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ABSTRACT: A novel in situ condensation polymerization
method for controlling the structure and dispersion of clay
in the polyimide (PI) matrix has been investigated. Initially,
the viscosity of the polymerizing poly(amic acid) (PAA) so-
lution increases rapidly with increasing shear rate and poly-
merization time. In the presence of clay, the PAA solution
viscosity became significantly higher than that for the neat
PAA solution at initial polymerization stage; however, it
attained a final value, which was significantly lower than
that for a neat PAA solution after a long polymerization
time. The PAA/clay solution synthesized by in situ poly-
condensation reaction also showed an interesting optical ac-
tivity between 500 and 600 nm. The PAA/clay solution

prepared by a two-step method involving polymerization
followed by the addition of clay shows no unusual optical
behavior above 400 nm. The imidization of PAA is enhanced
in the presence of clay. The imidization temperature
decreased significantly in the presence of clay, and the extent
of imidization increased with increasing amount of clay and
cure temperature. X-ray diffraction and microscopy studies
show the existence of exfoliated clays at low concentration of
clay and at high curing temperatures. VC 2012 Wiley Periodicals,
Inc. J Appl Polym Sci 125: E486–E494, 2012
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INTRODUCTION

High-performance polymers like polyimide (PI) have
gained interests in both academia and industries
due to their outstanding tensile strength and elastic
modulus, high-thermal stability, and good resistance
to organic solvents.1 The properties of PI and its pre-
cursor poly(amic acid) (PAA) can be significantly
enhanced by incorporating reinforcing fillers with
high-aspect ratios, such as layered silicate clays.
Organoclay, such as montmorillonite (MMT) clay, is
the organically modified sodium clay and has
improved compatibility, hence higher efficiency of
reinforcement, with the polymer matrix.

MMT has a crystal structure consisting of two-
dimensional hydrated alumino-silicate layers. Each
layer has a thickness of 10 Å and contains an alu-
mina octahedral sheet sandwiched between two
silica tetrahedral sheets. Stacking of these layers
leads to van der Waals gaps (galleries).2–6 The excep-
tionally high-aspect ratio of clay platelets in nano-

scale enables enhanced properties to polymer/nano-
clay composites when compared with the pristine
polymer matrices, including higher modulus,7–9

increased thermal stability and conductivity,9–12

improved solvent resistance,13 and ionic conductiv-
ity,14 and enhanced self-passivation.15 In addition, it
is widely believed that polymer composites contain-
ing well-dispersed organoclay nanofillers show sig-
nificantly improved barrier properties due to an
increased tortuosity of the penetration path of an
ingressive fluid and improved hydrophobicity of the
polymer matrix.9,16,17 The performance of PI/nano-
clay composites vary widely depending on the level
of clay dispersion, the size of the alkylated ammo-
nium ions, the reactive functional groups present in
the clay, and the polymer matrix.18–22

Studies have been conducted with the aim of
improving the dispersion of clay in a polymer ma-
trix. Delozier et al.19 used in situ polymerization
technique to improve the elastic modulus and the
clay dispersion of PI/clay composites. Agglomera-
tion and poor dispersion of clay in the polymer ma-
trix were observed on the addition of clay to a fully
formed PAA (ex situ polymerization), and in situ
polymerization was proved to benefit the dispersion
of clay.19,20,23–25

In situ intercalation condensation polymerization
is used in this study to improve the dispersion of
layered-silicate clay in a PI matrix. Also present are
effects of varying clay content and imidization pro-
cedure on the dispersion and structure of clay in a
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PI matrix. PAA/nanoclay composites cured at a
moderate-to-high temperature, T � 150�C, contains
well-dispersed clays, composed of both exfoliated
and intercalated clays, which has not been fully
reported in the previous literatures. The effect of po-
lymerization time on the rheological behaviors of the
polymerizing 4,40-oxydianiline (ODA)/pyromelittic
dianhydride (PMDA) solution with and without clay
is determined and correlated with the synthesis con-
ditions. The presence of clay during condensation
polymerization was shown to expedite and improve
the polymerization of PI. An unusual optical activity
was discovered in the PAA/nanoclay suspension
prepared by a one-step in situ condensation interca-
lation polymerization due to the presence of radical
cations and terminal-conjugated structure in the PI
molecules. This phenomenon is similar to that exhib-
ited by a conjugated polymer such as doped polya-
niline and imparts possible application of PI/clay
coatings and thin films in the areas of corrosion inhi-
bition, chemical sensing, and related technologies.

EXPERIMENTAL

Preparation of PI/nanoclay composite coatings and
thin films

Cloisite 15A clay used in this experiment is natural
MMT clay modified with dimethyl dehydrogenated
tallow quaternary ammonium ion and was pur-
chased from Southern Clay Products. The mono-
mers, ODA (97%), and PMDA (99% pure) and sol-
vent 1-methyl-2-pyrrolidinone (NMP), were
purchased from Aldrich Chemical Company. To pre-
pare neat PI solutions, 0.025 mol of ODA was dis-
solved in 100 mL of NMP and placed in a three-
necked flask maintained at 10�C with stirring for 30
min followed by the addition of equimolar amount
of PMDA. Polymerization was carried out for a time
of 15 h under continuous stirring in a three-necked
flask. For the synthesis of PI/nanoclay composite
using in situ condensation polymerization method,
clay was mixed with ODA solution, and the set-up
was kept stirred for 6 h, followed by the addition of
equimolar PMDA and continuous stirring for 15 h.
The polymerization reaction took place at the pres-
ence of clay. The concentration of clay in the reac-
tion mixture was varied from 0.2 to 2 wt %. PAA/
clay composite solutions were also prepared for
comparison following the same route except that the
clay was added into the already fully polymerized
PAA solutions. Both the neat polymer and compos-
ite solutions prepared by in situ condensation poly-
merization were ultrasonicated for 5 min and then
cast onto glass substrates and rectangular steel
(Fe3C) coupons, followed by a curing procedure at
70�C under a vacuum atmosphere for 5 h. The cur-

ing temperature was subsequently raised to 150 (for
2 h) and 250�C (for 2 h), respectively (Fig. 1).

Characterization

The progress of condensation polymerization was
followed by a time-based viscosity measurement on
aliquots drawn from the polymerizing solutions. The
viscosity of the polymerizing solution was measured
as a function of polymerization time by using the
Brookfield Viscometer (DV I) at ambient tempera-
ture. The viscometer spindle speed was varied from
1 to 100 rpm. Attenuated total reflectance infrared
spectroscopy (FTIR-ATR) was used to determine
both the chemical structure of PAA and the extent
of imidization (EOI) of PI. Spectra of the coatings
and free-standing films were collected at a resolution
of 4 cm�1 after 32 scans per sample between 4000
and 400 cm�1. A background spectrum of a bare-
polished steel substrate was subtracted from the
acquired spectrum for the coating cast on steel.
The structure of clay was analyzed by conducting

wide angle X-ray diffraction (WAXD) measurements
using the Philips X-ray diffractometer at University
of Cincinnati. The X-ray diffractometer is equipped
with a Cu Ka radiation source. WAXD tests were

Figure 1 Preparation of PAA/nanoclay and PI/nanoclay
composites.

CONTROLLING THE STRUCTURE AND RHEOLOGY OF COMPOSITES E487

Journal of Applied Polymer Science DOI 10.1002/app



carried out at a wavelength of 1.54 Å between 2y
angle of 0.5� and 10� at a scan rate of 0.005�/s.

Differential scanning calorimetry (DSC) was car-
ried out at University of Cincinnati. About 5 mg of
each sample initially cured at 70�C for 5 h was
scanned from 25 up to 300�C at a heating rate of
10�C/min under nitrogen atmosphere. The thermo-
grams were used to measure the heat of polycon-
densation and imidization reactions and determine
the peak temperatures for the polymerization and
curing.

The morphology of the free standing films was
observed by using an FEI XL30 environmental scan-
ning electron microscope (ESEM) and transmission
electron microscopy (TEM). The SEM samples were
coated with silver to enhance conductivity, and mi-
croscopy was performed under the environmental
mode. Secondary electrons were collected at an
accelerating voltage of 20 kV. The ESEM pictures of
the cross-section of the films were examined at mag-
nification up to 100 k to gain an insight into the
structure and orientation of clay in the matrix. The
TEM samples were prepared with copper grids and

observed using A JEOL JEM 4000EX TEM at a volt-
age of 80 kV.

RESULTS AND DISCUSSION

Effect of nanoclay on the polymerization of PAA

Figure 2(a) shows the dependence of viscosity of the
polymerizing solution on the polymerization time of
ODA/PMDA at varying spindle speeds. The forma-
tion of PAA is marked by a drastic increase in the vis-
cosity of the polymerizing solution, which approaches
an asymptote at about 90 min of polymerization as
shown in Figure 2(a). The initial viscosity of the poly-
merizing solution also increases with increasing spin-
dle speed, indicating a non-Newtonian solution.
Shown in Figure 2(b) is the comparison of time-de-
pendent viscosity between ODA/PMDA solutions
with and without the presence of clay. The polycon-
densation of ODA and PMDA at the absence of clay
commences at a lower viscosity at short reaction times
(t � 30 min) and increases sharply to a maximum
value of over 1300 cP after 90 min. The ODA/clay/
PMDA system starts polymerization at a significantly
higher viscosity of about 1096 cP and only increased
slightly after a prolonged polymerization time (t � 90
min). The steady-state viscosity of the ODA/clay/
PMDA is significantly lower than that for ODA/
PMDA polymerizing solution. This result indicates
that the presence of clay exerts a great influence on
the polymerization of PAA and leads to a significant
decrease in the molecular weight of PAA. Possible
reasons involve the blocking effect of clay layers dis-
persed in the solution that hinders intimate contacts
between the monomers. Accordingly, the steady-state
shear viscosity may be considered as an indicator of
the clay dispersion, and lower ultimate shear viscosity
affirms a more exfoliated and more uniform disper-
sion of clay particles.
The interaction between clay and the polymerizing

PAA molecules was investigated using UV–vis. Fig-
ure 3(a) shows the UV–vis spectra for clay dispersed
in NMP, PAA-NMP solution, and PAA/nanoclay
composite synthesized by in situ condensation poly-
merization containing varying weight percent of
clay. All three spectra show strong absorbance in the
UV region between 250 and 420 nm, corresponding
to the PAA molecular structure. In addition, the
PAA/clay/NMP solution exhibits a characteristic
broad absorption between 420 and 600 nm repre-
sented by a peak centered in the visible region
around 525 nm, which is present in neither PAA nor
clay solutions separately. This absorption peak is
due to the p–p* transition of conjugated bonds
resulted from the interaction between PAA and the
organoclay. It is also associated with the presence of
a radical cation formed by the interaction of a

Figure 2 Change of shear viscosity as a function of poly-
merization time at varying spindle speeds for (a) PAA/
nanoclay 15A composite; (b) comparison of PAA and
PAA/nanoclay 15A during the polymerization of PAA.
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positive ion such as the alkylated quaternary ammo-
nium ion with the carboxylic group, resulting in
electron and charge delocalization.26

Further analysis shown in Figure 3(b) affirms this
hypothesis: the PAA/clay suspension prepared by
dispersing clay particles in fully polymerized PAA
solutions (ex situ) showed no UV–vis absorption
peak beyond 420 nm. However, the PAA/clay sys-
tem synthesized by a one-step in situ condensation
intercalation polymerization of PAA at the presence
of clay showed the characteristic broad absorption
peak around 525 nm. The intensity of this peak
increased expectedly with increasing weight percent
of clay. The origin of the absorption peak at 525 nm
is believed to be the interaction between the PAA
carbonyl group with the quaternary alkylated am-
monium ion present in the clay gallery as the ion
exchanger. Figure 4 shows the schematic representa-
tion of the interaction between the alkylated quater-
nary ammonium ion (Nþ)R4, which is the organic
modifier in Cloisite 15A clay, and the PAA carbonyl
C¼¼O, and the creation of equivalent resonance
structures of the conjugated double bonds. In this
manner, PAA is doped to form a conductive charge
transfer complex, and the compatibility of PAA and
organoclay is greatly enhanced, which leads to
highly and more uniformly dispersed clay structure.

Effect of nanoclay on the imidization
behavior of PI

Imidization of PAA and PAA/nanoclay composites
was performed at varying curing temperatures in
order to determine how these parameters affect the
EOI. A fully cured PI was obtained by heating PAA
film at 300�C for 10 h under vacuum atmosphere.
The characteristic IR absorption peaks and the corre-
sponding functional groups for PI and PAA are

Figure 3 UV/vis spectra of (a) pure PAA, PAA/Cloisite
15A composites, and dissolved Cloisite 15A in solvent
NMP; (b) UV/vis spectra of PAA/2 wt % 15A and PAA/
10 wt % 15A after in situ and ex situ polymerization.

Figure 4 Formation of the conjugated structure.
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tabulated in Table I.27 IR absorption spectra for
PAA/nanoclay composites cured at varying temper-
atures are shown in Figure 5(a). The characteristic PI
absorption peaks due to the cyclic imide carbonyl
were observed at 1778 and 721 cm�1. Another char-
acteristic PI absorption peak, due to the cyclic
CANAC tertiary amine functional group was
observed at 1378 cm�1. The cyclic imide carbonyl
absorption peak at 1778 cm�1 was used to calculate

the EOI in this study. The imide group absorption
intensity was normalized using the benzene group
absorption band at 1495 cm�1. The EOI was calcu-
lated by using eq. (1), where ‘‘100%’’ refers to the
fully cured PI.28

a ¼ Himide=Hbenzene

Himide100%=Hbenzene100%
(1)

As shown in Figure 5(a), the intensity of the
absorption peak at 1778 cm�1 increased with increas-
ing imidization temperature. The EOI of PAA/nano-
clay coatings was found to be about 10% at 70�C
and increased to about 25% at 110�C [Fig. 5(b)]. It,
however, increased sharply to between 70 and 95%
at 150�C for clay loading ranging from 2 to 20 wt %.
A further increase in the curing temperature from
150 to 250�C resulted in only a moderate increase in

TABLE I
ATR Peak Assignment for Polyimide

Frequency (cm�1) Assignment

1495 Stretch (C¼¼CAC) of aromatic ring
1778 Vibration (C¼¼O) of imide
721 Stretch (C¼¼O) of imide
1378 Vibration (CANAC) of imide
588 Asymmetric stretch (CANAC) of imide
1655 C¼¼O of amide

Figure 5 (a) ATR spectra of PAA/2 wt % 15A solution cast at (I) 70, (II) 110, (III) 150, (IV) 200, and (V) 250�C; (b) effect
of temperature on EOI of PI.
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EOI to about 91–100%. As summarized in Figure
5(b), the calculated EOI showed a moderate increase
at curing temperatures below 110�C and a sharp and
dramatic increase between 110 and 200�C and finally
a slow and marginal increase between 200 and
250�C.

EOI was calculated for PI/nanoclay composite
coatings containing different clay loadings cured at
150�C as shown in Figure 6. EOI increases with
increasing concentration of clay and reaches a value
of about 88% for PI/nanoclay composite containing
20 wt % clay. The result indicates that the incorpora-
tion of clay into PAA by in situ condensation poly-
merization significantly improved the EOI of PI in
agreement with the literature.22 This increase in the
presence of clay has been reported to result from
higher surface area, which acted as available active
sites for dehydration and the cyclization reactions.29

It is also indicative that clay lowers the activation
energy for imidization by facilitating the formation

of hydroxonium ion, which is a better leaving group
than the hydroxyl group.
The thermodynamics reason for this improvement

was investigated using DSC for both PAA samples
with and without clay incorporation. Shown in Fig-
ure 7(a) are the first traces of the DSC thermograms
for neat PI and PI/nanoclay composites containing
varying weight percent of clay. A characteristic
endothermic peak was observed at about 140–170�C
due to cyclodehydration (imidization) reaction, with
the peak temperature decreasing in the presence of
clay. Also investigated was the area under the imid-
ization endothermic peak for each sample as it was
indicative of the EOI reaction. The addition of clay
was observed to result in increased imidization
endotherm as tabulated in Table II from 4371 to
10,236 J/g as clay content was increased from 0 to
20 wt %. It can be concluded that the presence of
clay lowers (i) the imidization temperature and facil-
itates the imidization reaction of PAA and (ii)
improves the EOI as shown by the increasing endo-
thermic energy associated with imidization. Both
phenomena are in agreement with the trend estab-
lished earlier using infrared spectroscopy.

Effect of in situ condensation polymerization on
the structure of clay

WAXD was used to detect the clay structure in clay
powder, solvated clay by NMP, and PAA/clay com-
posites cured at different temperatures. Shown in
Figure 8(a), the powdered clay had three diffraction
peaks at 2y angles of 2.8�, 4.5�, and 7.2�, correspond-
ing to the d001, d002, and d003 reflections of the clay d-
spacing, respectively. The position of the clay dif-
fraction peaks seems to have shifted as a result of
mixed-layering of clay.30�32 The WAXD spectrum
for NMP-solvated clay, which was baked thereafter
at 70�C for 2 h, showed a single broadened and
weak primary peak also at 2y of 2.8�. This result
affirms that the addition of solvent has little influ-
ence on the mean d-spacing of clay. The drastic
broadening and decrease in the intensity of this d001
peak suggest highly disordered clay structure associ-
ated with wide d-spacing distribution due to the
imbibing of NMP. The solvated clay baked at 250�C

Figure 6 EOI for PAA/15A composites containing vary-
ing concentrations of 15A cured at 150�C calculated from
ATR spectroscopy.

Figure 7 (a) DSC of PAA films containing 0, 2, 5, 10, and
20 wt % clay cured at 70�C.

TABLE II
Effect of Clay on the Heat and Temperature of Imidization

Clay concentration (%)
Endothermic
energy (J/g)

Peak imidization
temperature (�C)

0 4371.45 167.12
2 5483.53 162.64
5 6009.29 141.90
10 6635.96 148.47
20 10236.54 148.29
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showed two distinctive diffraction peaks at 2y of
2.3� and 6.3�, respectively. The low-angle WAXD
peak was broadened and shifted from 2.8� to 2.3�,
corresponding to an increase in the gallery distance
of 6.9 Å (31.5–38.4 Å). Highly intercalated and ori-
ented clays were proved to present as shown by the
well-resolved peak around 6.3�. This high-angle
WAXD peak may reflect the narrowed clay gallery
spacing as a result of partial degradation of the alky-

lated quaternary ammonium ion during heating up
to 250�C.
The WAXD spectra for PI/nanoclay composite

coatings cast on steel coupons and cured at varying
temperatures are shown in Figure 8(b).
The low-angle d001 peak was shifted from 2.8� to

2.6�, 2.2�, and 2.1� for PI/nanoclay composite coat-
ings cured at 70, 150, and 250�C, respectively, corre-
sponding to d001 of 34.0, 40.1, and 42.2 Å, respec-
tively. In comparison with the NMP-solvated clays,
the clay d-spacings for the PI/nanoclay composites
cured at the same temperatures are significantly
larger, due to the insertion of PI into the clay gallery,
which leads to better mixing and dispersion of clay
in polymer matrix. Therefore, the broadening is
attributed to a combination effect of (i) imbibing sol-
vent and polymer molecules in the clay galleries and
(ii) the toughening and expansion of PI molecules
inside the galleries due to heating as PAA turns to
PI at 250�C.
The co-existence of both low and high 2y peaks in

Figure 8(b) for PI/nanoclay composites suggests the
presence of both highly intercalated (or exfoliated)
clays and the clays with narrow d-spacing. The latter
has been previously reported for polymer/nanoclay
composites.21 Literature reports claimed that the
decomposition of the alkylated quaternary ammo-
nium ion occurred at elevated curing temperatures
and resulted in the narrowing of the clay gallery
spacing. However, this is only true for the uninterca-
lated clays.21 The gallery spacing for the PI-interca-
lated clays during in situ condensation polymeriza-
tion followed by imidization does not decrease,
because the PI intercalate is thermally stable up to
600�C under nitrogen atmosphere.
In this study, the low 2y d001 peaks located

between 2� and 3� represent the PI-intercalated clays
in the composites. As the curing temperature was
increased to 250�C, the conversion of PAA into PI is
nearly complete, resulting in stiffer and tougher PI
matrix. As previously mentioned, the galleries for
this group of intercalated clays broaden due to the
insertion of both solvent and PAA molecules and
the toughening of the intercalated polymer mole-
cules during heating. For the high 2y peaks, which
stand for the unintercalated clays, a comparison of
250�C-cured solvated clays with and without PAA
insertion [Fig. 8(a) (III) vs. Fig. 8(b) (IV)] shows the
effect of PAA on the unintercalated clays apart from
the decomposition of clay ions due to heating. The
composite sample has a narrower d-spacing than the
NMP-solvated clay heated at the same temperature
as shown by the high 2y angle (6.3� vs. 6.7�). There-
fore, the narrowing of the unintercalated clay spac-
ing is due to both decomposition of clay ions and
the squeezing effect of the surrounded stiff PI mole-
cules at elevated temperatures.

Figure 8 WAXD patterns for (a) (I) clay powder and sol-
vated clay baked at (II) 70 and (III) 250�C; (b) (I) clay pow-
der, and PAA/20 wt % clay composites cured at (II) 70,
(III) 150, and (IV) 250�C; (c) clay powder, and 250�C-cured
PAA/clay composites containing (II) 2 wt %, (III) 10 wt %,
and (IV) 20 wt % clay.
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In addition, PI/nanoclay composites have higher
intensity ratios of high-angle peaks (2y � 6.1�) to
low-angle peaks (2y � 2.8�) than those for the NMP-
solvated clays baked at the same temperatures. This
phenomenon as well as the significant shift in the
d001 peak to lower angles is due to increased extent
of intercalation and orientation of clay in the pres-
ence of judiciously processed PI. In situ polymeriza-
tion and the following curing at elevated tempera-
tures are proved to produce highly intercalated or
exfoliated and unintercalated but oriented clays.

Figure 8(c) shows that lowering the clay concen-
tration tends to improve the intercalation of clays.
This phenomenon is also affirmed by using micros-
copy techniques.

Morphology and structure of PI/nanoclay
composites

The SEM micrographs shown in Figure 9 indicate
increasing reinforcement density and alignment of
clay with increasing weight percent of clay. The

SEM micrographs for clay/PI composites containing
lower clay concentration [Fig. 9(a,b)] show evidence
of delamination of clay platelets in agreement with
the WAXD results [Fig. 8(c)].
The TEM images shown in Figure 10 of the free

standing films prepared from PAA/organo nanoclay
composites cured at 70 and 250�C affirm the result
obtained in the WAXD analysis of a co-existence of
both highly intercalated (or exfoliated) and uninter-
calated (but oriented) clays. The image for the sam-
ple cured at 70�C is indicative of PAA-intercalated
stacking clay structure with a gallery spacing of sev-
eral nanometers. The clay stacks are aligned and dis-
persed in the matrix, while the clay stacking appear
to be more compacted for the PI/nanoclay sample
cured at 250�C, in which both clays with narrowed
d-spacing and exfoliated layers can be observed.

CONCLUSION

In situ condensation polymerization of PAA in the
presence of clay results in a relatively lower reaction

Figure 9 SEM pictures of (a) PAA/2 wt % 15A, (b) PAA/10 wt % 15A, and (c) PAA/20 wt % 15A produced by in situ
condensation polymerization and a following curing at 250�C.
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solution viscosity, which facilitates processing and
produced PAA/nanoclay composite solutions with
interesting optical activity in the visible region of the
solar spectrum. The interaction between organoclay
and the polymer matrix is suggested during the po-
lymerization procedure. The dispersion of clay indi-
cated by the d-spacing of clay and the viscosity of
the PAA/nanoclay solution is significantly improved
by in situ condensation polymerization method. The
clay gallery spacing increased with decreasing
weight percent of clay and increasing curing temper-
ature for the PI/nanoclay coatings and thin films.
Imidization of PAA is completed at lower curing
temperature T � 150�C and shorter curing times in
the presence of clay. The PI/nanoclay composite
coatings show two sharp and intense diffraction
peaks both at low diffraction angles (2y < 3�) and
high angles (2y � 6� < 7.2�) suggesting the existence
of highly intercalated and oriented clays. Exfoliation
of clay is more prominent at lower weight percent of

clay (lower than 10 wt %). SEM and TEM micro-
graphs indicate that the composites contain clays
that are highly intercalated and oriented.
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