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ABSTRACT: Molecular composite films of block copolyimides consisting of semi-flexible 
poly-N,N' -(oxydi-p-phenylene)pyromellitimide (PIOD) and rigid-rod poly-N,N' -(p-phenylene)
pyromellitimide were prepared by the usual two step ring-opening polyaddition and subsequent 
thermal imidization method, starting from pyromellitic dianhydride and either the aromatic di
amines or their N-trimethylsilyl-substituted derivatives. The block copolyimide films were trans
parent and yellow in color over the whole composition ranges, and changed from brittle to ductile 
films with increasing PIOD content. As the PIOD content increased, the tensile modulus decreased 
monotonically, while the elongation at break and fracture energy increased in a similar fashion. 
The behavior of the tensile strength, however, was rather complicated. 
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Currently there is increasing interest in mo
lecular composites. 1 - 3 A molecular composite 
is defined as a polymeric material consisting of 
a rigid rod polymer molecularly dispersed in a 
random coil polymer matrix. This is expected 
to have a higher modulus and greater strength 
than a macroscopic composite because of the 
high aspect ratio (aspect ratio= length/ 
diameter) of a rigid rod polymer molecule. 
Although an approach to molecular com
posites via physical blending has been exten
sively studied,4 the main problem often en
countered is that the rigid rod molecule ag
gregates in solution at the expense of the 
random coil matrix material. A solution to this 
problem is to chemically connect the rigid rod 
molecules and the random coil polymers to
gether in a block copolymer. However, little 
is known about this type of molecular 
composites. 1 •2 •5 

Aromatic polyimides are known as the most 
important family of high temperature poly
mers during the past three decades,6 and 
have been used for high performance appli
cations in many fields. 7•8 In particular, the 
"Kapton" film composed of poly-N,N'
( oxydi-p-phenylene )pyromellitimide has been 
used widely for many years, while rigid rod 
po I y-N,N' -(p-phen y Jene )pyrromelli timide did 
not afford a useful film because of its high 
crystallinity. Quite recently, Mita and his 
group have reported the successful preparation 
of a high-strength and high-modulus molec-

. ular composite film via the physical blending 
of a rigid polyimide and a flexible polyimide 
based on 3,3',4,4'-biphenyltetracarboxylic di
anhydride.9 

We have recently reported the synthesis of 
high molecular weight polyimides starting 
from N-trimethylsilyl-substituted aromatic di-
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amines in place of the parent aromatic diam
ines coupled with aromatic tetracarboxylic 
dianhydrides. 10 •11 One of the advantages of the 
N-silylated diamine method is that the pro
cessability of polyimide films via solution cast
ing is greatly improved, probably due to the 
disturbance of crystallization by the existence 
of the bulky trimethylsilyl groups along the 
polymer backbone. 

The present study was undertaken to elu
cidate the nature of the block copolyimide
type molecular composite films. This article 
describes the preparation of random and block 
copolyimides consisting of semi-flexible poly
N,N' -(oxydi-p-phenylene)pyromellitimide 
(PIOD) and rigid rod poly-N,N' -(p-phenyl
ene)pyromellitimide (PIPD) by adopting both 
the diamine method and the N-silylated di
amine method, and the evaluation of thermal 
and tensile properties of the obtained co
polyimide films. 

EXPERIMENT AL 

Materials 
Pyromellitic dianhydride (PMDA) was pu

rified by vacuum sublimation. Bis(4-amino
phenyl) ether (ODA) and p-phenylenediam
ine were purified by recrystallization from 
tetrahydrofuran and by vacuum distillation, 
respectively. N,N' -Bis(trimethylsilyl)bis( 4-
aminophenyl) ether (SiODA) and N,N'-bis(tri
methylsilyl)-p-phenylenediamine (SiPPDA) 
were prepared according to the method report
ed elsewhere12 by the reaction of the corre
sponding diamines with trimethylsilyl chloride 
in the presence of triethylamine in dry tolu
ene. N,N-Dimethylacetamide (DMAc) was pu
rified by vacuum distillation over calcium hy
dride. 

Preparation of Copolyimide Films 
In this article, we designate the random and 

block copolyimides as "R" and "B", .respec
tively, and the copolymers prepared by the N
silylated diamine method as "Si". Within the 
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block copolyimides, the letter x represents the 
degree of polymerization of the PIOD oligo
mer and y represents that of the PIPD oligo
mer, before the block copolyimide was ob
tained. They varied between 2.5 and 40. The 
following numerical number simply denotes 
the PIOD contentx!0- 1 . For instance, the 
copolymer SiBx8 means the block copolymers 
obtained by the N-silylated diamine method 
having the PIOD content of 84 wt% while y of 
the PIPD oligomer was kept 10. Two typical 
examples of the preparation of copolyimide 
films are given below. 

Random copolymer SiR8 Film by the One
Step Procedure. To a solution of 1.378 g 
(4.0mmol) of SiODA and 0.252g (1.0mmol) 
of SiPPDA in 20ml of DMAc were added 
1.09 g (5.0 mmol) of solid PMDA all at once, 
and the mixture was stirred at 0°C for 30 min 
in a nitrogen atmosphere. Then the stirring 
was continued at 20----25°C for 6 h. During this 
period, a highly viscous solution which was 
difficult to stir was obtained, and the solution 
was diluted with 5-15ml of DMAc for ef
ficient stirring. The polyamic acid solution just 
prepared was cast onto a glass plate, and dried 
at room temperature for 24 h under vacuum. 
Thermal imidization of the film cast on the 
glass plate was accomplished by sequential I h 
heating each at 80, 220, and 280°C, under high 
vacuum. The imidized film was removed from 
the glass plate and used for further measure
ments. A small portion of the polymer solution 
was also poured into methanol, and the pre
cipitated polyamic acid was collected and 
dried at room temperature for 12 h under high 
vacuum for the purpose of viscosity mea
surements. 

Block Copolymer SiBx8 Film by the Two-Pot 
Procedure. In a flask, 0.894 g ( 4.1 mmol) of 
PMDA was added to a solution of 1.378 g 
(4.0mmol) of SiODA in 15ml of DMAc, and 
the mixture was stirred at 0°C for 30 min and 
then at 20-25°C for 1 h under nitrogen. In 
another flask, 0.196 g (0.9 mmol) of PMDA 
was reacted with 0.252 g 1.0 mmol) of SiPPDA 
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in 5 ml of D MAc under the same reaction 
conditions. After that, two polymer solutions 
just formed were combined in one flask, and 
the mixture was stirred at 20--25°C for an
other 5 h under nitrogen, giving a viscous so
lution of resulting block copolyamic acid. The 
film preparation and work-up were the same as 
those described in the preceding experiment. 

Measurements 
Thermogravimetry (TG) was performed 

with a Shimadzu thermal analyzer TGA-30M. 
Tensile properties were determined from the 
stress-strain curves obtained with a Toyo 
Baldwin Tensilon UTM-111 at a strain rate of 
10 mm min - i at room temperature. Mea
surements were performed with film speci
mens (5.0 cm of gauge length, 1.0 cm wide, and 
0.1 mm thick), and the data of the specimen 
that afforded the highest elongation at break, 
after five individual determinations, were 
taken. 

RES UL TS AND DISCUSSION 

Preparation of Copolyimide Films 
Aromatic polyimides have been prepared 

conventionally by the ring-opening polyad
dition of aromatic diamines to aromatic tetra
carboxylic dianhydrides in amide solvents 
such as DMAc giving precursor polyamic 
acids, followed by thermal imidization.6 An al
ternate route for the synthesis of polyimides is 
that starting from N-trimethylsilyl-substituted 
aromatic diamines and tetracarboxylic dian
hydrides.10·11 These techniques were applied 
to the preparation of random and block co
polyimide films. 

The random copolyimides of R- and SiR
series were synthesized by a one-step pro
cedure. Thus all the reactants, PMDA, ODA, 
and PPDA (or SiODA and SiPPDA), were 
reacted all together in DMAc at room tem
perature affording random copolyamic acids 
( or their trimethylsilyl esters), which in turn 
were converted to random copolyimides in the 
form of films (eq. 1). The homopolyamic acids 
and the corresponding homopolyimides, 
PIOD and PIPD, were also obtained in a same 
manner starting from ODA and PPDA, re
spectively, coupled with PMDA. Table I sum
marizes the results of the random copolym
erizations. 

The block copolyimides of B- and SiB-series 

Table I. Preparation of random copolyamic acids and their copolyimidesa 

Random copolymer 

Random ODA/PPDA PIOD 
R-Series SiR-Series 

composition in feed contentb 

Yfinh 
d 

1/inh 
d 

X y mmol/mmol wt% 
Code' Code' 

dJg-l d\g-l 

100 0 5.0/0 100 PIOD 1.86 SiPIOD 1.90 
80 20 4.0/1.0 84 R8 2.31 SiR8 1.63 
60 40 3.0/2.0 66 R6 1.41 SiR6 2.15 
40 60 2.0/3.0 46 R4 1.89 SiR4 1.47 
20 80 1.0/4.0 24 R2 2.17 SiR2 1.13 
0 100 0/5.0 0 PIPD 1.34 SiPIPD 1.14 

• Polymerization was carried out with 5.0mmol of PMDA and 5.0mmol ofa mixture of ODA and PPDA (or SiODA 
and SiPPDA) in 20 ml of DMAc at 0°C for 30 min and at 20-25 C for 6 h in nitrogen. 

b [PIOD weight]/[PIOD weight+PIPD weight] in feed. 
' Code of homo- and copolyimides. 
d Inherent viscosity of polyamic acid, measured at a concentration of 0.5 g d1- 1 in DMAc at 30°C. 
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x XNH-@-o-@-NHX + y XNH-@-NHX + 

r. t. > [+ NHCO:©:CONH-@-o-<B'Af-NHCO~CONH-<.cJA-J 

\xoco coox '-' Jx\xoco~coox '-' )y n 

Random Precursors 

-XOH 

Random Copolyimides 

X: H, Si(CH3 ) 3 

r. t. > /CO~CONtt-@-o-@-NHCO~O, 
0 0 0 /0 
'co coox xoco o 

I 

/co~o, 
y XNH~NHX + (y-1 l o'coAAco/o 

r. t. > XNH-<o)f-NHCO~CONH-<.BA-NHX 

- \ xoco~coox - h-1 

II 

I + II r. t. > Block Precursors 

1::,. 
Block Copolyimides 

-XOH 

X : H , Si(CH3 ) 3 

(1) 

(2) 

were synthesized by the.two-pot procedure (eq. 
2). In one pot, o:,w-dianhydride-terminated 
polyamic acid oligomers having average de
gree of polymerization (x) of 2.5~40 were 
prepared by the reaction of ODA with a 

calculated excess of PMDA in DMAc. In 
another pot, o:,w-diamine-terminated poly
amic acid oligomers with average degree of 
polymerization (y) of2.5---40 were synthesized 
from a calculated excess of PPDA with PMDA 
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Table II. Preparation of block copolyamic acids and their copolyimides• 

Block copolymer 
Monomers in feed 

PIOD 
Block composition 

contenth B-Series SiB-Series 
mmol/mmol 

X y PIOD PIPD 11inh 
d 

1Jinh 
d 

PMDA/ODA PPDA/PMDA 
wt% Codec Codec 

dlg- 1 dll- 1 

40 10 15280 2900 4.1/4.0 1.0/0.9 84 Bx8 2.26 SiBx8 1.90 
15 10 5730 2900 3.2/3.0 2.0/1.8 66 Bx6 1.96 SiBx6 1.82 
6.7 10 2520 2900 2.3/2.0 3.0/2.7 46 Bx4 1.60 SiBx4 1.69 
2.5 10 955 2900 1.4/1.0 4.0/3.6 24 Bx2 1.05 SiBx2 1.69 

10 2.5 3820 725 3.6/4.0 1.0/1.4 84 By8 I.OJ SiBy8 1.41 
10 6.7 3820 1915 2.7/3.0 2.0/2.3 66 By6 1.25 SiBy6 1.60 
lO 15 3820 4350 1.8/2.0 3.0/3.2 46 By4 1.62 SiBy4 1.06 
10 40 3820 11600 0.9/1.0 4.0/4.1 24 By2 1.78 SiBy2 1.01 

• A polymer solution prepared from a mixture of PMDA and ODA (or SiODA) in DMAc, and another polymer 
solution from PMDA and PPDA (or SiPPDA) in DMAc were combined, and the polymerization was carried out at 
20-25'C for 5 h in nitrogen. 

h [PIOD weight]/[PIOD weight+PIPD weight] in feed. 
c Code of copolyimides. 
d Inherent viscosity cif polyamic acid, measured at a concentration of 0.5 g dl- 1 in DMAc at 30cc. 

in DMAc. After that, the preformed a,w
dianhydride-terminated oligomer solution was 
added to the ix,w-diamine-terminated oligo
mer solution, and they were reacted with each 
other affording -the B-series block copolyamic 
acids and the corresponding copolyimides. 
The SiB-series block copolymers were pre
pared in the same fashion by using the N
trimethylsilyl substituted diamines, SiODA 
and SiPPDA, in place of the parent aromatic 
diamines. 

In the Bx- and SiBx-series block copoly
imides, the number-average molecular weight 
(Mn) of the PIPD oligomer was kept con
stant (y= 10, Mn=2,900), and the Mns of the 
PIOD oligomers were varied from 960 to 
15,300 (x=2.5-40) in four steps. On the other 
hand, the By- and SiBy-series block copoly
mers, lhe Mn of the PIOD oligomer was held 
constant (x=l0, Mn=3,800), and the Mns of 
the PIPD oligomers were changed from 730 
to 11,600 (y=2.5-40). Table II summarizes 
the results of the block copolymerizations. 
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All the random and block copolyamic acids 
obtained had inherent viscosities of over 1.0 
dl g- 1 . The viscosity values were high enough 
to produce block copolyimide films with well
balanced tensile properties. 13 All the copoly
imide films prepared from the corresponding 
copolyamic acids were tran'sparent and yellow 
in color over the whole composition ranges, 
irrespective to the synthetic methods. This 
transparency suggests that two polyimide com
ponents, PIOD and PIPD, were well mixed on 
the molecular level via the copolymerizations, 
giving molecular composite films. 

Thermal Properties of Copolyimide Films 
The thermal decomposition behavior of the 

copolyimides was evaluated by means ofTG in 
a nitrogen atmosphere, and the decomposition 
temperature (10% weight loss temperature) is 
summarized in Table III. All the copolyimides 
are highly thermally stable and did not lose 
weight below 450°C under nitrogen. The de
composition temperatures ranged from 580°C 
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Table III. Thermal decomposition behavior of 
random and block copolyimides• 

PIOD Block copolymer 
content 

R- SiR- Bx- By- SiBx- SiBy-
wt% Series Series Series Series Series Series 

100 585 585 
84 595 595 585 590 580 595 
66 600 590 585 585 580 590 
46 610 595 590 590 590 590 
24 615 605 590 595 600 605 
0 610 610 

• A 10% weight loss temperature determined by TG at a 
heating rate of 1 O"C cm - 1 in nitrogen. 

to 615cc, and rose gradually with decreasing 
PIOD content. No appreciable differences in 
the decomposition temperatures were observ
ed between the random copolymers (R- and 
SiR-series) and the block copolymers (Bx-, By-, 
SiBx-, and SiBy-series), and even between the 
copolymers obtained by the conventional di
amine method (R-, Bx-, and By-series) and 
those by the N-silylated diamine method (SiR-, 
SiBx-, and SiBy-series). 

Tensile Properties of Copolyimide Films 
The tensile properties of the copolyimide 

films were evaluated from the stress-strain 
curves, and are summarized in Table IV. The 
tensile values, tensile strength (T)/elongation 
at break (£)/tensile modulus (M), of the PIOD 
homopolyimide film, prepared either by the 
diamine method or by the N-silylated diamine 
method, were abont 150 MPa/90%/2.0 GPa, 
and these values are essentially in agreement 
with the T /E/M values of 170 MPa/70%/3.0 
GPa for "Kapton", a commercial polyimide 
film produced by du Pont. On the other hand, 
the PIPD homopolyimide obtained by either 
of the two methods did not afford good quality 
film, which was extremely brittle with T /E/M 
values of only 15 MPa/3%/2.5 GPa. 

Figure 1 gives typical examples of the stress
strain curves for films of the R-series random 
copolyimides with varying PIOD content. The 
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Table IV. Tensile properties of copolyimide films 

Tensile Elongation Tensile Fracture 
Block strength at break modulus energy 

copolymer 
MPa % GPa MJm- 1 

PIOD 146 89 2.0 97 
RS 137 71 2.2 74 
R6 156 66 2.6 68 
R4 153 38 3.3 46 
R2 169 IO 4.9 12 
SiPIOD 147 88 2.0 94 
SiR8 153 79 2.1 88 
SiR6 146 63 2.7 62 
SiR4 162 37 3.7 50 
SiR2 156 7.0 4.9 8 
Bx8 135 62 2.6 50 
Bx6 153 51 3.1 54 
Bx4 131 15 3.2 15 
Bx2 106 4.2 4.5 3 
SiBx8 148 76 2.4 60 
SiBx6 182 50 2.8 68 
SiBx4 163 31 4.1 36 
SiBx2 127 3.6 5.6 3 
By8 115 43 2.2 30 
By6 119 27 2.9 20 
By4 135 12 4.0 13 
By2 89 2.4 4.9 I 
SiBy8 153 71 2.2 70 
SiBy6 139 43 3.1 51 
SiBy4 165 26 3.7 35 
SiBy2 113 3.8 5.2 3 

copolyimide films changed from ductile to 
brittle films depending markedly on PIOD 
content. In general, with decreasing PIOD 
content, in other words, with increasing rigid 
rod segments, the tensile modulus increased 
and elongation at break decreased, while the 
tensile strength increased slightly. 

Figure 2 to Figure 5 show the tensile mod 
ulus, elongation at break, tensile strength, and 
fracture energy of the copolyimide films as a 
function of PIOD content. As can be seen 
from these Figures, the N-silylated diamine 
method affords more uniform copolyimide 
films having better tensile properties, compar
ed with the films produced by the dimaine 
method. The method of preparation of the 
random copolyimide films, i.e., the diamine or 
N-silyalted diamine method, had little or no 

Polymer J .. Vol. 21, No. 10, 1989 



Preparation of Molecular Composite Films 

200 

150 
0 

a.. 

V, 100 
V, 
a., .... 

(/) 

50 

0 
0 20 40 60 80 100 

Strain ( °lo) 

Figure I. Stress-strain curves for films of R-series random copolyimides. 
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Figure 2. Effect of PIOD content on tensile modulus for films of random and block copolyimides. 

_, 
0 

C 

~40 
8, 
C 
0 

w 20 

0 '---~----'-----'----'--------' 
0 20 40 60 80 100 0 

P!OD Content (wt °lo) 

20 40 60 80 100 

P!OD Content (wt °lo) 

Figure 3. Effect of PIOD content on elongation at break for films of random and block copolyimides. 
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Figure 4. Effect of PIOD content on tensile strength for films of random and block copolyimides. 
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Figure 5. Effect of PIOD content on fracture energy for films of random and block copolyimides. 

effect on the film tensile properties. However, 
the block copolyimide films obtained by the 
two methods differed appreciably from each 
other. This is probably attributable to differ
ences in the microstructures between the co
polyamic acids and the copolyamic acid tri
methylsilyl esters, both copolyimide precur
sors. Since the copolyamic acid trimethylsilyl 
esters have bulky trimethylsilyl groups along 
the polymer backbone, which disrupt the crys
tallization or phase ordering during the stage 
of the precursor film formation, the distur
bance in the microstructures is fixed as an 
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unequilibrium state and is not repaired during 
the final stage of thermal imidization to the 
copolyimide films. As a result, block copoly
imide films with better quality are produced, 
compared with those prepared by the diamine 
method. 

Generally, as PIOD content in the copoly
imides increased, the tensile modulus of all 
the films decreased monotonically, and elon
gation at break and fracture energy increas
ed in a similar fashion, regardless of the ran
dom and block copolyimides or of the syn
thetic methods. In other words, the films 
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lose ductility with increasing rigid rod com
ponents. The tensile strength, on the other 
hand, varied depending on copolyimide 
composition. 

The Elongation at break of the copoly
imide films decreased apparently in the or
der, R-series >Bx-series> By-series copoly
mers, and SiR-series > SiBx-series > SiBy-se
ries copolymers. Almost the same order was 
also found for the fracture energy of the 
copolyimide films. This is quite reasonable, 
because the fracture energy is highly depen
dent on elongation at the break. 

Although little differences were found in the 
tensile modulus between the Bx-series and By
series copolyimide films, as well as between the 
SiBx-series and SiBy-series copolymer films, 
the tensile modulus of the block copolyimide 
films was somewhat higher than that of the 
random copolymer films. These results suggest 
that the block copolyimide films have a more 
crystalline nature or a more ordered phase9 

than the random copolymer films. 
The influence of the copolyimide structures 

(random or block), synthetic methods, and 
copolymer composition on the tensile strength 
was rather complicated. The R- and SiR-series 
random copolyimides afforded films with al
most the same tensile strength with each other 
at a given PIOD content, and the tensile 
strength tended to decrease slightly with in
creasing PIOD content. 

The behavior of tensile strength of the 
block copolyimide films is quite different from 
that of the random copolymer films. Among 
the block copolyimides, the SiBx-series co: 
polymers afforded films with higher tensile 
strength than the Bx-series copolymers, and 
also the SiBy-series than the By-series co
polymers. It is of interest that the tensile 
strength-composition curves for the Bx- and 
SiBx-series copolyimide films have a maxi
mum at a PIOD content of 66 wt%, while a 
maximum was obtained at 46 wt% in the 
case of By- and SiBy-series copolymer films. 
This suggests that tensile strength is greatly 
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influenced by the molecular weight of the 
two copolyimide components, PIOD and 
PIPD, and the moleuclar weight of 3000-
6000 for each component is optimum for 
the preparation of the block copolyimide 
films with the highest tensile strength. 

In the block copolyimides with a PIOD 
content of 80 wt%, the aspect ratio of the rigid 
rod PIOD molecule is low (By8) or the amount 
of the reinforcing material is comparatively 
small (Bx8), giving films with lower tensile 
strength. Inversely, the block copolymers with 
a PIOD content of 20 wt% (Bx2 and By2) also 
afforded rather brittle films due to the presence 
of the short matrix molecule. The random 
copolyimides having a PIOD content of 20 
wt%, however, gave films with better quality, 
because the long-chain rigid rod portion acts 
as a reinforcing material and the short-chain 
portion behaves just as a matrix. 

Thus, the molecular composite copolyimide 
films, which varied from the high-strength film 
with the T/E/M values of 182 MPa/50%/2.8 
GPa (SiBx6) to the high-modulus film with 156 
MPa/7%/4.9 GPa (SiR2), were obtained from 
combinations of rigid-rod PIPD and semi
flexible PIOD via the N-silylated diamine 
method. 
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