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Abstract A series of aromatic copolyimides was success-
fully synthesized from the commercial pyromellitic dianhy-
dride (PMDA) with a commercial diamine p-phenyldiamine 
(PDA) and a diamine 4,4p-methylenebis-(2-tert-butylaniline) 
(MBTBA) specially designed by the authors. The copoly-
imides were characterized by Infra-red (IR), Nuclear 
Magnetic Resonance (NMR), Gel Permeation Chromato-
graphy (GPC), Ultraviolet Visual (UV-Vis), Thermogra-
vimetic Analysis (TGA) and Dynamic Mechanical Analysis 
(DMA). The copolyimide was precipitated in m-cresol in the 
polymerization process when the molar ratio of MBTBA 
and PDA was lower than 6/4. The number-average molecular 
weight of the soluble copolyimides measured by GPC was 
larger than 4.0x104, and the polydispersity index was higher 
than 1.5. Only one glass transition temperature of these 
copolyimdies was detected around 360°C by DMA. The 
copolyimides did not show appreciable decomposition up to 
500°C under N2, and the thermal stability of the copolyimide 
increased a little with the introduction of PDA into the 
polyimide main chain.

Keywords polyimide, copolycondensation, PMDA, MBT-
BA, PDA 

1 Introduction

Polyimide is an important kind of polymer containing imide-
rings in its main chain, possessing outstanding thermal 
behavior, good chemical resistance, and excellent mechanical 
and dielectric properties. It has been used in many technical 
areas such as membranes, adhesives, paints, composite 

materials, electronic encapsulating materials and so on. How-
ever, unless carefully designed, most of them are insoluble 
and have high softening temperature, presenting serious pro-
cessing difficulties. For example, the polyimide made from 
pyromellitic dianhydride (PMDA) and p-phenylene diamine 
(PDA) is a typical insoluble and non-fusing polyimide in 
fully imidized form. Conventionally, it must be synthesized 
by the ‘two-step’ method via polyamic acid intermediates and 
then converted into polyimides via rigorous thermal treat-
ment or chemical treatment [1]. In order to overcome these 
problems, the modification of existing polyimides or the 
synthesis of novel soluble polyimides in fully imidized form 
is attracting the interest of many researchers [2–8].

The solubility and processability of polyimides can be 
improved by copolymerization [9–11] or introduction of 
bulky groups into the copolyimides [12–16], because these 
methods will decrease the stereoregularity of the copolyimide 
main chains and increase the space among them, which will 
certainly lead to reducing the interactions between copoly-
imide chains. Thus, the solvent can readily diffuse among the 
polymer chains and dissolve the polymers. In this paper, we 
use the method of copolymerization to synthesize cheaper 
copolyimides, which is a successful approach to decrease the 
product cost without sacrificing much the good properties 
of the polyimides [17–20]. Here, PMDA was used to 
copolymerize with a diamine, 4,4p-methylenebis-(2-tert-
butylaniline) (MBTBA) and a cheap commercial diamine 
(PDA) in different ratios to prepare soluble copolyimides. In 
addition, a comparative study on the properties of the copoly-
imides, specifically, their solubility and thermal stability were 
also presented. We found that the copolyimides can maintain 
good processability when the molar ratio of PDA in total 
diamines is lower than 30%.

2 Experimental

2.1 Materials

4,4p-Methylenebis(2-tert-butylaniline) (MBTBA) was syn-
thesized according to Ref. [17]. p-Phenylene diamine (PDA) 
(The Third Reagent Factory of Shanghai) was re-crystallized 
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from ethanol before use; pyromellitic dianhydride (PMDA) 
(Wujing Chemical Co.) was re-crystallized from acetic anhy-
dride before use. Quinoline, hydrochloric acid, aqua ammo-
nia, alcohol, methanol and other solvents were purchased 
from domestic chemical markets and used without further 
purification; m-cresol and N, N p-dimethylforamide (DMF) 
were purchased from domestic chemical markets and purified 
by vacuum distillation before use.

2.2 Copolyimide synthesis

For example: MBTBA/PDA = 8/2 (molar ratio)
A 100-mL three-necked flask equipped with a nitrogen 

inlet and a mechanical stirrer was charged with 0.6543  g 
(3.0  mmol) PMDA, 0.7440  g (2.4  mmol) MBTBA, 15  mL 
m-cresol and five drops of quinoline. The solution was stirred 
and heated to 80°C until the solids dissolved completely. The 
temperature was raised to 120°C and kept at this temperature 
for 8  h. Then the mixture was cooled to room temperature; the 
second diamine PDA 0.0649  g (0.6  mmol) was added into the 
flask under stirring until the PDA disappeared completely. 

Then it was kept at this temperature for 10  h under stirring. 
Finally, the temperature was raised to 190°C step by step, 
and the mixture was kept at 190°C for 20  h. After cooling to 
room temperature, the reaction mixture was diluted by 10  mL 
chloroform and then poured slowly into 500  mL vigorously 
stirring-methanol, giving rise to a light yellow fiber-like pre-
cipitate. The precipitated polymer was washed with methanol 
repeatedly then collected by filtration and dried under vacu-
um at 120°C for 24  h. All other copolymers were synthesized 
by an analogous procedure as described.

2.3 Measurements

IR spectra were recorded on a Perkin-Elmer FT/IR spectrom-
eter; 1H nuclear magnetic resonance (1H NMR) measurements 
were carried out on a 400-MHz Bruker NMR spectrometer 
with DMSO-d6 as solvents. Thermogravimetric analysis 
(TGA) was performed under nitrogen on a PE Pyris-7 thermal 
analyzer. The sample was heated from 50°C to 850°C at a 
heating rate of 20°C/min. Dynamic mechanical analysis 
(DMA) was conducted on a DMA 2980 apparatus (TA) at 

Scheme 1
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10  Hz under nitrogen at a heating rate of 10°C/min. The 
specimen dimensions for DMA measurements were about 
40  nmx5  nmx0.030  mm. Gel permeation chromatography 
(GPC) was carried out on a PE200 apparatus (equipped with 
a mixed 10  m PS column with a length of 750  mm and a 
refractive index detector). Dimethylforamide (DMF) contain-
ing 0.01  mol/L of LiBr was employed as the eluant at a flow 
rate of 1.0  mL/min at 70°C. The polymer solutions were 
filtered though a 0.45  mm PTFE filter prior to injecting into 
the column. The molecular weight was calibrated with 
polystyrene standards. 

3 Results and discussion

3.1 Preparation of copolyimides

In general, polyimides can be prepared from the condensation 
of a diamine and a dianhydride through either a two-step 
method or a one-pot approach. The two-step method is very 
useful for high reactive monomers to synthesize insoluble 
polyimides. At the first step, a polyamide acid is formed at 
low temperature, and then the intermediate converts into the 
polyimide by way of thermal or chemical imidization. The 
one-pot method is suitable for low reactive monomers to syn-
thesize soluble polyimides; however, the polycondensation 
should be implemented at high temperature.

In our previous study, we successfully synthesized highly 
soluble polyimides from MBTBA and PMDA by one-pot 
solution polycondensation at high temperature. In this study 
we want to use some cheaper diamine PDA partially instead 
of the expensive diamine MBTBA to synthesize a series of 
copolyimides, which can still retain most of the excellent 
properties of polyimide made from PMDA and MBTBA. The 
synthesis of copolyimides was carried out by reaction of 
dianhydride (PMDA) with a pair of diamines in different 
molar ratios (MBTBA/PDA = X/Y). If these two diamines 
(MBTBA and PDA) were added together to polymerize with 
the dianhydride PMDA, PMDA would first react with PDA to 
form the oligomers composing PMDA and PDA because of 
the higher reactivity of PDA. They would be precipitated in 
m-cresol in the imidization process, and the soluble random 
copolyimides were difficult to obtain. Based on such a con-
sideration, we decided to feed the diamine monomers into 
the reaction system in batches. At first, X mol MBTBA and 
(X+Y) mol PMDA were added into m-cresol and reacted 
with each other at 110–140°C for 10  h to form the anhydride 
end-capped oligomers. In the second stage, Y mol PDA was 
added into the cooled reaction system under stirring at room 
temperature for 10  h. The PDA solid dissolved completely, 
and the viscosity of the transparent solution increased con-
tinuously. Finally, the temperature of the mixture was raised 
step by step to 190–200°C and maintained at this temperature 
for 20  h to realize the imidization. The byproduct (H2O) in 
reaction system could be removed rapidly by a nitrogen flow 
to destroy the equilibrium between water and the imide groups 
in order to assure the complete thermal cyclodehydration.

3.2 The composition of copolyimides

The structures of the aromatic polyimide and copolyimides 
were confirmed by the spectra of 1H NMR in Fig.  1. The pro-
ton signal at d = 1.2 (a) was attributed to the tert-butyl groups 
of MBTBA. The proton signal at d = 4.2 (e) was attributed 
to the methylene groups between the two benzene rings of 
the diamines MBTBA in homopolyimide or copolyimides. 
The proton signals around d = 8.5 (g) were attributed to the 
benzene rings of the dianhydride PMDA. The proton signals 
between d = 7.3 and d = 7.5 (b, c, d) were attributed to the 
benzene rings of MBTBA. Comparing the spectra of the 
homopolyimide (X/Y = 10/0) and the copolyimides (X/Y = 
9/1–7/3), we can find a new proton signal around d = 7.7 (f) 
attributed to the benzene rings of PDA in the copolyimide, 
and it became stronger and stronger with the increasing 
amount of the comonomer PDA in the copolyimides. The 
appearance of proton signal (f) in Fig.  1 provides a direct 
evidence for proving the success of copolymerization.

The actual molar ratio of MBTBA and PDA in the copoly-
imides can be calculated according to the integration of the 
peaks (f and b) in Fig. 1. The calculation is as follows 
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where S is the integral area of the proton signals.
The data are shown in Table  1, and the results are basically 

consistent with those designed in the raw material batch but 
some errors exist because the signals b and f partly overlap 
with each other.

Table 1 The copolymerization composition of the copolyimides

Sample number 1 2 3 4

X/Ya) 10/0 9/1 8/2 7/3
X/Yb) 10/0 9/0.8 8/1.7 7/2.5

a) The molar ratio of two diamines in feed; b) Calculated by 1H-NMR

3.3 The solubility of copolyimides

The solubility of the copolyimides was tested in various 
solvents (Table  2). The polyimide made from PMDA and 
MBTBA had very good solubility and highly soluble in low 
boiling point organic solvents such as chloroform at room 
temperature. However, the solubility of copolyimides in this 
study decreased heavily with increasing PDA content. The 
copolyimide can be soluble in chloroform at room tempera-
ture or under slight heating, when the molar ratio X/Y is 
larger than 8/2. They can only be soluble in hot aprotic 
solvents (such as DMF) when the molar ratio X/Y is between 
7/3 and 6/4. The copolyimide cannot be dissolved in any 
organic solvent when the molar ratio X/Y is lower than 6/4. 
The solubility decrease of these copolyimides can be 
attributed to the rigid structure of PDA.
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Table  2 The solubility of the copolyimides in different organic 
solvents

Molar ratio m-cresol DMF DMAc NMP CHCl3 THF
(X/Y)

10/0 S S S S S S
9/1 S S S S S S
8/2 S S S S P P
7/3 S P P P I I

S: soluble; P: partly soluble; I: insoluble

3.4 The molecular weight of copolyimides

The molecular weights of the homopolyimide and the copoly-
imides were evaluated by GPC using DMF as the eluant, and 
the data are listed in Table  3. The typical GPC curves of the 
homopolyimide (X/Y = 10/0) and the copolyimides (X/Y =  
9/1–7/3) are displayed in Fig.  2. Despite the lower reactivity 
of the hindered aromatic diamine monomer MBTBA, the 
high molecular weights of the copolyimides were obtained by 
adding the monomers MBTBA and PDA into the reactor 
in different stages. The number average molecular weights 
(Mn) of the homopolyimide and copolyimides are in the range 
from 4.0x104 to 9.10x104, and the polydispersity indices 
(Mw/Mn) are around 1.5. These also indicate that the copoly-
merization of the dianhydride PMDA with the diamines MB-
TBA and PDA is successful. At first the molecular weight 
of the copolyimides was increased with the increase of PDA 
content, but it was decreased slightly when the PDA content 
was larger than 20%, because a part of the high molecular 

weight copolyimide was filtrated away due to its low 
solubility in GPC measurements.

Table 3 The molecular weights of the copolyimides

Molar ratio (X/Y) Mnx10−4 Mwx10−4 Mw /Mn

10/0 6.89 11.46 1.7
9/1 7.55 11.09 1.5
8/2 9.14 16.16 1.8
7/3 4.73 6.94 1.5

3.5 The transparency of copolyimide films

The UV-Vis spectra of the copolyimide films are shown in 
Fig.  3. The thickness of the film is about 40  µm obtained by 
casting a copolyimide solution on a quartz piece. These films 
showed high transmission (70%–90%) in the wavelength 
range of 400–760  nm. The tert-butyl moiety increased the 
intermolecular distance and thus decreased the interaction 
between the copolyimide chains resulting in an excellent 
optical transparency. Therefore, the transparency of copoly-
imides was decreased when the PDA content was increased, 
viz. the MBTBA content was decreased.

3.6 The thermal properties of copolyimides

The thermal properties of the copolyimides were character-
ized by TGA under nitrogen atmosphere. The TGA curves are 
shown in Fig.  4. These copolyimides were stable up to 500°C 

Fig. 1 1H NMR spectra of the copolyimides
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The DMA curves of the copolyimide films are shown in 
Fig. 5. These films were prepared by solution casting on clean 
glass and evaporating the solvent DMF. The Tg of these 
copolyimides measured by DMA according to the peak 
temperature in tan d curves is between 350 and 370°C (see 
Table  4). The high Tg of the copolyimide indicates that the 
polymeric chains are very rigid. With a rise of the amount 
of PDA, the Tg of the copolyimides shifted a little to higher 
temperatures. The results of TGA and DMA all showed that 
the thermal stability of the copolyimides was improved by 
the copolymerization with diamine of PDA, but the storage 
modulus decreased a little.
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