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ABSTRACT: Synthesis and rheology of poly(amic acid)–organoclay hybrids were studied
in order to address the molecular chain ordering and its relationship with clay particles
in the prepolymer. The poly(amic acid) was prepared from oxydianiline and pyromellitic
dianhydride solution in N-methylpyrollidinone with exfoliated montmorillonite. The
composite solution was mixed to the nanoscale level, and the extent of defoliation and
phase separation were studied using X-ray diffraction, transmission electron micros-
copy, and differential scanning calorimetry. Linear viscoelasticity was used to examine
the influence of increasing extent of organoclay. The gelation time of the prepolymer
decreased exponentially with increasing clay content. Scaling behavior by power law
frequency independence at gel point was found (G9 } G0 } v0) from slopes of storage and
loss moduli. The power law exponent n was found to be about 0.5. At low organoclay
concentrations, the gel becomes stiffer and gel strength rises with the concentration. At
higher concentrations, the gel becomes weak, gel strength decreases, and phase sepa-
ration seems to take place, possibly due to organoclay aggregation. The study suggests
that linear viscoelasticity can be used to understand the evolution of molecular order in
prepolymers of polyimide and its clay hybrids. © 2001 John Wiley & Sons, Inc. J Appl Polym
Sci 80: 592–603, 2001
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INTRODUCTION

Polyimides, comprising planar rigid groups inter-
connected through fixed bond angles, exhibit less
chain flexibility resulting in high softening tem-
perature, thermal resistance, and mechanical
properties. Thus polyimides are one of the most
frequently used polymers in microelectronics, em-
ployed as high-temperature insulators and dielec-
trics.1,2 Addition of smectic organophilic clay has

been reported to improve gas barrier and thermal
expansion properties of rigid polyimide even fur-
ther. Clay minerals consisting of stacked silicate
sheets of nanometer dimension, as montmorillon-
ite, have been extensively used in making of clay–
polymer hybrids.3–7 Polyimide–montmorillonite
hybrids were initially synthesized by Yano et
al.8,9 and Lan et al.10 from poly(4,49-oxydiphe-
nylenepyromellitamic acid).

Formation of polyimide or clay–polyimide sys-
tems from poly(amic acid) shows a phase transi-
tion behavior11 as the homogeneous solution of
the dianhydride and amine gels and solidifies into
an imide as a function of time or temperature or
both. Phase transitions often show scaling behav-
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ior as a function of main physical properties.12

The scaling theory13 assumes that the character-
istic properties are self-similar functions of inde-
pendent variables. From a mathematical point
of view, self-similarity implies scaling through
power-law dependence. In the last decade, dy-
namic mechanical experiments have been used to
obtain intermediate models of viscoelasticity,14,15

which generalize the classical spring and dashpot
models16–18 and reduce them to scaling laws. Ap-
plication of such scaling laws to the earlier stages
of phase transition in prepolymers of polyimide
and clay hybrids are of interest here.

Semicrystalline polymers have been reported
to respond sensitively to early stages of molecular
ordering during crystallization19,20 and such
early stages can be modeled as a physical gelation
process.21 In such cases motions of groups of mol-
ecules correlate and the divergence of growing
correlation length is considered as physical gel
point. Using crosslinking polymers, initially Win-
ter used scaling laws to develop a mechanical
definition of the gel point22 for chemical gels. The
resulting linear viscoelastic gel equation has a
finite strain measure that relates the instanta-
neous stress tensor with the strain history23–25:

s~t! 5 2S E
2`

t

~t 2 t9!2n


t9 ~C21~t9!! dt9 (1)

where s(t) is the stress tensor, C21 (t9) is the
Finger strain tensor and its gradient applicable in
the range of 2` , t9 , t, t and t9 are the present
and past times, S is the gel strength parameter,
and n is the relaxation exponent. Stoichiometri-
cally balanced end-linking networks were found
initially to relax with n 5 0.5,23 while stoichio-
metrically unbalanced networks relax with n in
the range of 0 , n , 1.24 Therefore, experimen-
tally n is not constant and is related to the specific
nature of each gelling system.26 With two mate-
rial parameters, S and n, the linear viscoelastic
behavior at the gel point, as found in chemical
gels, can also be applied to physical gels.21

Equation (1) is applicable to shear flow gel
point on the basis of the assumption that the
linear viscoelastic oscillatory shear storage,
G9(v), and loss, G0(v), moduli are congruent, and
is described by the scaling relation:

G9~v! } G0~v! } vn (2)

Using the Boltzmann superposition principle,22

the storage and loss moduli of the complex shear

modulus G* are related to the time-dependent
modulus of linear viscoelasticity via the following
Fourier transform:

G* 5 iv E
0

`

exp~2ivt!G~t! dt (3)

Thus, at gel point in oscillatory shear, the dy-
namic moduli represent a scaling relationship
with frequency

G9 5
G0

tan d
5 SG~1 2 n!vncos d (4)

where G(1 2 n) is the g function and is the phase
angle in linear viscoelasticity. As a consequence of
power-law dynamics, the loss tangent should be
frequency independent and proportional to the
relaxation exponent21,27–29:

tan d 5 tanSnp

2 D (5)

It has been shown that a power-law stress relax-
ation behavior depicts the fractal time behavior
implying processes without a characteristic time
scale.30 Thus Winter’s scaling law has been used
to probe the cluster size during gelation. The re-
laxation exponent is linked to the self-similar
fractal dimension near the gelation threshold and
in some cases it is found that the stoichiometric
ratio or the crosslinker content influence the re-
laxation exponent and thus fractal geometry.30–32

The aim of this paper is to develop an understand-
ing of the molecular ordering process in the pre-
polymer, poly(amic acid), involving organophilic
clay with the help of the self-similar scaling law
as the prepolymer evolves into a highly ordered
polyimide–organoclay hybrid.

In this work, X-ray diffraction (XRD) and
transmission electron microscopy (TEM) were
carried out to determine the dispersion of clay in
polymer matrix. Differential scanning calorime-
try (DSC) was performed to study the effect of
clay on imidization condition (temperature, heat
of reaction). Oscillatory shear measurements
were made to examine how the clay affects the
rheological characteristics, such as the gelation
time and the gel strength.

EXPERIMENTAL

Materials

Organically modified montmorillonite, Cloisite
30B, which has organic salt of di-tallow methyl
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dihydroxyethyl ammonium, average dry particle
size of less than 13 m, and 53% inorganic content,
was provided by Southern Clay Products. The two
hydroxyethyl groups lend polarity compatible to
polyimide (polar) solvents. 4,49-Oxydianiline
(ODA), pyromellitic dianhydride (PMDA), and the
polar solvent N-methyl-2-pyrrolidinone (NMP)
were purchased from Aldrich Chemical Co.

Preparation of Polyimide–Oragnoclay Hybrid

The polymer–organoclay hybrid containing 1%
organoclay was prepared following the method of
Yano et al.8,9 with slight modification of the sol-
vent as instead of dimethylacetamide, NMP was
used. The amount of 2.01g of organoclay and
27.99 g of NMP were stirred by an impeller mixer
at 90°C for 1 h, thus providing a well-dispersed
and stable 6.7% NMP dispersion of organoclay.
NMP solution of poly(amic acid), poly(4.49-oxydi-
phenylenepyromellitamic acid), was prepared by
mixing 15.36 g of NMP and 1.47 g of ODA at 30°C
for 30 min, adding 1.54 g of PMDA to this solu-
tion, and stirring for 1 h. Next, 0.42 g of the NMP
dispersion of organoclay was added to the previ-
ous solution and stirred at 30°C for 4 h to obtain
poly(amic acid)–organoclay solution (PAA).

Three grams of the poly(amic acid)–organoclay
solution was spread on a glass dish and heated at
60°C for 30 min and at 95°C for 90 min under 76
mm Hg in a vacuum oven, resulting in a 0.05 mm
film of poly(amic acid)–organoclay hybrid
(PAAF). Precure at 95°C ensures that the decom-
plexation usually found in poly(amic acid) films
prepared at low cure temperatures was sup-
pressed.33 Curing at 95°C also places the molar
ratio of the solvent NMP to less than one,33,34 and
thus there is around 30%35 free NMP left in the
sample to allow “plasticization” of the poly(amic
acid) once decomplexed. Alternatively, the PAAF
films were additionally cured at 250°C for 30 min
under nitrogen to obtain polyimide (PI), poly(4,49-
oxydiphenylenepyromellitimide). The composi-
tion of organoclay in PAA and PAAF is shown in
Table I.

Characterization

XRD was carried out on PAAF and PI using a
Rigaku D/MAX-IIIC X-ray Diffractometer (40 kV,
45 mA) with Cu-Ka in transmission mode. TEM
was conducted using Jeol JEM-2000EXII at an
acceleration voltage of 200 kV. The TEM carbon-
coated copper grids were coated with poly(amic

acid)–organoclay hybrid and cured at conditions
listed above for imidization. DSC analysis of the
clay–polyimide hybrid was performed with DSC
2010 of TA Instruments. Two milligrams of PAAF
was equilibrated for 30 min at 25°C followed by
heating runs between 25 and 350°C at 10°C/min.

Oscillatory shear measurements were per-
formed on a Rheometrics Mechanical Spectrome-
ter RMS-800 with a modified cup and plate geom-
etry having a 25 mm diameter ringed lower plate,
which prevents the PAA from flowing out. To
correct for the ring, a correction factor can be
used.36 Oscillatory shear time sweep experiments
were performed at a frequency of 0.1rad/s and
strain of 1.25%. Frequency sweep experiments
were carried out at a 1.25% strain in a frequency
window of 0.01–100 rad/s at 50°C. Experiments
were performed at 50°C, which involves the ring
opening process in the conversion of the anhy-
dride and amine into poly(amic acid). Condensa-
tion at elevated temperatures prevents rheologi-
cal measurements under such conditions.

RESULTS AND DISCUSSION

X-Ray Diffraction

Figure 1 shows the X-ray diffraction curves of
pure polyimide, PAAF hybrids containing 1-14%
organoclay, and the organoclay (Cloisite 30B)
powder. Clay powder shows a 001 peak at 2u
5 4.8° corresponding to an interlayer spacing of d
5 18.3 Å; however, the hybrids show no 001 peak.
Absence of 001 and subsequent peaks is inter-
preted as homogeneous defoliation and dispersion
of silicate layers into the polyimide matrix.8,9,37

Pure polyimide has a characteristic peak be-
tween 6.1° and 6.5° in the 2u range of 3°–10°.
Though hybrids show no clay peak, another peak

Table I Composition of Organoclay in
Poly(amic acid)–Oragoclay Solutions (PAA) and
Poly(amic acid)–Organoclay Films (PAAF)

Organoclay in PAA
(%)

Organoclay in PAAF
(%)

0.00 0.0
0.15 1.0
0.30 2.0
0.97 6.0
1.51 9.0
2.24 14.0
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reappears in 9 and 14% hybrids. This indicates
clay disperses into the polyimide matrix but at
higher concentrations a possible realignment or
reemergence of polyimide structure takes place.
Results, similar to ours, can also be seen in the
study by Yano et al.,8,9 though their conclusions
are different. This reappearance can be due to
relamination of the silicate layers or due to the
ordering of PI chains. The latter possibility would
imply that the 2u peak at 6.1°–6.5°, or a d spacing
of 13–14 Å, corresponds to the repeat distance
along the preferred orientation of the molecular
chain within PAAF. This preferred orientation in
the PAAF also retains in the PI,35 and our results,
though not reported here, show the same. It can
be concluded that a small amount of clay tends to
suppress the small angle 2u peak of polyimide
that reappears at larger additions.

Figure 2 shows XRD of polyimide, organoclay,
and 1% organoclay hybrid in the region from 2u
510°–100°. The 002 and subsequent peaks of clay
disappear in 1% hybrid. However, in the PAAF
amorphous halo35,38 peak remains. This is char-
acteristic of isotropic orientation and the absence
of crystalline order.

Transmission Electron Microscopy

A transmission electron micrograph of 2% organo-
clay hybrid film is shown in Figure 3(a) where the

dark lines are clay layers. This micrograph shows
layers of clay are dispersed homogeneously into
the polyimide matrix.

Figure 3(b), a micrograph of 14% organoclay
hybrid, however, shows two phases. One phase
consists of the aggregation of defoliated layers
into a separate phase also containing polyimide.
The other phase appears as pure polyimide.
These separations may explain the reemergence
of the polyimide XRD peaks in hybrids of higher
concentration. They also help us understand why
no clay peak is found in XRD of highly concen-
trated hybrids because the aggregated (clay–poly-
imide separated) phase still contains defoliated
layers. On the other hand, the appearance or sup-
pression of the small angle polyimide peak led
Yano et al.8,9 to conclude incomplete dispersion
from a peak at d 5 17.6 Å due to aliphatic chain
incompatibility. But our XRD results showed a
polyimide peak at d 5 14 Å, also corroborated
from our TEM results. Therefore, we can conclude
that clay layers aggregated and formed a clay–
polyimide separated phase. As a result, the hy-
brids of higher concentration tend to show resur-
gence of polyimide 6.1°–6.5° peak.

Differential Scanning Calorimetry

Imidization peak temperatures obtained from
DSC traces of PAA and 1;14% organoclay PAAF
hybrids are shown in Figure 4. The imidization

Figure 2 X-ray diffraction curves at 2u 5 10°–100°
for (a) organoclay, Closite 30B, (b) pure polyimide, and
(c) 1% organoclay hybrid.

Figure 1 X-ray diffraction curves at 2u 5 3°–10° for
(a) organoclay, Closite 30B, (b) pure polyimide, and
hybrids with (c) 1, (d) 2, (e) 6, (f) 9, and (g) 14% organo-
clay.
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temperature Ti, usually characterized by a peak
in the imidization curve, shows little variation
with clay content. Ti is nearly constant with re-
spect to clay concentration. This indicates molec-
ular architecture of hybrid is not changed by clay
addition. Usually, Ti changes if the molecular
structure is changed.

The reaction enthalpy DH was calculated from
the start of the imidization temperature. In con-

trast to Ti, DH decreases exponentially with in-
creasing clay content (Fig. 4), and seems to sug-
gest that imidization reaction and molecular or-
dering is influenced by clay. This result can be
explained as follows.

The exfoliated silicate layers provide large sur-
face area as active sites for promoting the dehy-
dration and imide ring closure reaction.37 In other
words, the modified clay appears to act as a cat-
alyst promoting the reaction rate. Fourier trans-
form infrared analysis on the PMDA–ODA–clay
system has been shown to improve reaction rates
up to 7% of clay concentration.37 Our activation
energy calculations from thermograms show sim-
ilar results. Beyond 6–8% there is not much im-
provement in the heat of reaction or rate of imi-
dization. Instead, the decline in DH indicates that
additional clay particles hinder strong molecular
ordering of PAAF. Our results with clay seem to
suggest an increased obstruction to crystalliza-
tion during imidization that is in addition to the
structural irregularity attributed to the para and
meta pyromellitamic units along the PAAF
chain.35,39

The decrease in DH found in this study is anal-
ogous to the effect of high molecular weight linear

Figure 3 Transmission electron micrograph of polyimide–organoclay hybrid films at
(a) 2 and (b) 14% organoclay concentrations.

Figure 4 Experiments heat of reaction DH and imi-
dization temperature Ti vs organoclay concentration
during imidization of poly(amic acid) and its hybrids.
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chains when blended into a short chain crosslink-
ing system, a rod-like polyimide containing a benz-
hydrol unit.40 Bulky substituents to the polyimide
ring reduce intermolecular forces between imide
chains due to looser packing; therefore the ten-
dency to crystallize is lowered. Substituents cre-
ate steric effect hindering dense packing and act-
ing as spacers for the polymer molecule.40

Though the reaction rate is improved, the clay
does not change polyimide molecular structure.
Scanning calorimetry results are being taken in-
creasingly as a confirmation test for clay–polymer
structure on the nanoscale41,42; especially, the
disappearance of the melting peak is taken to
establish formation of what is called a nanocom-
posite. For example, it has also been reported for
polystyrene41 and polyethylene oxide nanocom-
posites43 that the glass transition peak disap-
pears due to inhibition caused by inorganic layers
restricting large domain formation. Thus a clay–
hybrid study44 reports that melting temperature
Tm and heat of fusion decrease with increasing
clay content. Also, DHm is shown to have a very
weak relationship with clay content. Another
study,45 shows that DHm decreases with increas-
ing clay content and Tm is nearly constant. It
should be pointed that these studies involve ther-
moplasts, and DHm is based upon the melting
process, while our study concerns an imidization
reaction leading to an highly ordered state of ex-
tended chains in PAAF imidizing to become PI. In
other words, our imidization peak is not melting
peak but instead represents the molecular chain
ordering.

Rheology

The complex viscosity, obtained from linear oscil-
latory shear, after a time sweep of 2 h for various
organoclay PAAs, is shown in Figure 5. Extreme
shear thinning behavior with a power-law index
of 0.2–0.3 indicates that at 50°C the gels are still
weak enough to yield at high shear. It is interest-
ing that an over 1.5% clay concentration the or-
ganoclay PAA shows lower viscosity similar to the
pure PAA. A time sweep of pure 0.15 and 2.24%
organoclay PAA at 50°C shows crossover in G9
and G0 for low concentrations (Fig. 6). A relatively
low temperature was chosen to obtain a large
time range for experiments. We try to address the
linear viscoelastic behavior in terms of the gel
point.

Chambon and Winter22 used the evolving re-
laxation time spectrum and universality for rheo-
logical behavior at the gel point. This implies the
self-similarity of the structure, linked to linear
viscoelastic moduli, follows power law in a fre-
quency sweep experiment. By universality it
means that both physically and chemically
crosslinking materials can be described in terms
of solution–gel dynamics.

An accurate estimation of the gel point and
relaxation behavior as expressed in the relaxation
exponent n for chemically or physically gelling
systems can be made by a frequency-independent
value of tand obtained from a multifrequency plot
against gelation time, temperature, or concentra-
tion of the reactants.19, 25, 46 An alternative, and
equivalently accurate, method is the estimation of

Figure 5 Complex viscosity vs frequency for pure
PAA and organoclay PAAs at different concentrations
at 50°C after 7200 s in linear viscoelastic oscillatory
shear time sweep at 1.25% strain and 0.1 rad/s fre-
quency.

Figure 6 Oscillatory shear storage modulus (filled
symbols) and loss modulus (unfilled symbols) vs time
measured at 50°C, 1.25% strain and 0.1 rad/s frequency
for pure PAA, 0.15 and 2.24% organoclay PAA.
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slope of G9(v) and G0(v) curve, and plotting the
slopes n9 and n0 at various pre- and postgel
stages. Figures 7(a)–(c) show results of frequency
sweep experiments performed at various stages of
gelation for pure and organoclay hybrids. The
congruency of G9 (v) and G0(v) at shorter times

shows the applicability of Winter’s criteria, and
allows the calculation of Winter’s power-law in-
dex n and the gelation time.

The gel point (time) is obtained when the cal-
culated n9 and n0 crossover at a single point.47

Being a stoichiometrically balanced system,25,47

Figure 7
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the gel point is obtained, in all cases except 2.42%
hybrid, near the crossover in G9(t), G0(t) curves, as
shown in insets to Figures 7(a)–(c). Similarly, the
gelation time was obtained for various clay con-
centrations [Fig. 8(a)]. The decay is exponential
with increase in clay content, that implies a small
amount of organoclay drastically decreases the
gelation time.

The power-law index remains around 0.5 up to
1.5% organoclay in the PAA [Fig. 8(b]. Similar
values have been reported for polydimethylsilox-
ane24 and polyurethane.23 The value of n is theo-
retically to vary between 0 and 1 as the phase
angle in linear viscoelasticity experiment varies
from 0 to p/2. This helps characterize the rheology
from being purely viscous to purely elastic solid.26

The n depends on the molecular characteristics,
stoichiometric ratio, and gelation conditions.48 In
the case of the poly(amic-acid)–organoclay hy-

brid, the stoichiometric concentration of the pre-
polymer (oxydianiline and dianhydride) was kept
constant; the amount of solvent was also kept the
same. The percentage of organoclay was in-
creased from 0 to 2.24 in order to observe the
influence of organoclay on the PAA.

Various interpretations of the power-law index
have appeared in literature31,32,49–51 Short chains
are supposed to give n around 0.7 and long chains
around 0.5.31 The nonuniversality of n has been
related to intermolecular interactions such as en-
tanglements and branching, which are ignored
instead due to mathematical complexity.48 The n
has been found to depend on the molecular weight
in particular.52 The reduction in n can imply in-
creasing fractal size.32,47,48

It has been reported that decrease in n may
arise due to presence of silicate fillers providing
physical crosslinks existing for a finite life time at

Figure 7 (a) G9(v), filled symbols, and G0(v), unfilled symbols, vs frequency at various
curing times for pure PAA. Data shifted: t 5 1650, A 5 0; t 5 2060, A 5 0; t 5 2229, A
5 1021; t 5 2252, A5 1022; t 5 2602, A 5 5 3 1024; t 5 3200, A 5 1024; t 5 3720, A
5 1025. Inset shows the slope n9 and n0 against time. (b) G9(v) and G0(v) vs frequency
at various curing times for 0.3% organoclay PAA. Data shifted: t 5 116, A 5 0; t 5 653,
A 5 1021; t 5 809, A 5 7.5 3 1022; t 5 1020, A 5 5 3 1023; t 5 1200, A 5 1023; t 5 2400,
A 5 1024; t 5 3300, A 5 1025. Inset shows the slope n9 and n0 against time. (c) G9(v)
and G0(v) vs frequency at various curing times for 2.24% organoclay PAA. Data shifted:
t 5 620, A 5 0; t 5 1205, A 5 1021; t 5 1779, A 5 1022; t 5 2222, A 5 1024. Inset shows
the slope n9 and n0 against time.
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the gel point thus creating a denser structure.49

Studies on chemical gels show that concentration
of both the polymer and the crosslinking agent
influence n and S.27,47 For chemical gels in cross-
linking systems26 higher polymer or crosslinker
concentration are reported to enhance entangle-
ment and thus decrease n. At fixed polymer con-
centration, the rise in crosslinker also reduces
n.47 Essentially, there is little evidence that ac-
tual cross-linking takes place even in imidization
of PAAF into PI films at higher temperatures.53,54

Usually fillers and crosslinking agents increase
gel strength up to a certain limit. Additions be-
yond that limit do not improve gel strength but
also do not decrease the gel strength.23,47 This

issue can be addressed by examining the gel
strength parameter S. From n it is possible to
obtain S at a given value of G9(v) at the gel point;
an average value of the moduli was used to avoid
greater errors.26 Organoclays seem to enhance
prepolymer gel strength [Fig. 8(c)].

For chemical gels, with constant n, increasing
crosslink density increases the gel strength.32

Our results are thus consistent with some of
chemical gels. The rise indicates that the organo-
clay improves S. Enhancement of crosslinking
density, in addition to entanglement coupling, is
related to the increased S for chemical gels23,32

and thus a “harder” gel is supposed to be
formed.47

Figure 8 (a) Gelation time versus organoclay concentration in PAA. (b). Relaxation
exponent n vs organoclay concentration in PAA. Black circles are for gelation time from
G9(v) and G0(v) congruency and open symbols are from gelation time for critical gel. (c)
Gel strength S vs organoclay concentration in PAA with relaxation exponent calculated
from congruent frequency sweep data. (d) Gel strength S versus organoclay concentra-
tion in PAA with relaxation exponent calculated from critical gel estimates.
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As noted earlier, for the case of high concentra-
tion, that is for 2.24% organoclay, the linear vis-
coelastic time sweep experiment (Fig. 6) does not
show a crossover and the storage modulus is
higher than the loss modulus right from the be-
ginning of the experiment. In such situations it is
customary in gelation rheology to apply the crite-
ria G9 ; G0 ; vn, which means identifying the
critical gelation time when slopes of noncongru-
ent G9(v) and G0(v) are equal.32,49 We note that
application of this criteria is not only possible for
2.24% organoclay hybrids but also for lower clay
concentrations and pure PAA. Figure 8(b) also
shows the critical gelation relaxation exponent for
the pure and organoclay PAAs. As a critical gel,
the relaxation index is found to be slightly in-
creasing with clay concentration but still negat-
ing existence of crosslinking effect. The gel
strength obtained from these exponents is shown
in Figure 8(d). Upto 1.5% organoclay PAA, the gel
strength rises; however, at 2.24% the strength
drops by a quarter, indicating structural rear-
rangement taking place in the gel. Also, from time
sweep experiments (Fig. 6) it appears that the
addition of clay improves the short time modulus
while at higher concentrations the long time mod-
ulus does not improve. In that sense a large
amount of organoclay acts as inert substance.

In one study the gel strength has been found to
decrease monotonically with increasing concen-
tration of the inert component.31 As is the case
here, high concentrations of inert component has
previously been shown to result in rather weaker
gels.

In another case of the crosslinking system im-
bedded with a linear chain polymer, the decrease
in gel strength too has been attributed to phase
separation.49 In an earlier section we see from the
TEM that at 14% clay in imidized PAAF (2.24% in
PAA) the defoliated clay layers tend to aggregate
or relaminate with a secondary phase of the poly-
imide segregating along with the clay layers. It is
deduced from the sudden drop in gel strength,
observed in the liquid-phase organoclay–PAA,
that this aggregation may ultimately show its
effect in the solid-phase films as well. The second-
ary phase acts as a diluent of the primary phase
with the aggregated layers unable to resist the
flow as much as the low concentration, but defo-
liated, layers do.

Thus low organoclay concentrations seem to
influence the gel strength parameter more than
the high concentration where physical junctions
increase modulus and provide spectrum domi-

nated by storage moduli though for a finite life-
time.49 This drastic change in behavior at the gel
level also explains why the clay-oriented air and
liquid permeation resistance of organoclay8,9,37 is
limited to clay concentrations less than 8% in the
imidized films.

For chemical gels,32,47 an increase in n usually
causes a decrease in S; that is not the case in our
study. However, lack of clarity exists about the
presence32,49,50 or otherwise26 of any relationship
between n and S. For both physical and chemical
gels it is argued that it is not necessary to find a
consistent relationship between gel strength and
the power law index.26,55

In order to explain the features of gels, the
fractal nature of critical gels has also been
used.52,56,57 Fractal dimension df relates the ra-
dius of gyration and mass of the molecular cluster
(Rdf ; M). The df has been linked to the shrink-
age of the size of the polymer with increasing
concentration of a dilute solution and increases
with increasing secondary linear component in a
crosslinking system.31 It has been postulated for
polydisperse solution of polymers that near gel
point presence of clusters provides shrinkage of
polymer similar to those observed in melts where
the excluded volume is fully screened, entangle-
ments are ignored, and Rouse dynamics pre-
vails.56 For a stoichiometrically balanced system,
increasing strand length enhances excluded vol-
ume effect; thus the upper bound for n exhibiting
screened excluded volume effects is given by56

n 5
d~d 1 2 2 2 df!
2~d 1 2 2 df! (6)

where d is the space dimension and df is the
fractal dimension.

In the case of organoclay–PAA, the fractal di-
mension is found near 2 when n is estimated from
Winter’s congruency criteria. For a 2.42% hybrid,
the fractal dimension increases to 2.2. This rise is
similar to that observed for crosslinked systems of
polyvinyl alcohol systems. The resulting compact-
ness of structure has also been linked to hydrogen
bonding in chemical gels,47 which results in
higher df.56 As observed earlier, the final struc-
ture in both amic acid and imide form may be
weaker. However the increase in df does not nec-
essarily mean a “tight” structure as observed in
some chemical gels.32,47,51 Beyond 1.5% organo-
clay, the agglomeration of the defoliated clay par-
ticles into a separate phase may give rise in the
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fractal dimension, which creates localized dense
structure that does not necessarily implies “tight-
ness.”

CONCLUSIONS

Synthesis and characterization of poly(amic aci-
d)–organoclay hybrids in solution and film form
were carried out to understand the role of organo-
clay in hybrid formation. The main findings can
be summarized as follows: (1) Defoliation of or-
ganoclay in poly(amic acid) is possible up to a
high concentration of 9% in film; however, large
amounts tend to aggregate and phase separate,
thus exhibiting an upper bound on clay. (2) Mo-
lecular architecture of the resulting hybrid re-
mains similar to that of pure poly(amic acid)
though small amounts of organoclay tend to en-
hance ring opening while large amounts contrib-
ute to pyromellitic groups blocking crystalliza-
tion. (3) Linear viscoelastic measurements indi-
cate that, at the measurement temperature, a
weak and reversible structure is formed, which
shows shear thinning behavior. (4) Organoclay
decreases the gelation time and at low concentra-
tion functions similar to crosslinkers. (5) Self-
similar power-law behavior is observed at the ge-
lation point, which is found to be independent of
frequency. The power-law index remains indepen-
dent of organoclay content, although at higher
concentration clay aggregates with poly(amic
acid) leading to phase separation, and thus
weaker gel, constraining the structural self-simi-
larity.
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