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Abstract

The preparation and processing of most of polymer/clay nanocomposites need high temperature. This limited the application of commonly
used organic modifiers of long carbon-chain alkyl ammonium salts because of their low thermal stability. In this study, we synthesized two
novel thermally stable, rigid-rod aromatic amines. Montmorillonite (MMT) treated by these amines exhibited larger layer-to-layer spacing,
higher thermal stability than that treated by commonly used 1-hexadecylamine and also high ion-exchange ratio (>95%). They were applied
to prepare nanocomposites with polyimide (PI) by in situ polymerization. XRD, TEM were used to obtain the information on morphological
structure of PI/MMT nanocomposites. DMA, TGA, DSC, universal tester were applied to characterize the mechanical and thermal properties
of the nanocomposites. When the MMT content was below 3 wt%, the PI/MMT nanocomposites were strengthened and toughened at the
same time. The introduction of a small amount of MMT also led to improvement in thermal stability, slight increase in glass transition
temperature, marked decrease in coefficient of thermal expansion and decrease in solvent uptake. MMT treated by these aromatic amines
exhibited better dispersibility and (probably) interfacial interaction with PI matrix than that treated by 1-hexadecylamine. The
nanocomposites based on these MMT resultantly exhibited better mechanical, thermal and solvent resistance properties than those based on

1-hexadecylamine treated MMT.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polymer/inorganic nanocomposites based on the inter-
calation of polymer chains into organically modified layered
silicates (OLS) form a class of nanocomposites that have
recently received considerable attention [1-25], because
they often exhibit superior physical, mechanical and
thermal properties to conventional mineral-filled compo-
sites or unfilled polymers. These performance improve-
ments depend greatly on the distribution, arrangement of
OLS and synergism between the layered silicate and the
polymer.

Clay is a type of layered silicate, and the most commonly
used clay in the preparation of polymer/clay nanocompo-
sites is montmorillonite (MMT). MMT is composed of
silicate sheets of about 1nm thickness with adsorbed
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exchangeable alkali or alkaline earth cations such as Na*,
K*, Ca’". Before the preparation of polymer/MMT
nanocomposites, modification is generally required through
ion exchange reaction between organic cations and
inorganic cations to render hydrophilic MMT more
organophilic and to increase interlayer spacing of MMT,
aiming at providing a better physical and chemical
environment for the polymer.

The commonly used organo-modification agents are long
carbon-chain alkyl ammonium salts. It has been widely
accepted that the interlayer spacing of OLSs depends greatly
on the length of the carbon chain [1]. Although these
modification agents have been gaining significant success in
the preparation of polymer/MMT nanocomposites, their
common shortcoming is the poor thermal stability. Xie et al.
[20,21] have studied the thermal stability of MMT modified
by long carbon-chain alkyl quaternary ammonium ions
using TGA-MS and found that the on-set decomposition
temperature of the resultant OLSs was approximately
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180 °C. Unfortunately, the preparation and processing of
most of the polymer/OLS nanocomposites require a
temperature much higher than this value, and the thermal
decomposition of the long carbon-chain alkyl quaternary
ammonium salts is inevitable. Delozier et al. [22] observed
that during the preparation of polyimide/clay nanocompo-
sites, the decomposition of the organic modifier led to the
‘collapse of the clay particles into larger agglomerates’.
This may affect the morphological structure, properties and
service life of nanocomposites. Therefore, the thermal
stability of organic modifier may pose significant effect on
the preparation, performance and application of nanocom-
posites. However, little attention has been paid to improve
thermal stability of the organic modifier while making
nanocomposites so far.

Polyimide is considered to be one of the most important
engineering plastics, and has outstanding mechanical and
electrical properties, especially at elevated temperature,
being an attractive candidate for many applications in
electronics and photonics [29]. Recently, the studies on
polyimide have been focused on the improvement in the
mechanical properties, size stability and solvent resistance
to satisfy its application field. The study on polyimide/MMT
nanocomposites was first reported by Yano et al. [30,31].
Agag et al. [17] have studied polyimide/MMT nanocompo-
sites based on BPDA/PDA and PMDA/ODA polyimide.
Our group [24] has studied the morphology, solvent
resistance and thermal properties of poly(etherimide)/
MMT nanocomposites and found that the introduction of
MMT led to an obvious decrease in the solvent uptake.
These property improvements were based on the good
dispersion of MMT and strong interaction between MMT
and polyimide matrix. In all these studies, aliphatic amines
were used as the modification agents. Very recently, works
on the design of new structure organo-modifier have been
reported [26,27].

In this paper, we report our study on the organo-
modification of MMT using thermally stable aromatic
amines. The amines contain thermally stable phenyl
structure and imide moiety and, unlike aliphatic amines,
have very rigid chemical structure (Scheme 1 (a) and (b)).
These organo-modified MMTs were also used to prepare
polyimide/MMT nanocomposites. They may possess better
compatibility with aromatic polymers such as polyimide
because of their structure similarity. Their properties were
also studied.

2. Experimental
2.1. Materials

Sodium montmorillonite (Na-MMT) with a cation
exchange capacity (CEC) of 100 meq/100 g was supplied
by the Institute of Chemical Metallurgy, Chinese Academy
of Sciences. The average particle size is 50 um. N-[4-(4'-

aminophenyl)]phenyl phthalimide (OM-1) and N-[4-(4'-
aminophenoxy)]phenyl phthalimide (OM-m) were syn-
thesized in our lab. 1-Hexadecylamine (OM-16C,
Ci6H33NH,, lab reagent) was purchased from Merck. 4,4'-
Diamino-3, 3/-dimethyldiphenylmethane (MMDA) was
synthesized by a reaction of o-methyl aniline with
formaldehyde. Benzophenone-3,3’,4,4'-tetracarboxylic dia-
nhydride (BTDA) was dehydrated from benzophenone-
3,3,4,4 -tetracarboxylic acid in acetic anhydride at reflux
temperature. The solvent for the preparation of nanocom-
posites (m-cresol) was dried over molecular sieves before
use. Other common reagents were used without further
purification.

2.2. Synthesis of OM-I and OM-m

7.369 g (0.04 mol) 4,4'-diaminodiphenylether was dis-
solved in 50 ml dry N, N-dimethylacetamide (DMA). To it,
a DMA solution (50 ml) of 5.924 g (0.04 mol) phthalic
anhydride was added dropwise. The reaction was main-
tained for 5 h at room temperature, and then at refluxing
temperature for 5 h. After cooling to room temperature, the
product was precipitated from the reaction mixture. The
green powdery primary product was collected by filtration
and washed with 50 ml ethanol, and then purified by
recrystallization with ethanol/N-methyl-2-pyrrolidone
(NMP) (3/1) to obtain light green needle crystals. Yield:
9.876 g (74.1%). The synthesis of OM-m was followed by
the procedure similar to that of OM-l. Yield: 9.545 ¢
(68.5%). Elemental analysis (%): OM-1 (CyoH4N,0,),
calc.: C, 76.43; H, 4.46; N, 8.92; found: C, 75.73; H, 4.72;
N, 8.93. OM-m (CyoH4N505), calc.: C, 72.73; H, 4.24; N,
8.48; found: C, 72.20; H, 4.56; N, 8.46. '"H NMR analysis
(400 MHz, CDCl3, 20 °C): OM-I (8, ppm): 7.96-6.76 (12H,
phenyl): 7.96 (s, 2H), 7.79 (s, 2H), 7.64 (d, 2H), 7.44 (t, 4H),
6.76 (d, 2H), 2.20 (s, 2H, —NH;). OM-m (6, ppm): 7.94—
6.70(12H, phenyl): 7.94(s, 2H), 7.78(s, 2H), 7.31(d, 2H),
7.03(d, 2H), 6.91(d, 2H), 6.70(d, 2H), 2.81 (s, 2H, —NH,).

2.3. Preparation of organically modified MMT

The organically modified MMT was prepared via ion
exchange reaction in water using OM-16C, OM-1 and OM-
m, respectively. For the preparation of MMT modified with
OM-1 (MMT-]), 1.08 g OM-1 was mixed with 1 ml
concentrated hydrochloric acid (37%) and 15 ml distilled
water and heated at 80 °C for a few minutes, and to it was
added a dispersion of 2.5 g Na-MMT in 100 ml distilled
water. The mixture was stirred vigorously for 1 h at 80 °C.
The white precipitate was filtered and washed repeatedly
with hot water (80°C) to remove the superfluous
ammonium salts to be free from CI . It was subsequently
collected and dried in vacuum at 80 °C for 24 h. The
preparation of MMT modified with OM-m (MMT-m) and
OM-16C (MMT-16C) was followed by the procedure
similar to that of MMT-1.
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Scheme 1. Chemical structure of (a) OM-1, (b) OM-m and (c) polyimide.

2.4. Preparation of polyimide/MMT nanocomposites

The polyimide/MMT (PI/MMT) nanocomposites were
prepared by an in situ polymerization approach. The
modified MMT was thoroughly dispersed in 25 ml m-cresol
with the help of vigorous stirring. To this dispersion,
MMDA (1.130g, 0.005mol) and BTDA (1.610g,
0.005 mol) and 3 drops of iso-quinoline were added,
consecutively. The mixture was stirred vigorously at room
temperature for 2 h and then heated at 180 °C for 3 h to
obtain a yellow, transparent, highly viscous PI/MMT
nanocomposite solution. It was used to cast thin films.
The films were placed in a vacuum oven at room
temperature for the removal of the air-bubble solutions,
and then were thermally treated consecutively at 70 °C for
12 h, 120°C for 4 h, 200 °C for 4 h, 260 °C for 2 h and
280 °C for 2 h to completely remove the solvent and achieve
fully imidization. The chemical structure of polyimide is
shown in Scheme 1 (c). The PI/MMT nanocomposites, in
which the MMT was organo-modified with 1-hexadecyla-
mine, OM-l1 and OM-m, were named PI/MMT-16C, PIl/
MMT-1 and PI/MMT-m, respectively.

2.5. Characterization

"H NMR spectra were recorded on a Mercury 400 MHz
NMR spectrometer. Elemental analysis was conducted on
an Elementar Varioel apparatus. A Perkin—Elmer Paragon
1000 infrared spectrophotometer was used to record the IR
spectra of OM-I, OM-m and modified MMT (KBr). A
Thermo Jawell Ash IRIS Advantage 1000 inductively
coupled plasma spectrometer (ICP) was used to detect the
ion exchange ratio of various modifiers. The wide angle
X-ray diffraction patterns were measured on a Rigaku
Geiger Flex D/max-RB diffractometer using Cu K, radi-
ation (40 kV, 100 mA, A = 0.154 nm), filtered by Cr. The
experiments were performed in a range of 260 = 1.0-35°
with a scan rate of 4°/min. Samples for transmission electron
microscopic analysis were prepared by placing small strips

of sample films in epoxy resin and then cut using an
ultratome and placed on a 200 mesh copper grid for
analysis. The TEM investigation was performed on a
JEM-100CXIITEM operating at an acceleration voltage of
100 kV. The differential scanning calorimetric (DSC)
curves were recorded on a Perkin—Elmer Pyris I differential
scanning calorimeter under the protection of N, with a
heating rate of 20 °C/min. The thermal gravimetric curves
were measured on a Perkin—Elmer TGA 7 under N, flow.
The temperature range was 100—800 °C with a heating rate
of 20 °C/min. The dynamic thermal analysis (DMA) of the
PI and PI/MMT nanocomposite films was performed on a
TA 2980 DMA. The heating rate was 5 °C/min. The
coefficient of thermal expansion (CTE) of the PI and the
PI/MMT nanocomposite films was also measured on a TA
2980 dynamic mechanical analyzer with a TMA mode. The
film was pre-exposed at 200 °C for 20 min to eliminate the
residual stress. The load on the film was 100 mN and
the heating rate was 5 °C/min. A temperature range of 125—
175 °C was selected to calculate the CTE. The stress-strain
curves of the PI and PI/MMT nanocomposite films were
recorded on an Instron-4465 universal tester at the room
temperature at a drawing rate of 5 mm/min. The sorption
experiments of the PI/MMT nanocomposites were carried
out by the following procedure. The sample films were dried
in an oven at 105 °C for 8 h, and then kept in the solvents at
different temperatures for a given period of time, and blotted
to remove the excessive solvent. The amount of absorbed
solvent was calculated from the increase in the weight of the
samples.

3. Results and discussion
3.1. Organo-modification of MMT
As previously mentioned, the organo-modification of

MMT is an important step in the preparation of poly-
mer/MMT nanocomposites and primary aliphatic amines
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such as 1-hexadecylamine and its quaternary ammonium
salt were commonly used organic modifiers. IR and XRD
were used to verify the organic modifiers designed by us
have the same efficacy as the commonly used modifiers.
Fig. 1 is the IR spectra of MMT, MMT-16C, MMT-1 and
MMT-m. The absorption bands at 1038 and 1090 cm '
were characteristic of Na-MMT (Fig. 1 (a)). After the
treatment, MMT-16C exhibited the characteristic bands of
C-H stretching at 2914 and 2847 cm ! (Fig. 1 (b)).
MMT-m exhibited the characteristic absorption bands of
aromatic imide at 1780, 1713 and 1385 cm ™! (Fig. 1 (¢)).
Apart from the characteristic absorption of imide ring,
MMT-m also showed the characteristic absorption of ether
band at 1246 cm™ ' (C—O-C unsymmetrical stretching)
(Fig. 1 (d)). The IR results only suggested that the treated
MMT contained the organic modifiers but could not give the
conclusion that the molecules of organo-modifiers entered
the galleries of MMT. Fig. 2 (a) is the XRD patterns of Na-
MMT, MMT-1, MMT-m and MMT-16C. Table 1 listed the
basal spacing of MMT calculated from the Bragg’s
equation. The interlayer spacing of MMT was obviously
increased after the treatment with chloride salt of OM-m and
OM-I from d = 1.24 nm for pure MMT to d = 2.34 nm for
MMT-m and d = 2.90 nm for MMT-], respectively. This
suggested that organo-modifiers synthesized by us success-
fully intercalated between layers of MMT. More impor-
tantly, it has been widely accepted that the basal spacing of
MMT treated by long-chain aliphatic amine (or ammonium
salt) is decided largely by the chain length and long chain
length leads to high d-value. Although OM-m and OM-1
have much smaller long axis length than OM-16C, the
MMTs treated by them exhibited higher d-values than that
treated by OM-16C. This might be contributed to the larger
space volume of benzene and imide rings and highly rigid
molecular structure of OM-m and OM-1l. This may also
suggests that the d-value depends not only on the chain
length but also on the rigidity of organic modifier molecules.
Moreover, besides the strong diffraction peak of 26 = 3.04°,

(b)

1038
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Fig. 1. IR spectra of Na-MMT, MMT-16C, MMT-1 and MMT-m.

Table 1
d-Value of modified MMTs and mean value of percent recovery of sodium
ions measured by ICP

Sample 20 d Sodium ions Ion exchange ratio
(deg.) (nm) (Wt%) (%)

Na-MMT 7.12 1.24 2.3860 -

MMT-16C 4.28 2.06 0.0560 97.65

MMT-m 3.78 2.34 0.0834 96.50

MMT-] 3.04 2.90 0.0417 98.25
6.30 1.40

a weaker diffraction peak was also observed at 26 = 6.30°
for OM-1. This may indicate that the majority of MMT
layers were capable of having a great amount of intercalated
OM-1 molecules and thus exhibited a higher d-value
(d = 2.90 nm), while the minority of MMT layers were
intercalated with only a small amount of OM-1 molecules
and exhibited a lower d-value (d = 1.40 nm). Table 1 also
listed the mean value of percent recovery of sodium ions of
pure MMT and organo-modified MMT measured by ICP,
showing a high efficiency of the ion exchange in the OM-1
and OM-m treated MMT.

3.2. Thermal stability of organo-modified MMTs

Fig. 3 were the TGA curves of organo-modified MMTs,
which illustrated two or three-step degradation in the
temperature range of 200-600 °C. This phenomenon was
also observed and studied by Xie et al. [21] using DTA and
MS. They proposed that the organics with a small molecular
weight may be released first and those with a relatively high
molecular weight may still exist between the interlayers
until the temperature was high enough to lead to its further
decomposition [21]. The initial thermal decomposition
temperature (onset temperature) of MMT-16C, MMT-m
and MMT-1 was 252.1 °C, 320.3 °C and 344.8 °C, respect-
ively. MMT-m and MMT-1 clearly showed higher
decomposition temperature compared to MMT-16C
because of the higher thermal stability of OM-m and OM-
I. MMT-m showed slightly lower thermal stability because
of the relatively poor thermal stability of ether linkage in
OM-m.

3.3. Dispersion of MMT in PI matrix

Fig. 2 (b) is the XRD patterns of MMT-1 and the P/
MMT-1 nanocomposite films with various MMT contents.
The diffraction peak of MMT-1 disappeared completely in
the nanocomposites when the MMT content was below
3 wt%. This may indicate an exfoliated dispersion of MMT
in PI. As the MMT content was above 4 wt%, the diffraction
peak of MMT at 20 = 3.04° (d = 2.90 nm) disappeared and
that at 20 = 5.30° (d = 1.67 nm)was still visible. This may
indicate that the MMT layers with higher d-values were
more favorable to the intercalation of PI molecules and the
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Fig. 2. XRD patterns of (a) Na-MMT and organo-modified MMTs, (b) MMT-1 and PI/MMT-1 nanocomposites with various MMT contents, (¢) P/MMT
nanocomposites containing 3 wt% MMT, (d) MMT-16C and PI/MMT-16C nanocomposites treated at different temperature.

formation of the exfoliation morphology, while the MMT
layers with lower d-values only increased layer spacings but
were difficult to be exfoliated. This result is in good
agreement with the XRD patterns of OM-1 (Fig. 2 (a)). It
was also found that the nanocomposite solution was clear
and no obvious aggregation was observed even when the
solvent was removed, also indicating the good dispersion of
MMT. Fig. 4 (a) and (b) were TEM micrographs of the
ultrathin-section of PI/MMT-1 nanocomposite film contain-
ing 3 and 5 wt% MMT, respectively. In Fig. 4 (a), the black
lines represented the intersection of the MMT layers while
the grey part represented the PI matrix. The photograph
indicated that MMT layers dispersed in the PI matrix in an
exfoliation morphology. In Fig. 4 (b), the existence of some

100+
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801 ammT-16C
b MMT-m
754 ¢MMT-/

70

200 400 600 800
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Fig. 3. TGA curves of MMT-1, MMT-m and MMT-16C.

black agglomerate indicated the heterogeneous distribution

of MMT layers in PI/MMT-1 with higher clay loading.
Fig. 2 (c) showed XRD patterns of PI/MMT nanocom-

posites with three different organo-modified MMTs at the

Fig. 4. TEM micrographs of the ultrathin-section of PI/MMT-1 nanocom-
posite film containing (a) 3 wt% MMT and (b) 5 wt% MMT.
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same MMT content (3 wt%). PI/MMT-16C showed a broad
peak in 20 = 4.5-7.5° while the diffraction peak of MMT
disappeared completely in P/MMT-m and PI/MMT-1. It is
interesting to find that the diffraction peak for MMT-16C
(Fig. 2 (a) and Table 1) shifted to a higher angle (decreased
layer spacing) after forming PI/MMT-16C nanocomposite.
This may be caused by the lower thermal stability of OM-
16C (on-set temperature at 252.1 °C, Fig. 3). Those in the
MMT layers may decompose and be released when treated
at 280 °C. This caused the collapse of MMT layers and the
decrease in layer spacings. This can be verified by the XRD
patterns of PI/MMT-16C nanocomposite treated at different
temperature (Fig. 2 (d)). The diffraction peak for MMT-16C
shifted to a higher angle gradually with the increase of the
thermal treatment temperature and time. All these results
showed that the dispersibility of MMTs treated with OM-m
and OM-1 was better than that of MMT treated with OM-
16C. This could be contributed to the larger basal spacing of
MMT-m and MMT-1, which facilitated the entrance of
monomer and polymer, and also to the similar chemical
structure between OM-m, OM-1 and PI.

3.4. Mechanical properties of PI/MMT nanocomposites

Fig. 5 is the relationship between the MMT content and
the Young’s modulus of the PI/MMT nanocomposite films.
The introduction of a small amount of MMT, which has a
higher modulus than PI matrix, led to an obvious increase in
the modulus of the nanocomposite films. When the MMT
content was below 3 wt%, the Young’s modulus was
increased with the increase of MMT content. This quasi-
linear increase in modulus may be caused by the linear
increase in the number of exfoliated MMT sheets at a low
MMT content. When the MMT content was further
increased, the Young’s modulus of the nanocomposite films
leveled off or decreased slightly. This phenomenon may be
caused by the aggregation of MMT in the films when the
MMT content was high. Moreover, the moduli of PI/MMT-1
and PI/MMT-m were higher than that of PI/MMT-16C at the
same MMT content, probably caused by the better dispersion
of MMT in PI/MMT-1 and P/MMT-m. This result was in

Modulus (GPa)

—a— PI/MMT-m
—e— PI/MMT-/
—A—PI/MMT-16C

N

T T T T T

0 2 4 6 8 10
MMT Content (Wt%)

Fig. 5. Relationship between the MMT content and the Young’s modulus of
the PI/MMT nanocomposite films.

good agreement with the XRD results and what observed in
the dispersion of MMT in PI matrix.

The tensile strength and the elongation at break of
PI/MMT nanocomposite films were shown in Fig. 6. When
the MMT content was below 3 wt%, both the tensile
strength and the elongation at break of PI/MMT-1, PI/
MMT-m and PI/MMT-16C were increased with the increase
of the MMT content. The tensile strength was increased
from 113.1 MPa for PI to 164.4 MPa for PI/MMT-16C (a
45.4% increase), 168.2 MPa for PI/MMT-m (a 48.7%
increase) and 182.3 MPa for PI/MMT-1 (a 61.2% increase)
while the elongation at break was increased from 4.5% for
PI to 4.9% for PI/MMT-16C (a 8.9% increase), 6.5% for PI/
MMT-m (a 44.4% increase) and 5.2% for PI/MMT-1 (a
15.6% increase) nanocomposites containing 3 wt% MMT.
Considering the exfoliated dispersion of MMT in PI when
the MMT content was below 3 wt%, this result indicated
that PI could be strengthened and toughened simultaneously
by the introduction of exfoliated MMT. Firstly, the increase
in the tensile strength of the PI/MMT nanocomposites could
be caused by the strong interfacial interaction between
MMT and PI matrix. Secondly, the large amount of
interface between the exfoliated MMT sheets and PI could
effectively reduce the formation of the shear zone and the
layer structure of MMT could also stop the development
from the shear zone to cracks. When the MMT content
exceeded 3 wt%, both the tensile strength and the elongation
at break were decreased probably due to the aggregation of
MMT in PI matrix.

Furthermore, both the tensile strength and the elongation
at break of PI/MMT-1 and PI/MMT-m nanocomposites
increased more distinctly than PI/MMT-16C nanocompo-
sites. The molecules of OM-1 and OM-m possess structure
similar to PI, which could enhance the interfacial interaction
between the layered silicates and PI matrix. Moreover, from
the XRD results, the MMT sheets in PI/MMT-1 and
PI/MMT-m nanocomposites had better dispersibility than
in PI/MMT-16C. These may be the reasons leading to the
difference in the tensile strength and the elongation at break
of those three types of PI/MMT nanocomposites.
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Fig. 6. Tensile strength and elongation at break of PI and PI/MMT
nanocomposite films with various MMT contents.
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Fig. 7 showed the DMA curves of the PI and P/MMT
nanocomposite films containing 3 wt% MMT. The tané peak
of nanocomposites gradually shifted to a slightly higher
temperature and broadened in comparison to PI. This could be
also explained by the existence of the strong interaction
between MMT and PI matrix, which limited the movement of
the PI chain segments. Table 2 showed the dynamic storage
modulus of PI and PI/MMT nanocomposite films containing
3 wt% MMT at various temperatures and their glass transition
temperatures obtained from tané. It was found that the storage
modulus of PI below and above its T, was increased when a
small amount of MMT was introduced.

3.5. Thermal properties of PI/MMT nanocomposites

Fig. 8 (a) showed the TGA curves of PI/MMT-1
nanocomposites with various MMT contents. The thermal
stability of the nanocomposites was increased with increased
MMT content. The on-set thermal decomposition temperature
accessed by TGA was increased from 522 °C for PI to 550 °C
for PI/MMT-1 nanocomposite containing 5 wt% MMT. The
data of Table 3 showed that the on-set thermal decomposition
temperature, temperatures at 5% and 10% weight loss were
increased with the increase of MMT content. MMT possessed
high thermal stability and its layer structure exhibited great
barrier effect to hinder the evaporation of the small molecules
generated in the thermal decomposition to limit the
continuous decomposition of the PI matrix.

Fig. 8 (b) showed the TGA curves of PI and PI/MMT
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Fig. 8. TGA curves of (a) PI and PI/MMT-I nanocomposites with various
MMT contents and (b) PI and PI/MMT nanocomposites containing 3 wt%
MMT.

nanocomposites with 3 wt% MMT. The on-set decompo-
sition temperatures of PI/MMT-16C, PI/MMT-1 and PI/
MMT-m were 526, 547 and 549 °C, respectively, and PI/
MMT-1 and PI/MMT-m showed higher thermal stability
than PI/MMT-16C. OM-1 and OM-m contained the same
imide structure as PI, and this might reinforce the
synergism between the silicate sheets and the PI matrix,
and resultantly, enhanced the barrier property of MMT.
Another interesting phenomenon was that at the same
MMT content (3 wt%) the char contents of PI/MMT-1
and P/MMT-m were higher than that of PI/MMT-16C.

Fig. 9 (a) showed DSC traces of PI/MMT-1 nanocompo-
sites with various MMT contents. The 7, of the nanocom-
posites was slightly increased as the MMT content was

Dynamic storage modulus of PI and PI/MMT nanocomposites containing 3 wt% MMT and their glass transition temperatures obtained from tan &

Sample Storage modulus (GPa) Glass transition temperature® (°C)
60 °C 150 °C 230 °C 310°C

PI 4.00 3.73 3.34 2.48 289.8

PI/MMT-16C 4.01 3.73 3.38 2.71 305.1

PI/MMT-1 424 3.88 3.47 2.80 300.0

PI/MMT-m 431 3.98 3.58 3.02 302.9

? The glass transition temperatures were measured at the peak tops of tan d.
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Table 3
Thermal stability of PI and PI/MMT-1 nanocomposites

MMT content (wt%) 0 0.5 1 3 5

T4 (°C)* 522 542 541 547 550
Ts (°C)° 515 524 526 533 536
Ty (°C)° 556 563 566 570 572
T, coye 270 273 273 275 282

? Thermal decomposition temperature (on-set) from TGA measurement,
scan rate: 20 °C/min, N, protection.

® Temperature at 5% weight loss from TGA measurement, scan rate:
20 °C/min, N, protection.

¢ Temperature at 10% weight loss from TGA measurement, scan rate:
20 °C/min, N, protection.

4 Obtained from DSC measurements, scan rate: 20 °C/min, N, protection.

increased. The T, was increased from 270.2 °C for PI to
275.7 °C for the nanocomposite containing 3 wt% MMT
and further to 282.4 °C for the nanocomposite containing
5 wt% MMT. This could be due to the strong interaction
between MMT and PI, which limited the cooperative
motions of the PI chain segments.

Fig. 9 (b) showed the DSC curves of different PI/MMT
nanocomposites containing 3 wt% MMT. It is interesting to
find that the T, of PI/MMT-m and PI/MMT-1 nanocompo-
sites was slightly lower than that of PI/MMT-16C. As
illustrated previously, P/MMT nanocomposites were ther-
mally treated consecutively from 70 to 280 °C. In this
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Fig. 9. DSC curves of (a) PI and PI/MMT-1 nanocomposites with various
MMT contents and (b) PI and PI/MMT nanocomposites containing 3 wt%
MMT.
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Fig. 10. Relationship between the MMT content and the coefficient of
thermal expansion of the PI/MMT-l, PI/MMT-m and PI/MMT-16C
nanocomposite films.

process, OM-16C may be decomposed and released from
the nanocomposites completely because of its poor thermal
stability while OM-m and OM-1 may be only partially
decomposed and released and some organic molecules were
still trapped in PI matrix. The existence of these organic
molecules may lead to the plasticization and thus slight
decrease in T, of the nanocomposites. This result was
consistent with the DMA results.

The reduced segmental movement of PI matrix with the
introduction of MMT would also lead to a decrease in
the coefficient of thermal expansion (CTE). Fig. 10 is the
relationship between the MMT content and the CTE of the
nanocomposite films. The introduction of a small amount of
MMT effectively reduced the CTE. The decrease in CTE (or
increase in size-stability) is extremely desired when PI is
applied in microelectronic and optoelectronic fields.

3.6. Solvent resistance of PI/MMT nanocomposites

Table 4 listed the results of the solvent uptake measurement
of nanocomposites with various MMT contents. Firstly, the
samples were immersed in solvents at 25°C for 24 h.
However, it was observed that the solvent uptake had not
reached equilibrium. So, the samples were immersed for
another two days, and heated to 100 °C for 1 h aiming at
investigating the solvent resistance at a relatively high
temperature and the saturated solvent uptake of the PUMMT
nanocomposites. It was observed that the introduction of
MMT led to an obvious decrease in the solvent uptake in both
processes. For example, the water uptake ratio was decreased
from 0.87% (25°C) and 1.22% (100 °C) for PI to 0.55%
(25 °C) and 0.82% (100 °C) for PUMMT-1, 0.60% (25 °C) and
0.83% (100 °C) for PUMMT-m, 0.61% (25 °C) and 0.86%
(100 °C) for PUMMT-16C nanocomposites contained 5 wt%
MMT. The decrease in solvent uptake may be caused by
hereinafter reasons. Firstly, the strong interaction between
MMT and PI matrix led to the formation of ‘bound polymer’,
polymer on close proximity to the reinforcing filler (MMT)
which was either physisorbed or chemisorbed and therefore
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Table 4
Solvent uptake ratios of PI, P/MMT-l, P/MMT-m and PI/MMT-16C
nanocomposites with various MMT contents

Solvent uptake ratio Water Ethanol Xylene
(%)°
25°C° 100°C° 25°C 100°C 25°C 100°C

PI 0.87 1.22 042 046 0.70  1.42
PI/MMT-1-1% 0.80  0.92 0.08 0.20 0.68 1.22
PI/MMT-1-3% 0.68  0.81 0 0.18 051  1.06
PI/MMT-1-5% 0.55 0.82 0 0.18 042  0.90
PI/MMT-m-1% 0.82  0.90 022 040 0.62 1.28
PI/MMT-m-3% 0.63 0.77 0.18 0.33 0.58 1.07
PI/MMT-m-5% 0.60  0.83 012 0.20 046  0.88

PI/MMT-16C-1% 0.83 1.01 037 052 0.64 131
PI/MMT-16C-3% 0.72 0.83 036 041 0.58 1.10
PI/MMT-16C-5% 0.61 0.86 037 041 051 1.08

? The calculation formula of the solvent uptake ratio: (Wye, — Wary)/-
Wary X 100%.

® The sample was soaked in solvent at 25 °C for 24 h.

¢ The sample was soaked in solvent at 25 °C for three days, 100 °C for
1 h.

restricted the solvent uptake [28]. Secondly, the large aspect
ratio of MMT layers possessed excellent barrier properties,
and especially the exfoliated structure of MMT layers could
maximize the available surface area of the reinforcing phase. It
was also found that PI/MMT-1 and PI/MMT-m exhibited
stronger solvent resistance than P/MMT-16C at the same
MMT content probably due to the stronger interfacial
interaction between MMT-1 and MMT-m and PI matrix, and
better dispersibility of MMT in PI/MMT-1 and PI/MMT-m.
The high water uptake of the microelectronic devices by the
polymers used such as epoxy and polyimide is one of the main
reasons leading to their failure. Therefore the finding that the
water uptake can be reduced by the introduction of MMT may
extend the application of polymers in microelectronic and
optoelectronic devices.

4. Conclusions

Two thermally stable, rigid-rod aromatic amines have
been synthesized and used as organo-modifiers for MMT.
The MMT treated by them exhibited higher basal spacings
than that treated by 1-hexadecylamine. The MMT layers
were basically exfoliated in the PI/MMT nanocomposites
prepared by in-situ polymerization when the MMT content
was below 3 wt%. The MMT content influenced the
properties of PI/MMT nanocomposites significantly.
When the MMT content was below 3 wt%, the PI/MMT
nanocomposites were strengthened and toughened at the
same time. The introduction of a small amount of MMT also
led to improvement in thermal stability, slight increase in
glass transition temperature, marked decrease in coefficient
of thermal expansion and decrease in solvent uptake.
PI/MMT-1 and PI/MMT-m exhibited better mechanical,

thermal and solvent resistance properties than PI/MMT-16C
probably due to the similar molecular structure of OM-1 and
OM-m with PI and much stronger interfacial interaction
between MMT and PI matrix.
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