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ABSTRACT: On the basis of the competitive reactions of
intermediate poly(styrene-co-N-phenyl maleamic acid)
(SNPMA) to produce either poly(styrene-co-maleic anhy-
dride) (SMA) or poly(styrene-co-N-phenyl maleimide)
(SNPMI), the imidization kinetics of SMA with aniline in
the molten state were investigated by a novel approach.
The volatiles emitted during the reaction of SNPMA were
monitored online with both thermogravimetric analysis
and Fourier transform infrared (FTIR) integrated technol-
ogy. The experimental results directly and definitely indi-
cate that the amidization reaction from SMA to SNPMA in
the melt was reversible. Moreover, the kinetic parameters

of the competitive reactions of SNPMA in the melt to pro-
duce either SMA or SNPMI were determined by FTIR
analysis and then compared with those parameters in so-
lution that were obtained in our previous study. It was
also implied that the forward ring-opening reaction of
SMA in the melt was nearly instantaneous and that the
rates of the competitive reactions of SNPMA to produce
either SMA or SNPMI were crucial for the total imidiza-
tion of SMA. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci
116: 2951–2957, 2010
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INTRODUCTION

In recent decades, chemically modified reactions
based on polymers have been widely used to broaden
the application windows of polymers. These reactions
can be performed in solution, in which the use of a
solvent allows good control of the reaction tempera-
ture, medium viscosity, and reactivity between poly-
mers and relative selected reactants. However, there
are many more advantages when these reactions are
carried out in the melt.1–3 For example, a lack of sol-
vent leads to no need for the precipitation of products
or the removal of the solvent. The reaction rates in
polymer melts are much higher than those in solution
because of the higher reactant concentration and reac-
tion temperatures. Moreover, the reactions may be
combined with the polymer processing procedure
simultaneously to develop a reactive processing
technology, which is very promising because of its ra-
pidity, flexibility, ecology, low cost, and so on.1–8

Applications of chemical reactions in polymer melts
are widely practiced and include the alcoholysis of
ethylene vinyl acetate copolymers,9,10 the chlorination
of isobutene–diene rubber,11,12 the functional grafting
and crosslinking of polymers,13–16 and the imidiza-
tion of the polymers containing anhydride groups
with primary amines.17–26

Poly(styrene-co-N-substituted maleimide) (SMI)
has excellent properties, including good heat resist-
ance and adjustable compatibility when it is blended
with styrenic polymers and polar polymers.27–29 SMI
can be effectively and flexibly prepared by the direct
imidization of poly(styrene-co-maleic anhydride)
(SMA) with primary amines, on which plenty of
work has been focused.27–35 Moreover, the continu-
ous imidization of SMA in the melt through reactive
extrusion should be of great interest to industry.
Schmidt-Naake and coworkers20,21 showed that

the reactivity was remarkably influenced by the
imidization reagent itself, which was consistent with
other studies.36 Specifically, the imidization conver-
sion reached 80% after 5 min in an extruder when
the molar ratio of aniline (ANL) to anhydride was
about 1.22 The conversion reached almost 100%
when ANL was substituted by octodecylamine.23

However, another experiment showed that the con-
version could not be higher than 80%, even the
molar ratio of ammonia to anhydride exceeded 5
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when reacted at 240–265�C in a twin-screw extruder
with a mean residence time of 2 min.24 When naph-
thylamine was used as the imidization reagent and
the molar ratio of naphthylamine to anhydride was
about 0.6, the imidization conversion just reached
25% in the first part of the twin-screw extruder
(mean residence time ¼ 38 s) at 200�C and was
hardly changed after that.25 However, because they
were restricted by the experimental approach or ap-
paratus, especially by the volatization of the imidiza-
tion reagent and sampling technique, the results
were just semiquantitative, even qualitative. A quan-
titative study on this reaction is absent, and the
understanding of this reaction is still poor.

In our previous article,37 we already discussed the
imidization of SMA with ANL in solution. As shown
in Scheme 1, the imidization mechanism can be con-
sidered as two consecutive reactions: a reversible
ring opening to produce poly(styrene-co-N-phenyl
maleamic acid) (SNPMA) and an irreversible intra-
chain ring closing to form the corresponding poly-
(styrene-co-N-phenyl maleimide) (SNPMI). The
kinetic parameters in solution were obtained. Fur-
thermore, it should be very interesting to determine
whether the imidization of SMA in the melt can be
widened.

In this study, the imidization of SMA in the melt
was investigated in a novel approach with interme-
diate SNPMA as the starting reactant. The volatiles
emitted during the reaction of SNPMA were moni-
tored online and analyzed with thermogravimetric
analysis (TGA)/Fourier transform infrared (FTIR)
coupling technology. Furthermore, the kinetic
parameters of the imidization of SMA in the melt
are discussed and compared with those in solution.

EXPERIMENTAL

Materials

ANL, tetrahydrofuran (THF), and hexane were all
analytical reagent grade and were used as received.

A random SMA with 16 wt % maleic anhydride
(MAh) was synthesized in our laboratory.38,39

Preparation of SNPMA

The reaction was carried out under nitrogen in a
jacketed reactor with an anchor agitator. The reac-
tion temperature was controlled at 20 6 0.5�C. A
given amount of SMA was charged to the reactor,
followed by the addition of THF and intensive agita-
tion. After a homogeneous solution of 10 wt % SMA
was obtained, a specified amount of ANL (molar
ratio of ANL to anhydride ¼ 3) was added to the
reactor, and the reaction started to proceed. It was
calculated that SMA was almost totally converted to
SNPMA after 24 h under these conditions, according
to the kinetics reported in our previous article.37 The
mixture was dropped into a 10-fold excess of hexane
after 30 h. The crude product was alternately dis-
solved with THF and precipitated with hexane three
times. Finally, the purified product was dried
in vacuo at 50�C for 24 h.

Reaction of SNPMA in the melt

A set of batch reactions of SNPMA in the melt were
isothermally carried out at 190, 200, and 210�C in a
TGA system (PerkinElmer Pyris 1 TGA, Waltham,
MA) under nitrogen until the weight of the samples
did not change. The composition of the residuals
was analyzed. Another set of batch reactions were
performed to analyze the volatiles in an integrated
TGA–FTIR online system (Mettler–Toledo TGA/
SDTA851e, Schwerzenbach, Switzerland and Thermo
Nicolet 5700 FTIR integrated system, Waltham, MA)
under nitrogen with a scanning range of 50–550�C
and a scanning rate of 20�C/min.

Sample composition analysis

The chemical compositions of the samples before
and after isothermal reaction in the TGA system
were analyzed by FTIR with a Thermo Nicolet
5700 FTIR spectrometer. The samples for FTIR analy-
sis were prepared by grinding with KBr and then
pressing into a film. We calculated the compositions
of the obtained products from the reduced absorb-
ance at 1545 cm�1 and the increased absorbance at
1380 cm�1 by choosing the absorbance at 2926 cm�1

(ACH2) as an internal reference.

RESULTS AND DISCUSSION

FTIR characterization of the samples

The typical FTIR spectra of SNPMA before and after
reaction through isothermal TGA are shown in
Figure 1. The absorbances at 1860 (CAOAC) and

Scheme 1 Imidization mechanism of SMA with ANL.
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1780 cm�1 (C¼¼O) characterized the SMA compo-
nent, the absorbances at 1710 (O¼¼CAN) and 1545
cm�1 (CANHA) characterized the SNPMA compo-
nent, and the absorbances at 1780 (C¼¼O), 1710
(O¼¼CAN), and 1380 cm�1 (CANAC) characterized
SNPMI. Because the amount of ACH2 did not
change during the reaction, the absorbance at 2926
cm�1 (ACH2) was chosen as the inner standard. The
composition of the obtained products was calculated
from the reduced absorbance at 1545 cm�1 and the
increased absorbance at 1380 cm�1. The calibration
curves used in the calculation are shown in Figure 2.
The standard samples used for calibration were
acquired by the mixture of SNPMA or SNPMI with
SMA in a series of molar ratios.

Reaction mechanism

In our previous study,37 we assumed that the ring-
opening (amidization) reaction of SMA to produce

SNPMA was reversible, as according to the litera-
ture.36,40 However, with regard to the amidization of
SMA, there different opinions still exist. For
instance, Wolske’s study41 on the SMA/benzylamine
system in dimethylformamide solution showed that
the ring-opening reaction of SMA was an irreversi-
ble reaction. On the basis of the kinetic parameters
we obtained in the previous study, it is clearly
shown in Table I that the reverse reaction of the
ring-opening reaction of SMA in the solution was
actually very slow, and the equilibrium constant was
actually very large, even when the reaction tempera-
ture was up to 150�C. In other words, the reversibil-
ity can be ignored when the ring-opening reaction of
SMA is conducted in solution in such a moderate
temperature range. However, when the imidization
of SMA is performed in the melt, for example,
through reactive extrusion, the situation is different.
First, the higher reaction temperature leads to a
decreased equilibrium constant. Second, the evapo-
ration of the ANL cannot be ignored because the
process temperature is usually higher than the boil-
ing point of ANL. Then, the reverse reaction should
be more significant if it does exist. Therefore, it was
crucial to demonstrate whether the amidization of
SMA with ANL in the melt was a reversible
reaction.
Figure 3 shows the thermal decomposition curves

and their derivative curves of SMA, SNPMA, and
SNPMI, respectively. SMA lost 94% of its original
weight at 300–450�C, and SNPMI lost 98% of its
original weight at 350–480�C. On the other hand,
SNPMA experienced two weight losses; one was
about a 14% loss of its original weight at 120–210�C,
which was similar with the glass-transition tempera-
ture (Tg) range of SNPMA (Tg ¼ 154�C, DTg ¼ 40�C,
starting Tg ¼ 128�C, ending Tg ¼ 170�C),42 and the
other was about a 91% loss of the residual weight at
330–450�C, which was similar to the weight loss of
SMA. Therefore, the first weight loss of SNPMA

Figure 1 Typical FTIR spectra of SNPMA before and
after the reaction through isothermal analysis.

Figure 2 Calibration curves of the FTIR analysis. H1545,
H1380, and H2926 are the height of the absorbance peak at
1545, 1380, and 2926 cm�1, respectively.

TABLE I
Equilibrium Constants of the Ring-Opening Reaction of

SMA with ANL in Solution

Temperature
(�C)

ksolution1
(L mol�1 s�1)

ksolution�1
(s�1)

ksolution1 /ksolution�1
(L/mol)

0 7.2 � 10�2 1.7 � 10�7 4.3 � 105

50 4.6 � 10�1 1.1 � 10�5 4.2 � 104

100 1.8 2.3 � 10�4 7.8 � 103

150 5.0 2.3 � 10�3 2.2 � 103

200 1.1 � 101 1.4 � 10�2 7.8 � 102

All the data listed in this table were calculated as
follows:
ksolution1 ¼ 1.10 � 104 e�27,100/RT (1�mol�1�s�1)
ksolution�1 ¼ 7.82 � 104 e�61,000/RT (s�1)
These equations were obtained from a previous article.37
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should have been caused by the reverse ring-open-
ing reaction of SMA rather than the forward ring-
closing reaction of SNPMA.

To reveal the thermal reaction mechanism of
SNPMA, online TGA–FTIR integrated technology
was adopted to analyze the gas phase during the
thermal decomposition process. The FTIR spectra of
the gas phase at various times during the thermal
decomposition process of SNPMA are shown in
Figures 4 and 5. The spectrum of the volatiles gener-
ated during the first weight loss of SNPMA (Fig. 4)
matched well the standard spectrum of ANL. Fur-
thermore, the spectrum of the volatiles generated
during the second weight loss (Fig. 5) was similar to
the spectrum of the volatiles generated during the
weight loss of SMA. Therefore, we concluded that
the ring-opening reaction in the melt from SMA to
SNPMA was reversible.

Kinetic equations

The entire temperature range of the isothermal reac-
tion of SNPMA in this study was higher than the

boiling temperature of ANL. We assumed that the
ANL generated in the reaction was removed imme-
diately and completely under nitrogen. In other
words, the concentration of ANL was near zero in
this reaction system. Therefore, a pair of competitive
reactions of N-phenyl maleamic acid (NPMA)
groups on the SNPMA chain to produce either MAh
groups or N-phenyl maleimide (NPMI) groups
existed during the isothermal process, and the ki-
netic equations could be written as follows:

d½MAh�t
dt

¼ kmelt
�1 ½NPMA�t (1)

d½NPMA�t
dt

¼ �ðkmelt
�1 þ kmelt

2 Þ½NPMA�t (2)

d½NPMI�t
dt

¼ kmelt
2 ½NPMA�t (3)

where [MAh]t, [NPMA]t, and [NPMI]t are the
molar concentrations of the MAh groups, NPMA
groups, and NPMI groups, respectively, at t
minutes.
The reduced weight of the polymer at t minutes

[Wt (%)] could be expressed as follows:

Wtð%Þ ¼ MMAh½MAh�t þMNPMA½NPMA�t þMNPMI½NPMI�t þMSt½St�t
MNPMA½NPMA�0 þMSt½St�0

(4)

where MMAh, MNPMA, MNPMI, and MSt are the
molecular weights of the MAh groups, NPMA
groups, NPMI groups, and styrene (St) groups,
respectively; [NPMA]0 and [St]0 are the initial molar

concentrations of the NPMA groups and St groups,
respectively; and [St]t is the molar concentration of the
St groups at t minutes, which is obviously equal to
[St]0. Therefore

1�Wtð%Þ
1�W1ð%Þ ¼

MNPMA �MMAhxMAh;t �MNPMAxNPMA;t �MNPMIxNPMI;t

MNPMA �MMAhxMAh;1 �MNPMAxNPMA;1 �MNPMIxNPMI;1
(5)

Figure 3 TGA curves and their derivative curves for
SMA, SNPMA, and SNPMI.

Figure 4 FTIR spectra of the volatiles during the first
weight loss of SNPMA (at 166�C) and ANL.
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where W1 (%) is the final weight of the polymer;
xMAh,t, xNPMA,t, and xNPMI,t are the molar fractions of
the MAh groups, NPMA groups, and NPMI groups,
respectively, in the previous three groups at tminutes;
and xMAh,1, xNPMA,1, and xNPMI,1 are the final molar
fractions of the MAh groups, NPMA groups, and
NPMI groups, respectively, in the previous three
groups. Because the overall molar amount of MAh
groups, NPMA groups, and NPMI groups during the
reaction should be constant, they could be obtained as
follows:

xMAh;t þ xNPMA;t þ xNPMI;t ¼ xMAh;1 þ xNPMA;1
þ xNPMI;1

¼ 1 (6)

xMAh;t

xNPMI;t
¼ xMAh;1

xNPMI;1
¼ kmelt

�1

kmelt
2

¼ Constant (7)

Therefore, the molar composition of the polymer
at t minutes can be calculated from the final compo-
sition of the resulting polymer through the combina-

tion of eqs. (5)–(7). Then, the kinetic parameters can
be estimated.

Kinetic parameters

Figure 6 shows the isothermal scanning curves of
SNPMA at different temperatures. The reaction rate
was so fast that the reaction was almost completed
in 5 min. The molar compositions of the final prod-
ucts are listed in Table II. Because the molar fraction
of NPMI was much lower than that of MAh, we
concluded that the rates of the pair of competitive
reactions were very different in the temperature
range adopted in this study.
With the approach mentioned previously, the

molar composition at different reaction times was
obtained, as shown in Figure 7. The kinetic parame-
ters were estimated and are listed in Table III. Com-
pared with the kinetic parameters in solution, the
pre-exponential factor of the kinetic parameters in
the melt seemed to be slightly higher; this was simi-
lar to the results reported by Dickinson and Sung40

for the thermal imidization of poly(amic acid). This
could be attributed to the increased collision proba-
bility due to the higher concentration of reaction
groups. Moreover, it is also shown in Table III that
the activity energy of the kinetic parameters was

Figure 5 FTIR spectra of the volatiles for SMA and
SNPMA during the main weight loss (at 394�C).

Figure 6 Sample weight versus the reaction time at dif-
ferent temperatures.

Figure 7 Composition versus the reaction time for vari-
ous temperatures. The points represent experimental data;
the lines show simulation results.

TABLE II
Compositions of the Residue of SNPMA After

Isothermal TGA

Temperature (�C) SNPMA SNPMI SMA

190 0 0.112 0.888
200 0 0.109 0.891
210 0 0.097 0.903
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close either in solution or in the melt; this was simi-
lar to the results reported by Hu et al.43 Therefore, it
was implied that the significantly increased viscosity
did not bring a great restriction of the motion of the
reaction groups on the polymer chains because the
competitive reactions mentioned previously were the
intramolecular reactions.

On the bases of the reaction mechanism and the
experimental results, the kinetic parameters of the
reverse ring-opening reaction of SMA and the for-
ward ring-closing reaction of SNPMA were
obtained. However, the kinetic parameter of the for-
ward ring-opening reaction of SMA, which was also
very indispensable for the understanding of the
imidization of SMA, was still absent. To investigate
the effect of the kinetic parameter of the forward
ring-opening reaction of SMA on the imidization of
SMA in the molten state, the molar composition dur-
ing the imidization of SMA was calculated. In this
simulation, the reverse rate of the ring-opening reac-
tion of SMA and the forward rate of the ring-closing
reaction of SNPMA were calculated according to the
parameters for the melt reaction (Table III), whereas
the forward rate of the ring-opening reaction of
SMA was assumed in a range from the value of the
forward rate of the ring-opening reaction of SMA in
solution to 100 times that value. The assumption
should have been reasonable according to the study
of Dickinson and Sung,40 who indicated that the
reaction between amines and anhydride was faster
in film than in solution because the amine was re-
stricted to a smaller space and the frequency of the
collision between amine and anhydride was
increased with the cage effect. The relationship of
the composition with the reaction time for various
conditions is plotted in Figure 8. The simulation
results indicate that the forward rate of the ring-
opening reaction of SMA had little influence on the
imidization process in the melt. In other words, the
forward ring-opening reaction of SMA in the melt
should have been nearly instantaneous. The rates of
the competitive reactions of SNPMA to produce ei-
ther SMA or SNPMI should have been crucial for
the imidization of SMA. Meanwhile, it was reasona-
ble to use the kinetic parameter of the forward ring-
opening in solution as that in the melt.

CONCLUSIONS

We investigated the competitive reactions of
SNPMA to produce either SMA or SNPMI by using
TGA–FTIR integrated technology. The experimental
results indicate that the amidization reaction from
SMA to SNPMA in the melt was reversible. The ki-
netic parameters of the competitive reactions of
SNPMA to produce either SMA or SNPMI were
determined in the melt, which could be expressed as
follows:

kmelt
�1 ¼ 1:02� 105e�60;200=RTð1=sÞ
kmelt
2 ¼ 1:12� 105e�70;200=RTð1=sÞ

where T is the reaction temperature and R is the
universal gas constant. When compared with those
parameters in the solution reaction, we found that:
(1) the pre-exponential factor in the melt was higher
than that in solution, and (2) the activity energy in
the melt was close to that in solution. The higher
pre-exponential factor was attributed to the
increased collision probability due to the higher con-
centration of reaction groups. The similar activity
energy implied that the significantly increased vis-
cosity did not lead to a great restriction of the
motion of the reaction groups on the polymer chains
because the competitive reactions mentioned previ-
ously were intramolecular reactions. Furthermore, it
was also shown that the forward ring-opening reac-
tion of SMA in the melt was nearly instantaneous,
and the rates of the competitive reactions of SNPMA
to produce either SMA or SNPMI should have been
crucial for the imidization of SMA. Meanwhile, it
was reasonable to use the kinetic parameter of the

Figure 8 Prediction of the imidization of SMA under
melt conditions for various values of k1 [k�1 ¼ kmelt

�1 ¼ 1.02
� 105 e�60,200/RT (s�1), k2 ¼ kmelt

2 ¼ 1.12 � 105 e�70,200/RT

(s�1), ANL/MAh ¼ 1, temperature ¼ 230�C].

TABLE III
Kinetic Rate Constants of the Competitive Reactions of

SNPMA in Solution and in the Melt

k�1 (s
�1) k2 (s

�1)

In solutiona 7.82 � 104 e�61,000/RT 9.49 � 104 e�65,800/RT

In the melt 1.02 � 105 e�60,200/RT 1.12 � 105 e�70,200/RT

a The data were taken from ref. 37.
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forward ring-opening reaction of SMA in solution as
that in the melt.

The authors are indebted to Guo-Hua Hu from France for
helpful discussions.
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