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ABSTRACT: The non-isothermal degradation kinetics of the cured polymer samples of N,N0-bismaleimide-4,40-diphenylmethane/barbi-

turic acid [BMI/BTA 5 2/1 (mol/mol)] based polymers in the presence of hydroquinone (HQ) and native BMI/BTA was investigated

by the thermogravimetric (TG) technique. By adding 5 wt % HQ into the BMI/BTA polymerization, the activation energy (Ea) of the

thermal degradation process increased significantly in comparison with native BMI/BTA. Thus, the thermal stability of the cured poly-

mer sample in the presence of HQ was greatly improved. The thermal degradation process exhibits three distinct stages. The key ki-

netic parameters associated with these stages were attained via the model-fitting method. For the sample of native BMI/BTA, the

thermal degradation process was primarily controlled by nucleation, followed by the multi-decay law in the first stage. In contrast,

the reaction order model adequately described the thermal degradation kinetics in the second stage. As to the last stage, the complex

processes were described satisfactorily by the best-fitted reaction model. For the sample of BMI/BTA/5 wt % HQ, the degradation

process was controlled by the nucleation mechanism, followed by the multi-molecular decay law in the first stage. In contrast, the sec-

ond stage was controlled by the mixed mode of the competitive reaction order mechanism and 3-D diffusion mechanism. In the third

stage, the complex processes were also adequately described by the best-fitted reaction model. All the experimental results illustrated

that incorporation of 5 wt % HQ into the BMI/BTA based polymer resulted in the best thermal stability. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

N,N0-Bismaleimide-4,40-diphenylmethane (BMI) based polymers

exhibiting a hyper-branched or highly cross-linked network

structure (depending on the extent of conversion) offer excellent

mechanical properties, chemical resistance, thermal stability,

and attractive cost/performance ratio. As a result, these poly-

meric products have been widely used in many applications

such as aerospace and electronics industries. With the reactive

bismaleimide groups (two terminal 2C5C2 groups), BMI can

polymerize with active hydrogen atom-containing species such

as multi-amines and barbituric acid (BTA) via the Michael

addition reaction mechanism.1–6 It can also polymerize via the

free radical polymerization mechanism using barbituric acid

(BTA) or 2,20-azobisisobutyronitrile (AIBN) as the thermal

initiator.7–10 Furthermore, anionic polymerization of BMI can

be initiated by nano-Na1/TiO2.11 In our recent study,10,12 it was

illustrated that Michael addition and free radical polymerization

mechanisms competed with each other in the polymerizations

of BMI with BTA in the temperature range 100–130�C (Scheme 1).

The contribution of the free radical polymerization mechanism to

the reaction of BMI with BTA increased with decreasing the mole

fraction of BTA in the reaction medium.

Recently, hydroquinone (HQ) was used to effectively inhibit the

free radical polymerization of BMI with BTA. In this manner,

the sole Michael addition polymerization kinetics for the reac-

tion system of BMI/BTA [2/1 (mol/mol)] in the presence of HQ

was successfully investigated.10,13 It was shown that the key

kinetic parameters [e.g., reaction order, reaction rate constants,

and activation energy (Ea)] of the Michael addition polymeriza-

tion of BMI/BTA in presence of HQ were quite different from

those obtained from the polymerization of BMI with BTA

exhibiting the mixed mode of competitive free radical and

Michael addition polymerization mechanisms.13 The polymeric

materials prepared by the polymerizations of BMI with BTA

VC 2013 Wiley Periodicals, Inc.
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with and without HQ are expected to show different physico-

chemical properties. It is noteworthy that the BMI/BTA-based

polymers exhibit very high glass transition temperature and

excellent heat resistance that have a potential use in the design

of lithium-ions batteries, where heat resistance is a crucial safety

issue.12 A semi-crystalline polymeric film (termed as the separa-

tor) such as polyethylene and polypropylene with a melting

point of ca. 110–140�C is generally used to prevent short cir-

cuiting. Incorporating a small amount of BMI/BTA-based poly-

mers into lithium-ions batteries provides a second protection

mechanism functioning at around 200–230�C that suppresses

the disastrous thermal run away (>700�C) that would ulti-

mately lead to an explosion. Thus, the objective of this work

was to investigate the non-isothermal degradation kinetics of

the cured samples of native BMI/BTA [2/1 (mol/mol)] and

BMI/BTA in the presence of HQ in solid state in order to gain

a fundamental understanding of the thermal degradation pro-

cess and mechanism.

EXPERIMENTAL

Materials

The chemicals used in this study include N,N0-bismaleimide-

4,40-diphenylmethane (95%, Beil), barbituric acid (991%,

ACROS), hydroquinone (99%, ACROS), and N-methyl-2-pyrro-

lidone (99%, ACROS). All chemicals are reagent grade and used

as received.

Preparation of Samples

The polymerization of BMI/BTA [2/1 (mol/mol)] in NMP was

carried out in a sealed 20-mL glass vial with magnetic mixing at

80�C over a period of 2 h in the absence of HQ or in the pres-

ence of HQ (5 wt % based on total solids content). The total

solids content was kept constant at 20 wt % throughout this

study. The reaction temperature was controlled by immersing

the reactor in a thermostatic water bath. The sample obtained

from the polymerization of BMI with BTA in the presence of

5 wt % was denoted as S5.

In our previous study,15 the DSC curve showed a broad exo-

thermic peak in the temperature range 100–280�C for the

uncured sample of the BMI/BTA oligomer, which was attributed

to the further polymerization of the residual reactive groups.

Thus, before polymer characterization, the uncured samples of

the native BMI/BTA and S5 oligomers were cured at 130�C for

6 h, post-cured in a vacuum oven at 200�C for 18 h, and finally

in TG instrument at 250�C for 1 h to eliminate the residual sol-

vent and moisture (if present).

Characterization

The kinetic parameters of the thermal degradation process

including the activation energy (Ea), pre-exponential factor (A),

and reaction model f(a) were determined by the thermogravi-

metric (TG) technique.14–18 The characteristic weight loss data

were recorded on the Diamond TG/DTA instrument (Perkin

Elmer) in the temperature range 200–800�C under a nitrogen

flow rate of 20 mL min21. The distance between two adjacent

data points of weight percentage in the TG profile is 1 s (Dt 5

1 s). The sample weight of 6.5 6 0.2 mg was used in this study.

Determination of Kinetic Parameters

The thermal degradation rate (da/dt) of the single-step degrada-

tion reaction can be described by the following equation:

da=dt5A½expð2Ea=RTÞ�f ðaÞ (1)

where a, defined by eq. (2), is the fractional conversion, t is

time, R is the gas constant, and T is the absolute temperature.

a5ðm02mT Þ=ðm02mf Þ (2)

where m0 is the initial weight percentage (100%), mT is the

weight percentage at temperature T, and mf is the weight per-

centage at the final temperature. Typical ideal reaction models

[f(a)] reported in the literature can be expressed as follows14,19:

f ðaÞ5cð12aÞnam (3)

where m, n, and c are adjustable parameters. Some representa-

tive ideal reaction models [f(a)] with the characteristic values of

m, n, and c and their corresponding equivalent Sestak–Berggren

Scheme 1. Schematic representation of the free radical and Michael addition polymerization mechanisms for the reaction of BMI with BTA.
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reduced equations are summarized in Table I.19–22 For a

non-isothermal thermal degradation process, the temperature is

varied by a constant heating rate b (b 5 dT/dt) and a can be

analyzed according to the following equation:

da=dt 5bðda=dTÞ

5A½expð2Ea=RTÞ�f ðaÞ
(4)

There are two common methods available for the analysis of

thermal degradation kinetics, that is, the model-free and model-

fitting methods. The model-free method is independent of reac-

tion models and, consequently, it can be used to calculate Ea

without resort to any model assumption. On the other hand,

based on the model-fitting method, the kinetic parameters

including Ea, f(a), and A are required to describe the complete

thermal degradation kinetics. Equations ((5)) and ((6)) are

defined for the model-free and model-fitting methods, respec-

tively, as follows.19,20

lnðda=dtÞ 5lnðb da=dTÞ

52Ea=RT1ln½Af ðaÞ�
(5)

ln½ðda=dtÞ=ð12aÞnam� 5ln½ðb da=dTÞð12aÞnam�

52Ea=RT1lnðcAÞ
(6)

According to eq. (5) (Friedman method), Ea and ln [A f(a)] at

each a of different b values can be obtained from the least-

squares best-fitted slope and intercept of the ln (da/dt) versus

1/T data, respectively. In contrast, the key kinetic parameters

can be obtained from eq. (6). For example, plotting the ln [(da/

dt)/(1 2 a)nam] versus 1/T data should result in a straight line

with the best fitted values of the parameter. The linearity is

evaluated by the coefficient of determination (R2) and the maxi-

mum value of R2 is identified through adjustable processes of

the parameters n and m. In this manner, the slope and intercept

of the straight line represent the values of 2Ea/R and ln(cA),

respectively. It should be noted that the Ea data obtained from

the model-free method is used as the reference herein. That is,

to be self-consistent throughout this study, the values of Ea

obtained from the model-fitting method should be close to the

average of Ea determined by the model-free method.

RESULTS AND DISCUSSION

Thermal Properties

The TG data are summarized in Table II. For example, the ther-

mal degradation temperatures at which 10% weight loss (T10%)

takes place at b 5 5�C min21 for the cured polymer samples of

native BMI/BTA and S5 are 356.5 and 369.1�C, respectively. In

addition, all the values of T2%, T5%, T10%, T20%, T40%, and resi-

due at 800�C for the cured sample of S5 are higher than those

of native BMI/BTA. All these results indicate that incorporation

of 5 wt % HQ into the BMI/BTA polymerization system greatly

enhances its thermal stability.

Thermal Degradation Kinetics

Determination of Ea from the Model-Free Method. The repre-

sentative TG data and the corresponding plots of da/dt versus a
for the cured polymer samples of native BMI/BTA and BMI/

BTA in the presence of 5 wt % HQ (S5) at b 5 3, 5, 10, and

20�C min21 are shown in Figure 1. The model-free method was

used to determine Ea at constant a in the a range 0.05–0.9 for

the cured polymer samples of the pristine BMI/BTA and S5,

Table I. Some Representative Ideal Kinetic Models [f(a)] Commonly Used in Solid State Degradation Reactions and Their Corresponding Equivalent

Sestak–Berggren Reduced Equations

Mechanism Code f(a) Parameters of f(a): c(1 2 a)nam

Nucleation models

Random instant nucleation and two-dimensional
growth of nuclei (Avrami–Erofeyev equation)

A2 2(1 - a)[-ln(1 – a)]1/2 2.079(1 – a)0.806 a0.515

Random instant nucleation and three-dimensional
growth of nuclei (Avrami–Erofeyev equation)

A3 3(1 – a)[2ln(1 2 a)]2/3 3.192(1 – a)0.748 a0.693

Geometrical contraction models

Phase boundary controlled reaction (contracting
area, i.e., bidimensional shape)

R2 (1 – a)1/2 (1 – a)1/2

Phase boundary controlled reaction (contracting
volume, i.e., tridimensional shape)

R3 (1 – a)2/3 (1 – a)2/3

Reaction order models

Unimolecular decay law (instantaneous nucleation
and unidimensional growth)

F1 (1 – a) (1 – a)

Multi-molecular decay law Fn (1 – a)n (1 – a)n

Diffusion models

One-dimensional diffusion D1 a21 a21

Two-dimensional diffusion (bidimensional particle
shape)

D2 [–ln(1 – a)]21 0.973(1 – a)0.425 a21.008

Three-dimensional diffusion (tridimensional
particle shape) Jander equation

D3 3ð12aÞ2=3

2

�
12ð12aÞ1=3

� 4.431(1 – a)0.951 a21.004
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since Ea for a < 0.05 and a > 0.9 can be affected strongly by

possible minor errors in baseline determination.14 The model-

free approach [eq. (5)] was used to determine Ea at constant a.

According to eq. (5), plotting ln(da/dt) versus 1/T for the TG

experiments with different heating rates should result in a

straight line with a slope equal to 2Ea/R at each a. The Ea data

as a function of a for the cured polymer samples of native

BMI/BTA and S5 thus obtained are shown in Figure 2. Note

that there are three major degradation stages observed in the

non-isothermal degradation process, as illustrated in the da/dt

versus a for the cured polymer samples of native BMI/BTA

[Figure 1(b)] and S5 [Figure 1(d)]. However, there is also some

overlap between two adjacent degradation stages. Taking the TG

experiment of the cured sample of native BMI/BTA with b 5

5�C min21 as an example, the first stage occurred in the a
range 0.05–0.25 (or in the corresponding temperature range

320–380�C), the second stage took place in the a range 0.3–0.55

(or in the corresponding temperature range 408–461�C), and

the third stage occurred in the range a 0.6–0.9 (or in the corre-

sponding temperature range 474–583�C) as shown by the solid

curve in Figure (1b). In Figure 2, the relatively constant Ea val-

ues of the cured polymer sample of native BMI/BTA are

obtained in the a range 0.05–0.2 (Ea 5 214.26 6 4.43 kJ

mol21), 0.3–0.55 (Ea 5 347.88 6 3.05 kJ mol21), and 0.65–0.85

(Ea 5 336.12 6 5.53 kJ mol21). This result implies that the

overlapping region between the first stage and the second stage

occurs around the a range 0.2–0.3, and that between the second

stage and the third stage around the a range 0.55–0.65. These

Table II. Characteristic Thermal Degradation Data Obtained from TG Experiments at b 5 5�C min21 for the Cured Samples of Native BMI/BTA and S5

Sample

T (�C)

2% weight
loss

5% weight
loss

10% weight
loss

20% weight
loss

40% weight
loss

Residue at 800
(�C) (%)

Native BMI/BTA 314.8 334.7 356.5 433.3 529.5 47.2

S5 326.2 347.2 369.1 441 551.7 49.7

Figure 1. Representative plots of a versus T and da/dt versus a at four different heating rates for the cured polymer samples of (a, b) native BMI/BTA

and (c, d) S5.
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Ea data also show that the thermal degradation process is a sin-

gle-step reaction (i.e., invariant activation energy) in each dis-

tinct stage.14,23 Beyond stage 3 (a > 0.85) thermal degradation

kinetic is not a major concern in this study and will not be fur-

ther discussed herein. As to the cured polymer sample of S5,

the relatively constant Ea values are also observed in the a range

0.05–0.2 (Stage 1, Ea 5 257.23 6 4.44 kJ mol21) and in the a
range 0.6–0.85 (Stage 3, Ea 5 337.23 6 6.68 kJ mol21). In con-

trast, the increased Ea value with a is observed in the a range

0.3–0.5 (Stage 2, Ea 5 371.82–445.16 kJ mol21), which is most

likely due to the multiple-step reaction.23

The profiles of the Ea versus a data for the cured polymer sam-

ples of native BMI/BTA and S5 are shown in Figure 2. It is

shown that the Ea value of the cured sample of S5 is higher

than that of native BMI/BTA in the a range 0.05–0.6, whereas

the difference in Ea becomes insignificant beyond the a value of

0.6. In addition to the determination of Ea, the degradation rate

constants for the cured polymer sample of native BMI/BTA and

S5 at 350�C (in the first stage) were also calculated to be 0.0331

and 0.0168 min21, respectively, based on the model-free

method. Base on the kinetic parameters (Ea and A) determined

by the model-free method, it can be concluded that incorpora-

tion of a small quantity (e.g., 5 wt % used in this study) of HQ

into the BMI/BTA polymer greatly enhances its thermal stability.

This is most likely due to the fact that the presence of an

adequate level of HQ can effectively suppress the free radical

polymerization of the two carbon–carbon double bonds of BMI

initiated by BTA. Thus, only the mechanism of the Michael

addition polymerization between the two 2C5C2 groups of

BMI and the active hydrogen atoms of the >CH2 and >NH

groups of BTA is operated in the reaction system of BMI/BTA

in the presence of 5 wt % HQ. In contrast, Michael addition

and free radical polymerization mechanisms competed with

each other in the polymerization system of BMI/BTA in the

absence of HQ (Scheme 1). Detailed mechanisms about the

polymerization of BMI with BTA are explained in our previous

articles.10,12,13 As a consequence, the cured polymer samples

of native BMI/BTA and S5 are expected to possess different

molecular structures. Under the circumstance, the thermal

degradation mechanism and the relevant kinetic parameters of

the cured polymer sample of S5 are quite different from those

of the counterpart of native BMI/BTA.

Determination of Kinetic Parameters from the Model-Fitting

Method. In general, the deconvolution technique is very effec-

tive in the kinetic analysis of complex thermal degradation reac-

tions involving simultaneous overlapping processes. However,

we have tried every effort to use such a technique in combina-

tion with a variety of functions available in the Peakfit (Systat

Software) to fit the individual peaks in the DTG curves via the

nonlinear best-fitting method in this study, but eventually

unsuccessful. This is probably because the DTG data in the sec-

ond stage are severely overlaid with those in both the first and

third stages for the cured polymer samples of native BMI/BTA

and S5 [Figure 1(b,d)]. Furthermore, there are at least two

simultaneous processes occurring in the second stage for the

cured polymer sample of S5, as illustrated by the increased Ea

with a in the a range 0.3–0.5 (Figure 2, the circular data points).

The kinetic parameters of the three distinct stages should be

determined in the a range without overlap to avoid the interfer-

ence of the adjacent stage. As aforementioned, eq. (6) in combi-

nation with the ln[(da/dt)/(1 2 a)nam] versus 1/T data can be

used to simultaneously determine the kinetic parameters [Ea, cA,

and (n, m)] by the optimization procedure of n and m.

Representative plots of ln [(da/dt)/(1 2 a)nam] versus 1/T at b 5

5�C min21 for the three distinct stages of the thermal

degradation process for the cured polymer samples of BMI/BTA

is shown in Figure 3. For the purpose of better illustration, the

original continuous ln [(da/dt)/(1 2 a)nam] versus 1/T curves

(experimental data) are represented by the discrete data points.

In contrast, the solid straight lines represent the calculated results

of the best reaction models. The Ea and cA parameters thus

obtained from the model-fitting method for the first stage (a 5

0.05–0.20) of the cured polymer sample of native BMI/BTA at b
5 5�C min21 are 211.03 kJ mol21 and 1.20 3 1017 min21,

Figure 3. Representative plots of ln[(da/dt)/(1 2 a)nam] versus 1/T for

the three distinct stages of the thermal degradation process for the cured

polymer samples of native BMI/BTA. The discrete data points represent

the TG experimental data, and the continuous line the least-squares best-

fitted straight line according to eq. (6).

Figure 2. Ea versus a data for the cured polymer sample of (w) native

BMI/BTA and (�) S5 obtained from the model-free method.
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respectively, with the highest R2 of 0.997 for n 5 2.05 and m 5

0.35. This indicates that the thermal degradation mechanism of

the first stage is controlled by nucleation followed by the linear

growth of nuclei and the later progressing stage when n > 1 and

m < 1.22 The thermal degradation process can occur as follows:

(a) instantaneous chain growth of nuclei including the possibility

of their branching, (b) fast in interaction of branching nuclei

interacting during their growth, and (c) later slowly progressing

stage of (a) and (b).22 It should be noted that the best mecha-

nism chosen for predicting the thermal degradation kinetics will

be transformed from the reaction order models to nucleation

models when the parameter m increases from zero to a value

greater than 0.5 (Table I). In the optimization of the parameters

n and m, increasing n will result in an increase in Ea, whereas,

increasing m will then lead to a reduction in Ea. In order to gain

a better understanding of the thermal degradation mechanism

involved in the first stage for the cured polymer sample of native

BMI/BTA, the reaction order model (i.e., m 5 0) was taken as

the reference. It should be note that the corresponding Ea

obtained from the reference model should be very close to the Ea

value (211.03 kJ mol21) obtained from the above least-squares

best-fitted model (n 5 2.05 and m 5 0.35). In this manner, the

optimal value of n 51.72 and m 5 0 (R2 5 0.988, a quite poor

fit) were achieved, and the corresponding values of Ea and cA

equal to 214.07 kJ mol21 and 1.29 3 1017 min21, respectively.

The model f(a) normalized at a 5 0.5 [f(a)/f(0.5)] with n 5

2.05 and m 5 0.35 (discrete data points) and the reference model

with n 5 1.72 and m 5 0 (solid line) are shown in Figure 4.

The values of n (1.72) and m (0) associated with the reference

model indicate that it is the multi-molecular decay law that pre-

dominates in the first stage of the thermal degradation process

for the cured polymer sample of native BMI/BTA.24 The signifi-

cant deviation between the least-squares best-fitted model (n 5

2.05 and m 5 0.35, the discrete data points in Figure 4) and the

reference model (the continuous line in Figure 4) in the a range

0–0.35 in the first stage strongly suggest that the thermal degra-

dation process can be described by the nucleation mechanism

during the early stage 1,22 followed by the multi-molecular decay

law beyond a a value of 0.35 in the first stage.19

For the second stage, the optimal value of n 51.75 and m 5 0

with the highest value of R2 (0.999) and the corresponding val-

ues of Ea and cA equal to 348.60 kJ mol21 and 3.09 3 1024

min21, respectively, are obtained for the second stage (a 5

0.35–0.55). This result verifies that all the branching nuclei were

degraded in the first stage. This was followed by the degradation

of the part of the BMI/BTA crosslinked network structure with

a relatively high crosslinking density in the second stage con-

trolled by the multi-molecular decay law.19 For the third stage

(a 5 0.65–0.85), the kinetic parameters obtained from the opti-

mization procedure for the ln[(da/dt)/(1 2 a)nam] versus 1/T

data are n 5 1.65, m 5 21.005, Ea 5 336.00 kJ mol21, and cA

5 5.04 3 1020 with R2 (0.998). The profile of f(a)/f(a 5 0.5)

calculated by using the values of n 5 1.65 and m 5 21.005 is

shown in by the dashed line Figure 5 to be compared with

some of the ideal kinetic models. It is shown that even though

the model obtained from the third stage (n 5 1.65 and m 5

21.005) does not match any ideal models (Table I), it is the

closest to the 3-D diffusion model (corresponding to n 5 0.951

and m 5 21.004). In addition, the Ea value obtained from the

model-fitting method for the third stage of the cured polymer

sample of native BMI/BTA at b 5 5�C min21 is 240 kJ mol21,

with the coefficient of determination (R2 5 0.997) for the 3-D

diffusion model (corresponding to n 5 0.951 and m 5

21.004). It should be noted that the Ea value obtained from the

model-fitting method with the 3-D diffusion model is also the

highest compared to some of the other ideal models. However,

this 3-D diffusion model is not suitably because its Ea (240 kJ

mol21) obtained from model-fitting method is much lower

Figure 4. Comparison of f(a) normalized at a 5 0.5 [f(a)/f(0.5)] in the

first stage determined by the model-fitting method with different sets of n

and m values for the cured polymer sample of native BMI/BTA: the least-

squares best-fitted model with n 5 2.05 and m 5 0.35 (the discrete data

points); the reference model with n 5 1.72 and m 5 0 (the continuous

line). Note that a 5 0 in the abscissae represents the start of the first stage

and a 5 1 represents the end of the first stage.

Figure 5. Comparison of f(a) normalized at a 5 0.5 [f(a)/f(0.5)] in the

third stage between the least-squares best-fitted model with n 5 1.65 and

m 5 21.005 based on eq. (6) for the cured polymer sample of native

BMI/BTA (dashed line) and some of the ideal models shown in Table I

(solid lines). Note that a 5 0 in the abscissae represents the start of the

third stage and a 5 1 represents the end of the third stage.
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than that (336.12 6 5.53 kJ mol21) obtained from model free

method. Table I shows that the three diffusion models all have a

value of m close to 21. This indicates that the thermal degrada-

tion process taking place in the third stage is a more complex

process that includes the diffusion controlled reaction and other

processes which have not been determined in this study yet.

As to the thermal degradation of the cured polymer sample of S5

in the first stage, the Ea and cA parameters obtained from the

model-fitting method are 258.86 kJ mol21 and 1.72 3 1021 min21,

respectively, with the highest R2 value of 0.995 for n 5 1.85 and

m 5 0.1. In a manner similar to the kinetic analysis for the cured

polymer sample of native BMI/BTA, the Ea and cA parameters

associated with the first stage of the reference model are 258.56 kJ

mol21 and 1.34 3 1021 min21, respectively, with a R2 value of

0.993 for n 5 1.74 and m 5 0. Figure 6 shows that the thermal

degradation mechanism is most likely controlled by nucleation

in the a range 0–0.2 in the first stage,22 followed by the multi-

molecular decay law (n 5 1.74) toward the end of stage 1.19

As aforementioned, Ea increases with increasing a in the second

stage of the thermal degradation process for the cured polymer

sample of S5 (Figure 2). This trend can be attributed to a rather

complex degradation mechanism involved in this stage. The fol-

lowing equation involving two independent simultaneous proc-

esses can be used to successfully predict the complex thermal

degradation data23:

da
dt

5l1c1A1exp 2
Ea1

RT

� �
ð12a1Þn1am1

1 1l2c2A2

exp 2
Ea2

RT

� �
ð12a2Þn2am2

2 (7)

where the subscripts 1 and 2 refer to the first and second pro-

cess, respectively, l1 and l2 represent the fractional contribution

of the first and second process to the overall thermal degrada-

tion reaction. In addition, both the relationships l1 1 l2 5 1

and l1a1 1 l2a2 5 a hold. It should be noted that the feasibility

of this approach is verified only when the DTG data can be

deconvoluted successfully. Unfortunately, an attempt to decon-

volute the DTG data was made in this study, but in vain. To

resolve this problem, it was assumed that the complex process

involves two competitive parallel degradation reactions, as

follows.

da
dt

5k1f1 að Þ1k2f2 að Þ (8)

After some mathematical manipulation, eq. (8) can be trans-

formed into the following equation.

ln
da
dt

2A1exp 2 Ea1

RT

� �
f1 að Þ

f2ðaÞ

" #
52

Ea2

RT
1ln A2 (9)

where the subscripts 1 and 2 refer to the parallel reactions 1

and 2, respectively. At the very beginning of the complex pro-

cess, the degradation mechanism approaches a single step reac-

tion that only involves a single activation energy value.25

Therefore, the values of Ea1 and A1 for reaction 1 were assumed

to be equal to those (Ea1 5 371.82 kJ mol21 and A1 5 2.65 3

1026 min21) determined at the start of the second stage via the

model-free method. According to eq. (9), plotting the algebraic

expression on the left hand side of eq. (9) versus 1/T data

should result in a straight line with the least-squares best-fitted

functions of f1(a) and f2(a). The validity of eq. (9) was con-

firmed by the satisfactory maximal value of R2 through the

evaluation of the available models (nucleation models, reaction

order models, diffusion models, etc.). In this manner, the values

of Ea2 and A2 for reaction 2 were determined from the slope

and intercept of the least-squares best-fitted straight line. The

corresponding kinetic parameters thus obtained are: Ea2 5

443.42 kJ mol21, A2 5 2.51 3 1030 min21, f1(a) 5 (1 2 a)2.4

and f2(a) 5 1.5[(1 2 a)1/3/(1 2 (1 2 a)1/3] (3-D diffusion)

with the maximal R2 5 0.998. It is also interesting to note that

the Ea2 value is very close to that (Ea 5 445.15 kJ mol21)

attained at the end of the second stage by using the model-free

method. This result supports that eq. (9) proposed in this study

can be used to effectively determine the kinetic parameters of

the complex process without resort to the deconvolution tech-

nique. Nevertheless, such an approach is incapable of determin-

ing the fractional contribution of the individual process. In

summary, the thermal degradation process of the cured polymer

sample of S5 occurring in the second stage is primarily con-

trolled by the simultaneous reaction order mechanism (n 5

2.4) and 3-D diffusion mechanism.

Finally, for the cured polymer sample of S5, the parameters

Ea and cA for the thermal degradation process involved in

the third stage obtained from the model-fitting method are

335.20 kJ mol21 and 2.38 3 1020 min21, respectively, with

the highest R2 of 0.997 for n 5 1.45 and m 5 21. Similar

to the cured polymer sample of native BMI/BTA thermally

degraded in the third stage, the complex degradation process

also includes the diffusion-controlled reaction and other

mechanisms.

Figure 6. Comparison of f(a) normalized at a 5 0.5 [f(a)/f(0.5)] in the

first stage determined by the model-fitting method with different sets of n

and m values for the cured polymer sample of S5: the least-squares best-

fitted model with n 5 1.85 and m 5 0.1 (the discrete data points); the

reference model with n 5 1.74 and m 5 0 (the continuous line). Note

that a 5 0 in the abscissae represents the start of the first stage and a 5

1 represents the end of the first stage.
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CONCLUSIONS

Designed TG experiments were used to investigate the non-iso-

thermal degradation kinetics of BMI/BTA [2/1 (mol/mol)]

based polymers in the presence of HQ. Adding a small quantity

(5 wt %) of HQ that effectively suppresses free radical polymer-

ization to the BMI/BTA reaction system (denoted as S5)

changed the polymerization mechanism and kinetics and, con-

sequently, resulted in polymer products with different molecular

structures as compared to the native BMI/BTA polymerization

system. This then greatly increased the activation energy (Ea) of

the thermal decomposition process and decreased the degrada-

tion rate constant, thereby leading to the enhanced thermal sta-

bility. The thermal degradation processes for both the cured

polymer samples of native BMI/BTA and S5 exhibited three dis-

tinct stages. The kinetic parameters were attained via the

model-fitting method. For the cured polymer sample of native

BMI/BTA, in the first stage, the thermal degradation process

was controlled by nucleation, followed by the multi-molecular

decay law. In contrast, the reaction-order model adequately

described the thermal degradation kinetics in the second stage.

The complex processes characterized by the reaction model

were shown to satisfactorily describe the thermal degradation

behavior the third stage. As to the cured polymer sample of S5,

the thermal degradation process in the first stage was controlled

by nucleation, followed by the multi-molecular decay law. In

contrast, the degradation process in the second stage was pri-

marily governed by the simultaneous reaction order mechanism

and 3-D diffusion mechanism. Similar to the native BMI/BTA

counterpart, the complex processes involved in the third stage

were adequately described by the reaction model. All the experi-

mental results indicated that incorporation of 5 wt % HQ into

the BMI/BTA based polymer exhibited the greatly improved

thermal stability.
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