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ABSTRACT: A poly(amic acid) was prepared by the reaction of 3,3�-dihydroxybenzidine
and pyromellitic dianhydride in N,N-dimethylacetamide. Hexadecylamine was used as
an organophilic alkylamine in organoclay. Cast films were obtained from blend solu-
tions of the precursor polymer and the organoclay. The cast film was heat treated at
different temperatures to create polyimide (PI) hybrid films. We set out to clarify the
intercalation of PI chains to hexadecylamine–montmorillonite (C16–MMT) and to im-
prove thermal and tensile properties and the gas barrier. It was found that the addition
of only a small amount of organoclay was enough to improve both the thermal and the
mechanical properties of PIs. Maximum enhancement in the ultimate tensile strength
for PI hybrids was observed for the blends containing 4% C16–MMT. The initial
modulus monotonically increased with further increases in C16–MMT content. Water
vapor permeability was decreased with increasing clay loading from 1 to 8 wt %. © 2002
Wiley Periodicals, Inc. J Appl Polym Sci 84: 2294–2301, 2002
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INTRODUCTION

The heterocyclic polymer polyimide (PI) has been
synthesized from cyclization of the precursor
polymer. PIs are commonly synthesized from dia-
mine and dianhydride in a two-stage process.1–3

However, analogous to aromatic heterocyclic poly-
mers, PIs are generally difficult to process be-
cause of their nonmelting behavior and poor sol-
ubility in conventional organic solvents. Conse-
quently, potential applications are limited.4,5

Many attempts have been tried to modify and
improve their processability but, in general, these
rigid, rodlike polymers are insoluble and intrac-
table or processable only under extreme condi-
tions. This is attributable to the strong enthalpic
interactions and the minimal increase in confor-
mational entropy associated with their dissolu-
tion and/or melting.6 A great deal of research
effort on the PIs has been concentrated on in-
creasing processability with minimal effect on the
thermal stability and the mechanical properties
of these polymers.7–9

Nanoscale composites of polymers with organo-
clay have been studied extensively.10–14 In com-
parison with conventional polymer matrix com-
posites, nanostructured materials often possess a
combination of physical and mechanical proper-
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ties not present in conventional composites. Even
at low concentrations of clay content (�10 wt %),
the strength and modulus can be substantially
increased, whereas the gas permeability rate is
reduced because of the planar orientation of the
clay sheets.

In our previous work,15 dodecylamine (C12-)
and hexadecylamine (C16-) were used as aliphatic
alkylamines in organo–montmorillonite (MMT) in
a PI matrix, and characterized not only by their
thermal and mechanical properties but also by
their gas permeability and morphology. Based on
that work, we concluded that the hybrid effect of
C16–MMT was better than that of C12–MMT in a
PI matrix.

Mathias et al.16,17 reported that a series of
hydroxy-containing PIs, containing pendant hy-
droxyl groups ortho to the heterocyclic imide ni-
trogen, were prepared by solution condensation of
aromatic dianhydrides with bisaminophenols.
Polybenzoxazoles (PBOs) were synthesized from
the PIs using a carboxy-benzoxazole intermedi-
ate. This approach is advantageous because two
heterocyclic polymers, PI and PBO, can be ob-
tained from the same starting materials with the
proper heat treatment. They also observed that
the OH-imide rearranged to a carboxy-benzox-
azole, intermediately followed by decarboxyl-
ation, above 400°C, to result in a final fully aro-
matic benzoxazole product. The precursor was
then converted to a high-temperature heterocyclic
polymer that has high thermal and mechanical
properties. In this study, we examine the synthe-
sis of an aromatic precursor polymer bearing bi-
phenyllic hydroxyl groups and the thermal cy-
clization from precursor to PI. Our approach is
based on the reaction of 3,3�-dihydroxybenzidine
(DHB) and pyromellitic dianhydride (PMDA),
which is a precursor of PI. We synthesized PI/
organoclay hybrids using C16–MMT by a solution
intercalation method. This study examines the
thermal and mechanical properties and the mor-
phologies of PI hybrids.

EXPERIMENTAL

Materials

Source clay, Kunipia-F (Na�–MMT), was ob-
tained from Kunimine Co., Japan. By screening
Na�–MMT with a 325-mesh sieve to remove im-
purities, we obtained a clay having a cationic
exchange capacity of 119 mequiv/100 g. Hexade-

cylamine was purchased from Aldrich Chemical
Co. (Milwaukee, WI) and used as received. All
reagents were purchased from either TCI (Tokyo,
Japan) or Aldrich. Commercially available sol-
vents were purified by distillation. DHB and
PMDA were also commercially available, and
were used as received. N,N-Dimethylacetamide
(DMAc) was purified and dried over molecular
sieves before use. Common reagents were used
without further purification.

Preparation of Organophilic–MMT and
PI/Organophilic–MMT Hybrid Films

A dispersion of Na�–MMT was added to the solu-
tion of ammonium salt of hexadecylamine (C16-).
This organophilic–MMT, termed C16–MMT, was
obtained through a multistep route.12,18

Poly(amic acid) (PAA) was synthesized from
DHB and PMDA in DMAc by the low-tempera-
ture method.19 DBH [5.0 g (23 mmol)] and DMAc
(50 mL) were placed in a 250-mL, three-neck
flask. This mixture was stirred at 0°C for 30 min
under a nitrogen atmosphere. PMDA [5.04 g (23
mmol)] in DMAc was added to the solution. The
solution was stirred vigorously at 0°C for 1 h, and
then at room temperature for 12 h, yielding a 10
wt % DMAc solution of PAA. The inherent viscos-
ity of the resulting PAA solution in DMAc was
1.50 dL/g, measured at a concentration of 0.4 g/dL
at 30°C.

Because the synthetic procedures for polymer/
organoclay nanocomposites with different weight
percentages of C16–MMT were very similar, only
a representative example for the preparation of
PI/C16–MMT (2 wt %) is given. A mixture of 50.0 g
of the DMAc dispersion of 0.8 g C16–MMT, 40.0 g
of PAA solution, and excess DMAc was stirred
vigorously at room temperature for 1 h. The solu-
tion was cast onto glass plates, and the solvent
was evaporated in a vacuum oven at 50°C for 1
day. The films were then cleaned in an ultrasonic
cleaner three times for 5 min each. These films
with solvent removed were dried again in a vac-
uum oven at 50°C for 1 day. The film thickness
was 10–15 �m. The films were then thermally
treated at different heat-treatment temperatures
to heterocyclize.7–9 No fixed tools were used for
orientation on the glass plate during heat treat-
ment, given that orientation exerts an influence
on some characteristics of film specimens, such as
tensile properties and morphology. The chemical
structures of each polymer are shown in Figure 1.
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Characterization

Differential scanning calorimetry (DSC) and ther-
mogravimetric analysis (TGA) were used on a
DuPont 910 instrument (DuPont, Wilmington,
DE) at a heating rate of 20°C/min. Wide-angle
X-ray diffraction (XRD) measurements were per-
formed at room temperature on a Rigaku X-ray
diffractometer (D/Max-IIIB; Rigaku, Tokyo, Ja-
pan), using Ni-filtered Co-K� radiation. The scan-
ning rate was 2°/min over a range of 2� � 2–30°.

The tensile properties of the solution-cast films
were determined using an Instron mechanical
tester (Model 5564) at a crosshead speed of 2
mm/min. The specimens were prepared by cutting

strips 5 � 70 mm long. An average of at least
eight individual determinations was used. The
experimental uncertainties in tensile strength
and modulus were �1 MPa and �0.05 GPa, re-
spectively.

The water vapor permeability rates were mea-
sured following ASTM E-96 and using a MOCON
(Model DL 100). The values of water vapor trans-
mission rate were obtained at 38°C.

The morphology of the fractured surfaces of the
extrusion samples was investigated using a Hita-
chi S-2400 (Hitachi, Japan) scanning electron mi-
croscope (SEM). The fractured surfaces were
sputter-coated with gold using an SPI sputter

Figure 1 Preparation of PI/organoclay hybrid.
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coater for enhanced conductivity. TEM micro-
graphs of ultrathin sections of PI/C16–MMT hy-
brid samples were taken on an EM 912 Omega
transmission electron microscope (Omega Opti-
cal, Brattleboro, VT) using an acceleration volt-
age of 120 kV.

RESULTS AND DISCUSSION

Dispersibility of Organoclay

Figure 2 shows the XRD patterns of the Na�–
MMT and C16–MMT. The apparent peak of the
organo–MMT was observed to have longer inter-
layer spacing than that of Na�–MMT. The inter-
layer spacings were 2� � 8.60° (d � 11.99 Å) for
Na�–MMT and 2� � 3.95° (d � 25.96 Å) for C16–
MMT, respectively.

The X-ray diffraction curves of pure PI and 1–8
wt % PI/C16–MMT hybrid films are represented in
Figure 3. With increasing organoclay content
from 1 to 4 wt %, PI/C16–MMT films showed a
small diffraction peak at 2� � 7.56° (d � 13.57 Å),
as opposed to the diffraction peak at 2� � 3.95° (d
� 25.96 Å) for C16–MMT. This peak value indi-
cates the possible presence of partial intercalated
clay layers of organoclay dispersed in PI. When
the amount of organoclay increased to 8 wt %, a
strong peak appeared at 2� � 6.87°, correspond-
ing to a d-spacing of 14.94 Å. This shift from 25.96
to 14.94 Å in the d-spacing of the C16–MMT layers
after imidization can be explained by the fact that
PAA molecules outside the MMT layers squeezed
the clay layers during the solvent removal process
in imidization, causing a reduction in the spacing
between the clay layers.20 This also implies that a
large amount of organoclay cannot be exfoliated
in the PI, and exists in the form of an intercalated
layer structure as a result of dehydration to PI.

Thermal Stability

The thermal stabilities of PI and their nanocom-
posites in N2 were studied by TGA. Table I sum-

Figure 2 XRD patterns of Na�–MMT and C16–MMT.

Figure 3 XRD patterns of PI/C16–MMT hybrids as a
function of organoclay loading.

Table I Effect of C16–MMT Content on Thermal
Stabilities of PI/Clay Hybrid Films

Clay (wt %) TD
i a (°C) TD

max b (°C) wtR
900 c (%)

0 386 495 59
1 403 513 59
2 411 514 60
4 414 518 62
8 416 518 64

a Initial weight reduction onset temperature.
b Maximum weight reduction onset temperature.
c Weight percent of residue at 900°C.

Table II Tensile Properties of PI/C16–MMT
Hybrid Films

Clay
(wt %)

Ultimate
Strength

(MPa)

Initial
Modulus

(GPa)
E.B.a

(%)

0 156 12.36 2
1 162 13.96 2
2 171 14.67 2
4 234 16.75 2
8 177 17.67 2

a Elongation percent at break.
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marizes the experimental results. Initial weight
loss (TD

i ) was observed at 386–416°C, depending
on the composition of the clay in the PI hybrids.
The TD

i of the PI/C16–MMT hybrids is increased
with increases of the organoclay content in the
range studied. At 2 wt % loss of the PI/C16–MMT,
the TD

i is increased by 17 and 30°C for PI with the
organoclay content of 1 and 8 wt %, respectively.
This increase in the thermal stability of the hy-
brids may result from the barrier effect of the
MMT layer structure, as well as the strong inter-
action between the organoclay and PI mole-
cules.21,22 The temperatures at which maximum
rates of weight loss were observed ranged from
495 to 518°C. The weight of the residue at 900°C
increased with clay loading from 1 to 8 wt %,
ranging from 59 to 64%. A comparison of the
thermal stability values leads to the conclusion
that the hybrids with higher organoclay contents
are more thermally stable, although all the nano-
composites show fairly good thermal stabilities.

Mechanical Properties

As shown in Table II, addition of C16–MMT to the
matrix polymer significantly increased tensile

properties of the hybrids. The strength of the
hybrids containing even 1% of C16–MMT content
was higher than that of pure PI. At 4% C16–MMT,
the strength value of PI hybrid was 1.5 times
higher than that of pure PI. For PI/C16–MMT
hybrid, the strength values increased linearly
with increasing organoclay content up to 4 wt %
and then decreased above 4% C16–MMT content.
As shown in Table II, the values of the ultimate
strength increased from 156 to 234 MPa and then
decreased to 177 MPa with increasing organoclay
content from 0 to 8 wt % (see Fig. 4). This suggests
that the C16–MMT domains can agglomerate
above 8% organoclay content in the PI matrix.
This was cross-checked by SEM and TEM.

The initial modulus increased with increasing
amounts of organoclay in the polymer matrix. The
effects of C16–MMT content on the modulus are
listed in Table II: the values of the initial moduli
increased from 12.36 to 17.67 GPa with increas-
ing organoclay content (Fig. 4). This enhancement
of the modulus is ascribed to the high resistance
exerted by the MMT itself. Additionally, the
stretching resistance of the oriented backbone of
the polymer chain in the gallery also contributes
to the enhancement of the modulus. The percent-
age values of elongations at break of all the sam-
ples were 2%, and remained constant regardless
of organoclay loading.

Morphology

SEM micrographs of fracture surfaces of PI with
different C16–MMT contents from 0 to 8 wt % are
shown in Figure 5. The micrographs of the PI
hybrids from 1 to 4 wt % clay contents showed
dispersed platelet orientation morphology and
the wave patterns appeared to be uniformly dis-
tributed over the fracture surface. When the clay
content was increased to 8 wt %, however, ag-
glomerated clay particles resulting from increas-
ing clay content were observed in the PI hybrids.

Figure 4 Effects of C16–MMT loading on tensile
properties of PI/C16–MMT hybrids.

Figure 5 SEM micrographs of PI hybrids as a function of C16–MMT loading
(�15,000).
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This is in agreement with the mechanical prop-
erty trends, which illustrate that tensile strength
decreased drastically when the clay content was 8
wt % for PI/C16–MMT (see Table II).

Considering the preceding results, the existing
state of clay particles could be determined to af-
fect the tensile properties and morphologies of
each polymer/clay hybrid. In the case of low clay
contents (below 4 wt %), the clay particles may be
dispersed in the polymer matrix without a large
agglomeration of particles. On the other hand, the
agglomerated structure formed and became
denser in the polymer matrix at 8 wt % clay
content.

More direct evidence for the formation of a true
nanoscaled composite was provided by using TEM
analysis of an ultramicrotomed section. The mi-
crograph in Figure 6(a) displays well-dispersed
individual MMT layers, apparent as dark lines,
for the 4 wt % C16–MMT hybrid film. Compared to
this result, the 8 wt % C16–MMT hybrid film
shows more banded or aggregated lines in Figure
6(b).

Water Vapor Permeability

Because we are interested in developing poly-
meric materials with improved barrier properties,
we studied the permeability of water vapor in PI
hybrid films. The results of the effect of clay load-
ing on the barrier characteristics of the nanocom-
posite films are summarized in Table III. Water
vapor permeabilities calculated from the data are
shown as relative permeabilities [composite per-
meability/polymer permeability (Pc/Pp)]. As
shown, there was an 82% reduction in the perme-
ability coefficient for the 4 wt % PI/organoclay
film, as compared to that of the PI film without
clay loading. Interestingly, the permeability of
the hybrid was reduced by nearly an order of
magnitude at only 8 wt % organoclay in spite of
aggregation of clay particles in the polymer ma-
trix. This dramatic lowering of permeability in
the hybrid is ascribed to the presence of dispersed
large aspect ratio clay layers in the polymer ma-
trix, as shown in other nanocomposite cases.23–25

Optical Translucency

The synthesis of polymeric nanocomposites, al-
though more difficult than the fabrication of tra-
ditional composites, does not represent a serious
problem when the material is not destined for
optical applications. Optical nanocomposites

Figure 6 TEM micrographs of PI/C16–MMT hybrid
films containing (a) 4 wt % and (b) 8 wt % C16–MMT.

Table III Permeability of PI/C16–MMT
Hybrid Film

Clay (wt %)

Water Vapor (cm3/m�2 day�1)

PI Pc/Pp
a

0 86.97 1.00
1 79.21 0.91
2 76.58 0.88
4 16.20 0.18
8 10.76 0.12

a Relative permeability rate.
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must be perfectly translucent so as to reduce light
scattering and obtain high values of translucency
and optical purity. To prevent light scattering,
the dispersed phase should have an average size
inferior to the visible light wavelength12 (i.e.,
400–800 nm).

Nanocomposite films are made of clay nanopar-
ticles dispersed in a PI polymer matrix. The films,
prepared by the solvent-casting process, are light
brown in color, but highly translucent, and levels
of translucency are not affected by increasing the
C16–MMT content from 0 to 4 wt %, as shown in
Figure 7. Because nanocomposites may have
phase domains smaller than the wavelength of
light, the materials may be translucent. The
translucency of the nanocomposites comes from
the nanoscale dispersion of the clay particles in
the matrix polymer. The translucency, however,
decreased with increases of the content of organo-
clay resulting from agglomeration of the clay par-
ticles. Compared to the films of 1–4 wt %, the film
containing 8 wt % C16–MMT was shown to be
slightly darker brown in Figure 7 (no such indi-
cations could be observed in this figure because of
the printing process).

CONCLUSIONS

We prepared and characterized heterocyclic poly-
mer/hexadecylamine–MMT nanocomposites. The
XRD and TEM of PI hybrids were in support of
the formation of nanocomposite materials. The
thermal stability and mechanical property of the
nanocomposite were improved with organoclay
content. From the permeability results, it be-
comes evident that the mass transfer process for
the respective penetrants is highly dependent on
the clay loading level and exhibits a nonlinear
dependency. Overall, it was found that additions
of small amounts of C16–MMT were enough to
improve the properties of PI.

This study was supported in 2001 by the Kumoh Na-
tional University of Technology Research Fund (South
Korea).
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