield at 600 ◦C.

with char residue at 600 ◦C of 39.1%, and the onset decomposition
temperature (T5%) is as high as 431 ◦C. Moreover, the cured network
of BMIP/DABPA underwent two-stage decomposition reaction and
the inflection temperatures of the two stages are 476 and 534 ◦C,
respectively. The first stage could be due to the degradation of the
aliphatic chain structures derived from allyl group, and the sec-
ond stage should be attributed to the aryl and the heterocyclic
structures derived from maleimide in the cured resins.

4. Conclusions

A novel BMI resin was developed based on biamaleimide con-
taining phthalide cardo structure and 2,2′-diallyl bisphenol A. The
curing mechanism and kinetics of the prepolymer were monitored
using FTIR and DSC. The FTIR observation showed that the alter-
nating copolymerization of maleimide and allyl groups was more
favored than the homopolymerization of BMI monomer and the
isomerization reaction of the allyl to the propenyl form below
200 ◦C. The DSC thermogram of the prepolymer showed three cure
regimes in the range of 100–350 ◦C. The apparent activation ener-
gies with respect to individual cure regime obtained by Kissinger
method were 100.2, 83.6 and 128.8 kJ/mol, respectively. Further-
more, the 2nd exothermic peak was separated from other peaks and
analyzed independently by the integral isoconversional method,
viz. Ozawa–Flynn–Wall method. The average values of the appar-
ent activation energy in the plateau region was 85.9 kJ/mol. The
cured resin of BMIP/DABPA exhibited good thermal properties. The
DMA results showed that G′ > 2 Gpa in the whole glassy region and
the glass-transition temperature (Tg) reached 274 ◦C based on the
tan ı peak temperature. The TGA showed the onset decomposi-
tion temperature (T5%) and temperature at the maximum rate of
decomposition (Tmax) reached 431 ◦C and 476 ◦C.
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