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ABSTRACT: A polyisoimide based on 4,4�-oxydiphthalic
dianhydride and 4,4�-oxydianiline was synthesized and
used for the preparation of nanocomposites with commer-
cial organoclays by the solution dispersion technique. The
cast composite films were heat-treated to convert them into
polyimide nanohybrid films. Homogeneous dispersions
were obtained at lower clay concentrations (�5 wt %), and

this was confirmed by X-ray diffraction and transmission
electron microscopy. The nanocomposites displayed im-
proved thermal and mechanical properties. © 2005 Wiley
Periodicals, Inc. J Appl Polym Sci 99: 869–874, 2006
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INTRODUCTION

Polyimides (PIs) have found many applications as
high-temperature insulators and dielectrics, adhe-
sives, and matrices for high-performance composites
because of their excellent electrical, thermal, and high-
temperature mechanical properties. Efforts have been
directed toward the synthesis and characterization of
polyisoimides (PIIs) to develop novel soluble precur-
sors of PIs. The fact that PIIs possess improved solu-
bility and can be converted to PIs without the forma-
tion of water (or other volatile byproducts) could be
advantageously used in the fabrication of void-free
laminates and adhesive joints.1 Also, polymer/inor-
ganic nanocomposites have recently received consid-
erable attention because they often exhibit superior
physical, mechanical, and thermal properties in com-
parison with conventional composites or unfilled
polymers. Lately, there have been a considerable num-
ber of publications associated with the preparation
and properties of PI–clay nanocomposites.2–9 Usually,
rigid and aromatic PIs are insoluble and show limited
processability, and so soluble poly(amic acid) precur-
sors are frequently used for solution dispersion, or
sometimes an in situ polymerization method is em-
ployed. In this work, an organosoluble PII, typically
from 4,4�-oxydiphthalic dianhydride (ODPA)/4,4�-
oxydianiline (ODA), was synthesized and used for the
preparation of nanocomposites with commercial or-
ganoclays [or organically modified montmorillonites

(OMMTs)]. By a thermal curing process, the PII–clay
was converted into PI–clay nanocomposite films. The
intercalation behavior and thermal and mechanical
properties of the composites in cast films were inves-
tigated.

EXPERIMENTAL

Materials

Two different organoclays, that is, Cloisite 10A (C10A)
and Cloisite 30B (C30B), were supplied by Southern
Clay Products and used after sieving through a 325-
mesh sieve. C10A has a cation-exchange capacity of
125 mequiv/100 g, and C30B has a cation-exchange
capacity of 90 mequiv/100 g. ODPA and ODA were
obtained from Sigma–Aldrich Co. and were purified
by sublimation in vacuo. 1,3-Dicyclohexyl carbodiim-
ide (DCC) and 1-methyl-2-pyrrolidinone (NMP; anhy-
drous) were purchased from Sigma–Aldrich and used
as received. Other common reagents were used with-
out purification.

Preparation of PII

PII was synthesized from ODA and ODPA in NMP at
room temperature (see Scheme 1).1 ODA (4.0518 g,
20.235 mmol), ODPA (6.2044 g, 20 mmol), and NMP
(10 mL) were placed in a 250-mL, four-necked, round-
bottom flask equipped with a mechanical stirrer and a
nitrogen inlet and outlet. This mixture was stirred at
room temperature for 24 h under nitrogen, and
phthalic anhydride (0.083 g, 0.56 mmol) was added.
To the prepared poly(amic acid) solution, DCC (9.0785
g, 44 mmol) was added, and the reaction mixture was
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stirred for an additional 24 h at room temperature. The
formed solid, dicyclohexyl urea, was filtered off, and
the collected PII solution was poured into a large
excess amount of isopropyl alcohol. The precipitated
PII was filtered off and dried in vacuo at 80°C for 72 h.

Preparation of the PI/organoclay nanocomposite
films

An organoclay (OMMT) at a concentration of 1, 3, 5, or
7 wt % with respect to PII was dispersed in NMP
under magnetic stirring for 24 h at room temperature.
Solutions (4 w/v %) in NMP for PII composites were
prepared by the addition of PII to each of the dis-
persed organoclay solutions. After the treatment of the
solutions with an ultrasonic processor for 10 min, the
resulting solutions were cast onto 12 � 7 cm2 glass
slides and dried in vacuo at 50°C for 24 h, and then the
cast films were thermally cured at 100 and 200°C for
1 h each and then at 280°C for 30 min (Fig. 1).

Measurements

IR spectra were recorded with a PerkinElmer Spec-
trum 2000. Wide-angle X-ray diffraction (XRD) pat-
terns were recorded on a Rigaku Rotaflex D/MAX
diffractometer with Cu K� radiation (40 kV, 50 Ma).
XRD experiments were performed in the range of 2�

� 3–30° at a scanning rate of 3°/min. The thermal
properties were examined under an N2 atmosphere
with a PerkinElmer TGA/DSC 7 instrument at a heat-
ing rate of 10°C/min. The modulus and glass-transi-
tion temperature were measured on a dynamic me-

Scheme 1 Schematic diagram of the synthesis of PII.

Figure 1 Flow chart of PI/organoclay nanocomposite
preparation.
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chanical analyzer (Seiko Exstar 6000, Seico Instru-
ments, Japan) at a heating rate of 5°C/min and at a
frequency of 1 Hz. The tensile properties of the films
were measured on an LR 30K materials testing ma-
chine (Lloyd Instrument, Ltd.) at a crosshead speed of
2 mm/min. Transmission electron microscopy (TEM)
photographs of ultrathin sections of PI/organoclay
samples were taken on a JEM 1010 (JEOL, Japan)
transmission electron microscope with an acceleration
voltage of 80 kV. The samples were prepared by the
placement of the ODA–ODPA/organoclay films in
epoxy capsules and then by the curing of the epoxy at
70°C for 24 h in a vacuum oven. Subsequently, the
cured epoxies containing the ODA–ODPA/organo-
clay were microtomed with a Leica Ultracut Uct into
90-nm-thick slices in a direction normal to the plane of
the film. A layer of carbon about 1 nm thick was
deposited on these slices, which were on 200-mesh
copper nets for TEM observation.

RESULTS

PII with an inherent viscosity of 0.83 dL/g (NMP) was
successfully synthesized, and the structure was con-
firmed by FTIR spectroscopy. The IR spectrum of PII
shows characteristic bands at 1800 and 905 cm�1,
which correspond to the carbonyl stretching and the
isoimide ring vibration, respectively. The conversion
to PI was confirmed by the observation of character-
istic absorption bands of carbonyl stretching of imide
groups (1778 and 1724 cm�1; Fig. 2). The prepared PII
was soluble in NMP and showed slight solubility in
dimethylacetamide, dimethylformamide, and di-
methyl sulfoxide. The differential scanning calorime-
try (DSC) curves of PII show an exothermal peak in
the first scan, which corresponds to the thermal imi-
dization (283–385°C), and the glass transition from the

second scan corresponding to PI was observed at
262°C (Fig. 3).

PI–organoclay composite films were prepared from
two different commercial organoclays (C10A and
C30B) showing similar behavior. A homogeneous
(partially exfoliated) dispersion at a lower clay con-
centration (�5 wt %) was obtained, as determined by
the optical clarity of the cast films and XRD patterns
(Fig. 4). In the XRD patterns of PII composites with 1
and 3 wt % C10A or C30B, as shown in Figure 4(a,b),
no obvious clay peaks can be observed in the curves.
At a higher clay concentration of 5 or 7 wt %, however,
XRD showed a peak indicating partial aggregation
present along with the intercalated silicate layers pre-
sumably.

Figure 5 shows XRD patterns of two PI/organoclay
composites obtained after thermal curing process un-
der nitrogen in the range of 2� � 12–25° for various
clay loadings. The pure PI films display a broad peak
at 2� � 12–25°, and this peak can also be found in the
PI/organoclay composites. For the PI composites with
1 wt % C10A or C30B, as shown in Figure 5, no
obvious clay peaks can be observed in the XRD curves.
This indicates that the silicate layers of the clay were
exfoliated and dispersed homogeneously and ran-
domly throughout the nanocomposite films. In the
case of a 3 wt % concentration, peaks with low inten-
sity are noticeable at about 6.7°, in contrast to PII
composites with the same composition showing no
peaks. This can probably be attributed to partial re-
aggregation that may have occurred during the ther-
mal treatment and accompanying structural reorgani-
zation toward PI. When the concentration of the or-
ganoclay in PI exceeded 3 wt %, peaks at 2� � 5–7°
were observed, just as for the previous PII composites,
in the XRD curves. This suggests that at higher clay
loadings, some parts of the clay remain aggregated in

Figure 3 DSC thermograms of PII.

Figure 2 FTIR spectra of PII and cured PI.
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the PI matrix. On the other hand, many researchers
have reported that an organic intercalating agent in
the interlayers of montmorillonite (MMT) might be
detached from the surface of MMT during imidiza-
tion.

The results obtained from the XRD patterns are
complemented by the TEM micrographs shown in
Figure 6. The black part represents the intersection of
MMT layers, whereas the gray part represents the PI
matrix. The TEM image of PI material incorporated
with 3 wt % clay shows that the lamellar nanocom-
posite had a mixed nanomorphology. Individual sili-
cate layers, along with two- and three-layer stacks,
exfoliated in the PI matrix. Moreover, some larger
intercalated tactoids could also be identified.

The dynamic mechanical properties of pure PI(OD-
A–ODPA) and PI/C10A composites at different tem-
peratures are shown in Figure 7. In Figure 7(a), the
storage modulus of the PI/C10A composites increased

with the amount of organoclay in the temperature
range of 50–300°C. Specifically, the largest increase in
the storage modulus of these composites was for 93:7
PI/C10A (4.26 GPa), for which it was 320% larger than
that of pure PI. The loss modulus of PI/C10A also
increased with the amount of the organoclay, as
shown in Figure 7(b). A broad maximum around
110°C and a sharp maximum at 253°C are displayed in
the loss modulus curves of the PI/C10A composites.
The low temperature at 110°C was caused by the
rotation and oscillation of the phenyl group of ODA,
and it was called the � relaxation, or subglass transi-
tion. The � relaxation of PI/C10A at different compo-
sitions took place at the same temperature, and this
indicated that either the rotation or oscillation of the
phenyl group of ODA was not affected by the pres-
ence of silicate layers. The high-temperature one, near
250°C, resulted from the backbone motion of the OD-
A–ODPA molecules, and it was called the � relax-
ation, or primary glass transition. The glass transition

Figure 5 XRD patterns of (a) PI/C10A and (b)PI/C30B
nanocomposites as a function of the organoclay loading.

Figure 4 XRD patterns of (a) PII/C10A and (b)PII/C30B
nanocomposites as a function of the organoclay loading.
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seems to decrease slightly with the amount of clay.9

This suggests that the mobility of macromolecular
chains becomes more flexible with the addition of
organoclay, even though the reason is not clear yet.

The thermal and tensile properties of PI/C30B
nanocomposite films are shown in Table I. The
Young’s modulus of the PI nanocomposites increased
with the amount of the organoclay. For instance, a 68%

Figure 7 (a) Storage modulus and (b) loss modulus of
PI/C10A nanocomposite films at different temperatures.

TABLE I
Td and Mechanical Properties of PI/C10A and PI/C30B

Nanocomposites

Clay
type

Clay
content
(wt %)

Td
(°C)

Stress at the
maximum
load (MPa)

Young’s
modulus

(GPa)

Strain at
the

maximum
load (%)

C10A 0 585 61.2 1.45 10.8
1 588 72.2 1.92 9.2
3 595 78.6 2.43 7.4
5 599 75.3 2.22 5.8
7 581 74.2 2.06 4.1

C30B 0 585 61.2 1.45 10.8
1 589 78.2 1.46 8.9
3 595 74.3 1.57 7.2
5 601 67.0 1.90 6.0
7 607 58.6 2.00 3.8

Figure 6 TEM micrographs of the cross-section view of (a)
97 : 3 PII/C10A, (b) 97 : 3 PI/C10A, and (c) 97 : 3 PI/C30B
nanocomposite films.
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increase in the modulus for the 97 : 3 PI/C10A com-
posite film (2.43 GPa) was found, in comparison with
that of pure PI (1.45 GPa). The maximum strength also
increased up to around 128%, and the elongation de-
creased with the amount of clay; this means that the
brittleness increased accordingly. A 38% increase in
the modulus for the 93 : 7 PI/C30B composite film
(2.00 GPa) was found, in comparison with that of pure
PI (1.45 GPa). The decomposition temperatures (Td’s)
of the nanocomposites tended to increase slightly as
the clay content increased, and this indicated an im-
provement in the thermal stability of these nanocom-
posites.

CONCLUSIONS

Soluble PIIs from ODPA were synthesized, and their
structure was confirmed by FTIR. The prepared PIIs
showed excellent thermal stability and good solubil-
ity. PII/organoclay composite films were obtained by
a solution method with two different organoclays and
were thermally cured into PI/organoclay systems. The
homogeneous dispersion was confirmed by XRD and
TEM (�5 wt %). Organoclay/ODA–ODPA nanocom-

posites displayed increases in the modulus and in the
maximum stress in comparison with pure ODA–
ODPA. For instance, a 68% increase in the modulus for
the 3 : 97 C10A/ODA–ODPA composite film (2.43
GPa) was found, in comparison with that of pure PI
(1.45 GPa). The maximum strength also increased up
to around 128%, but the elongation decreased with the
amount of the clay. Td’s of the nanocomposites were
higher than that of pristine PI.
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