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SYNOPSIS 

The polyether-ester polyamic acid imidization process in a solid state was studied by mi- 
crowave radiation. The imidization content at different radiation times was calculated 
quantitatively by FTIR and was confirmed by the results of dynamic mechanical analysis 
(DMA). The microwave radiation imidization may drop the reaction temperature and cut 
the reaction time down in comparison with the thermal imidization. It may be expected 
theoretically that the microwave radiation may generally be suitable for the condensation 
polymerization reaction and facilitates the reaction, especially at its later stage. 0 1996 John 
Wiley & Sons, Inc. 

INTRODUCTION 

The polyamic acid imidization process is important 
in polyimide syntheses and practical applications. 
The process may often be carried out in a solution 
or ~ol id . l -~ The imidization is more complex in a 
solid than that in a solution. Therefore, studying 
the imidization in a solid state is of great signifi- 
cance. 

The imidization process is substantially a dehy- 
dration reaction of the intramolecular type (ring- 
closure) and may be expressed as the following equi- 
librium: 

Snyder et al.5 approached the thermal imidization 
kinetic process of aromatic polyamic acid with dif- 
ferent architectures via the use of FTIR, and Yu et 
a1.6 reported a polyether-ester/polyamic acid system 
with flexible segments. As mentioned above, the im- 
idization reaction is a dehydration process. It is nec- 
essary to drive to completion the imidization at  
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higher temperatures and for longer times since the 
hindrance of rigid bonds renders dehydration more 
difficult at the later stage of the thermal imidization. 
Microwave radiation may help to eliminate a trace 
of small molecules such as water in the condensation 
polymerization and thus shifts the equilibrium re- 
actions to higher yield. Recently, Lewis et al.7 and 
Kishanprosad and Gedam8 dealt with the imidiza- 
tion process of polyamic acid using microwave ra- 
diation and found that the microwave radiation fa- 
cilitates the imidization reaction in solution. Imaig 
developed a method for facile and rapid synthesis 
of polyamides and polyimides in the presence of ap- 
propriate solvents by microwave-assisted polycon- 
densation. 

In this article, the polyamic acid imidization pro- 
cess in a solid state was investigated by microwave 
radiation. The imidization content a t  different ra- 
diation times was calculated quantitatively by FTIR 
and was confirmed by the results of DMA tests. 

EXPERIMENTAL 

Materials 

Poly(tetramethy1ene oxide)glycol di-p-aminoben- 
zoate (APTMO) was a product of the Polaroid Co.; 
the trade name is POLYMINE-650. The average 
molecular weight of POLYMINE-650 was deter- 
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mined to be 808. Benzenetetracarboxylic acid dia- 
hydride (PMDA) was a product of the Aldrich Co. 
The anhydride was distillated in a vacuum before 
use. Dimethylformamide (DMF) was stored for 2 
days over molecular sieves (5 A) and then was dis- 
tillated in a vacuum. 

Synthesis 

The polycondensation reaction was carried out un- 
der a dry nitrogen atmosphere. Calculated PMDA 
was added to a solution of 15 wt % APTMO in DMF 
and was mixed. The mol ratio of APTMO to PMDA 
is 1 : 1.015. The mixture was reacted for 5-6 h at 
room temperature and then stored overnight. So, a 
viscous solution was obtained. The polymer was 
precipitated in methanol, filtered, and dried. 

Preparation of Samples 

The solutions of 10 wt % polyether-ester polyamic 
acid in DMF were filmed on salt and polytetraflu- 
oroethylene dishes. DMF was devolatilized in a vac- 
uum at room temperature for 48 h and the thickness 
of films ranged from 5 (salt plate) to 200 pm (thin 
film). 

The salt plates and films of polyether-ester po- 
lyamic acid were imidized in a Sanle 450 W micro- 
wave oven at a temperature of 60 f 3°C which was 
measured by a thermocouple applied to the film sur- 
face immediately after intervals of microwave oven 
turn off and then withdrawn at various time inter- 
vals. 

Test Methods 

Infrared survey spectra were recorded with a Nicolet 
Co 5DX Fourier transform infrared spectrophotom- 
eter. Dynamic mechanical properties were deter- 
mined by a Rheovibron DDV-11-EA dynamic vis- 
coelastometer. The samples were measured at a fre- 
quency of 110 Hz from -100 to 250°C at a heating 
rate of 2"C/min. 

RESULTS AND DISCUSSION 

Kinetic Study of the lmidization Reaction 

Infrared spectroscopy has been utilized extensively 
in the kinetics of the thermal imidization of polyamic 
acids. The absorbance bands of IR at  1780, 1540, 
1380, and 720 cm-' are commonly used to monitor 

the appearance of imide and the disappearance of 
amic a ~ i d . ~ , ~ . ' ~  The band at 725 cm-l in the polyether- 
ester polyamic acid is most fit for appraisement of 
the imidization level. The band at 1780 cm-l is too 
weak, and those at 1540 and 1380 cm-' overlapped 
with other bands assigned to aliphatic hydrocarbon 
species. Absorbance of the 725 cm-' band was mea- 
sured and compared to an ether C - 0 - C stretch- 
ing vibration at the 1115 cm-' reference band to 
normalize for variations in film thickness? A com- 
pletely imidized sample was prepared at a cure tem- 
perature of 200°C for 3 h. This sample was further 
heated to 250°C and did not show any increase in 
the absorbance intensity. Therefore, the imidization 
was believed to be complete. 

The conversion of each sample was calculated ac- 
cording to Beer's law. The FTIR spectra of poly- 
ether-ester polyamic acid are exhibited in Figure 1 
under various imidization conditions. The imide 
content was plotted against different microwave ra- 
diation times for 60°C in Figure 2. First-order kinetic 
plots of the imidization reaction are shown in Figure 
3. The kinetics curves were not fully linear. A linear 
region occurred below about 55%. 

The first-order reaction rate constant, K was cal- 
culated to be 1.12 X s-l. The rate constant of 
the thermal imidization reaction, K, is 6.05 X 
s-l at a temperature of 115"C, from which the au- 
thors considered that the imidization can proceed 
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Figure 1 
under various imidization conditions. 

FTIR spectra of polyether-ester polyamic acid 
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Figure 2 
microwave radiation at  60°C. 

Plot of imide content vs. times of different 

in the solid state by microwave radiation or by heat- 
ing because the introduction of polyether soft seg- 
ments into the polyamic acid backbone increases its 
mobility, which makes the amic acid groups more 
reactive. Apparently, the microwave radiation imi- 
dization may reduce the reaction temperature and 
shorten the reaction time required for a given level 
of reactions. For example, 68.3% amic acids were 
converted to imide at 115'C in 12 h in the solid- 
phase thermal imidization, while 65.0% identical 
acids at 60°C were in 3 h in the solid-phase micro- 
wave radiation. 

A comparison between these two experiments 
implies that microwave radiation is particularly ef- 
fective in the imidization reaction. The imidization 
reaction is an equilibrium reaction of the intramo- 
lecular ring-closure type. Water molecules prefer- 
entially absorb the microwave radiation and, hence, 
are readily evaporated. As a result, the reaction pro- 
ceeds to higher yields. There exists a question worthy 
of notice with amic acids filmed from DMF solvent: 
DMF may be fully removed from the films in a vac- 
uum. At  room temperature, however, it is difficult 
to remove them completely. So, it is not excluded 
that remnant DMF plays a role to some degree in 
the assistance of the imidization reaction. 

The Dynamic Mechanical Properties 

A variation of mechanical properties of polyamic 
acids (as measured by DMA) was observed at dif- 
ferent times for microwave radiation. Figures 4 and 
5 show, respectively, the tan 6 vs. temperature curve 
at different times for the radiation and the storage 
modulus vs. temperature curve. As observed from 
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Figure 3 
action for microwave radiation at  60°C. 

First-order kinetic plot of the imidization re- 

these figures, when the radiation time is zero, this 
sample appears to be a sample that has not under- 
gone imidization. Its dynamic viscoelastic spectra 
display the behavior of a typical linear polymer. 
With an increase in radiation times, the degree of 
imidization increased and, therefore, the lower 
transition temperatures shifted to still lower-tem- 
perature regions, whereas higher transition temper- 
atures shifted to still higher temperature regions. 
As a consequence, the storage modulus vs. temper- 
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Figure 4 
times for the radiation. 

The tan 6 vs. temperature curve at  different 
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Figure 5 
at different times for the radiation. 

The storage modulus vs. temperature curve 

ature curve shows a rubbery plateau. This indicates 
that the phase separation of the samples gradually 
increases with increasing degree of imidization. The 
modulus vs. temperature curves exhibits a peak 
around 150°C for the sample radiated for 1 h. The 
reason is that the thermal imidization reaction con- 
tinues to proceed at  about 15OoC for the examined 
sample with a lower content of imidization. Results 
from the DMA are in accordance with ones from 
the IR. 

CONCLUSION 

1. The microwave radiation imidization may 
lower the reaction temperature and cut down 
the reaction time. 

2. It may be expected theoretically that micro- 
wave radiation may generally be suitable for 
the condensation polymerization reaction 
and facilitates the reaction especially a t  its 
later stage. 

REFERENCES 

1. C. F. Sroog, J .  Polym. Sci. Macromol. Rev., 11, 161 
( 1976). 

2. M.-A. Kakimoto, R. Akivama, Y. S. Negi, and Y. Imai, 
J.  Polym. Sci. Polym. Chem. Ed., 2 6 , 9 9  (1988). 

3. Y. Imai, N. N. Macdar, and M. A. Kakimoto, J. Polym. 
Sci. Polym. Chem. Ed., 22,2189 (1984). 

4.  C. A. Arnold, J. D. Summers, G. York, and R. R. Bott, 
Polym. Prepr., 28,217 (1987). 

5. R. W. Snyder, B. Thomson, D. Czerniawski, andP. C. 
Painter, Macromolecules, 22 (11), 4166 (1989). 

6. X. Yu, C. Song, C .  Li, and S. L. Cooper, J.  Appl. Polym. 
Sci., 44,409 ( 1992). 

7. D. A. Lewis, J. D. Summers, T. C. Ward, and J. E. 
McGrath, J.  Polym. Sci. Part A Polym. Chem., 3 0 ,  
1647 (1992). 

8. V. S. Kishanprosad and P. H. Gedam, J. Appl. Polym. 
Sci., 50,419 (1993). 

9. Y. Imai, ACS Polym. Prepr., 36 ,  711 (1995). 
10. J. D. Summers and J. E. McGrath, Polym. Prepr., 2 8 ,  

230 (1987). 

Received January 5, 1996 
Accepted April 10, 1996 




