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ABSTRACT: Aminosilane grafted and diamine modified reactive montmorillonite was exploited to generate aromatic
polyamide based nanocomposites. For better compatibility, the hydrophilic nature of montmorillonite was changed into
organophilic using 1,4-phenylenediamine, and the hydroxyl groups present on the clay surface and edges were used to graft 3-
aminopropyltriethoxysilane (APTS) on clay sheets. The dispersion of clay was monitored in the polyamide obtained from 1,4-
phenylenediamine, 4,4′-oxydianiline, and isophthaloyl chloride. These chains were converted into carbonyl chloride ends to
interact with free amine groups of grafted APTS and diamine. Thin films were probed for FTIR, XRD, SEM, TEM, tensile
testing, TGA, and DSC measurements. The results described ample dispersion of clay in the nanocomposites with tensile
strength increased 110% and elongation increased 172% upon the addition of 4−6 wt % clay. Thermal decomposition
temperatures of the nanocomposites were in the range 425−480 °C. The glass transition temperature increased up to 142.4 °C
with 6 wt % addition of organoclay.

1. INTRODUCTION

Nanocomposites have become state of the art as structural
materials in the field of engineering because of their improved
mechanical, thermal, barrier, and fire retardant properties.1−3

The properties of such materials depend on various factors such
as nature, properties, content, dimensions, and microstructure
of reinforcement.4 Nanocomposite properties are influenced by
interfacial interactions between the matrix and the dispersed
phase. The aspect ratio of the clay is also very vital and crucial
in nanocomposites for electrical,5,6 mechanical,7 thermal,8−11

and barrier properties.12,13 Nanocomposites based on layered
silicates, carbon nanotubes, and nanofibers are receiving
considerable attention due to low density along with ease of
processability, and their unique multifunctional and highly
enhanced properties14−16 relative to those of conventional
microcomposites.
Clay nanocomposites typically exhibit superior properties

provided the silicate layers are homogenously dispersed
throughout the matrix at nanoscale.17−25 The uniform
dispersion of silicate layers is usually desirable for maximum
reinforcement of the materials. The lack of interfacial
interactions between the hydrophilic layered silicates and the
hydrophobic polymer matrix does not allow the individual
nanolayers to be easily separated and dispersed in the polymers.
This interfacial problem can be solved, at least in part, either by
functionalizing the clay platelets, by adding a swelling agent, or
by doing both to obtain organically modified clay prior to use in
nanocomposite formation. Silane functionalized montmorillon-
ite (MMT) and its influence on the properties of water based

polymer/clay nanocomposites have been investigated.26 Epoxy
nanocomposites with pristine MMT, organically modified
montmorillonite (OMMT), and aminosilane functionalized
MMT have been prepared and characterized for mechanical
and dynamic mechanical analyses. Comparison of these
resulting materials clearly indicated the influence of chemical
interaction between aminosilane functionalized MMT and
epoxy on the composite properties.27 The structural,
morphological, and mechanical properties of polyethylene
(PE)−clay nanocomposites using an aminosilane modified
polyethylene (PE-g-AS) as a compatibilizer have been studied.
The PE-g-AS was obtained by condensation reaction between
the amine group of 3-aminopropyltriethoxysilane (APTS) and
the maleic anhydride moiety of PE-g-MA. The triethoxysilyl
group reacted with the hydroxyl group on the clay surface to
form a linkage between polymer and clay, thus increasing the
interaction and dispersion of the clay in the matrix. Although an
aminosilane modified polypropylene (PP-g-AS) was used as
compatibilizer for PP−clay nanocomposites,28 aminosilane
polyethylene (PE-g-AS) was used as a compatibilizer in a PE/
organoclay nanocomposite system.29 Some other related
studies described the incorporation of silane-coupling agents
in the preparation of polymer−clay nanocomposites for
increasing the organic−inorganic interactions.30,31
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Aromatic polyamides are the most important class of high
performance polymers, because they have superb mechanical
profiles, thermal stability, chemical resistance, and low
flammability and are good substitutes for ceramics and metals
in the automotive, aerospace, and microelectronics industries.
Moreover, chain stiffness and intermolecular hydrogen bonding
between amide groups limit their solubility in organic solvents
and render high glass transition or melting temperatures,
making their processability difficult. Modification in the
backbone of these polymers with flexible linkages generally
increased the solubility32−34 and lowered the glass transition
temperatures without sacrificing the thermal stability.35

Copolyamides containing aryl ether or aryl sulfone or meta-
linkages possess lower glass transition temperatures, greater
chain flexibility, and greater tractability than their correspond-
ing analogues without these groups in the backbone. Different
hybrid materials based on soluble aromatic polyamides have
already been reported.36−38

In this study, aromatic polyamides with enhanced solubilities
in organic solvents were synthesized by condensing a pair of
diamines, 1,4-phenylenediamine and 4,4′-oxydianiline, with
isophthaloyl chloride in anhydrous dimethylacetamide
(DMAc). These polymer chains were purposely converted
into carbonyl chloride end groups using excess diacid chloride
near the end of the polymerization reaction. For homogeneous
dispersion of clay into the polyamide matrix, first its nature was
changed from hydrophilic to organophilic by inserting the
cationic form of 1,4-phenylenediamine between clay layers.
Then a reaction was carried out between intercalated clay and
3-aminopropyltriethoxysilane in the water/ethanol system. The
triethoxysilane groups of APTS condensed with hydroxyl
groups present on surfaces and edges of the clay, whereas free
amino groups of APTS and swelling agent were used to react
with reactive carbonyl chloride chain ends of the polyamide
matrix. In this way, the intercalating effect became strong and

more permanent because a massive amount of polyamide
chains chemically connected to the swelling and coupling
agents, producing thermally stable and mechanically robust
nanocomposites. To the best of our knowledge, this is the first
report on the preparation of aromatic polyamide and
aminosilane functionalized OMMT nanocomposites. Thin
nanocomposite films with different clay loadings were prepared
and characterized using various techniques to examine the
morphology, mechanical properties, and thermal properties.

2. MATERIAL AND METHODS

2.1. Materials. Various monomers such as 1,4-phenylenedi-
amine, 4,4′-oxydianiline, and isophthaloyl chloride and other
chemicals including triethylamine, ethanol, and hydrochloric
acid were obtained from Fluka and used as received. N,N-
Dimethylacetamide, montmorillonite (MMT), 3-aminopropyl-
triethoxysilane, and silver nitrate were obtained from Aldrich
and used as received.

2.2. Synthesis of Aromatic Polyamide. The polymer-
ization of monomers was carried out by placing a mixture of
1,4-phenylenediamine and 4,4′-oxydianiline in the flask along
with DMAc as a solvent under an inert atmosphere. After 15
min, a stoichiometric amount of isophthaloyl chloride was
added to the diamine mixture under anhydrous conditions. The
contents of the flask were cooled below 0 °C to avoid any side
reaction due to the exothermic nature of the reaction. Then the
reaction was allowed to come to ambient temperature after 1 h.
In order to create interactions between aromatic polyamide and
the clay, the polymer chains were end-capped with carbonyl
chloride groups using a slight excess of isophthaloyl chloride at
a later stage. Although the reaction between diamines and
diacid chloride is very fast, the flask was agitated for an
additional 24 h to ensure its completion.28 A stoichiometric
amount of triethylamine was added to quench HCl formed as
precipitate. The polyamide resin separated from the precipitate

Scheme 1. Formation of Aromatic Polyamide Matrix with COCl End Groups
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by centrifugation was golden yellow in color. The formation of
carbonyl chloride end-capped aromatic polyamide chains is
shown in Scheme 1.
2.3. Modification of MMT. The intercalation or mod-

ification of MMT was done by an ion exchange method in
aqueous medium. In a typical intercalation procedure, 1,4-
phenylenediamine was placed in a beaker containing water,
followed by the addition of a stoichiometric amount of
concentrated hydrochloric acid. The solution was heated at
80 °C. In a separate beaker, MMT was dispersed in water at 80
°C and was added to a solution of ammonium salt of 1,4-
phenylenediamine with vigorous stirring for 3 h at 60 °C. The
precipitates were isolated by filtration and washed with hot
water with stirring for 1 h and then filtered. This process was
repeated three times to remove the residual amount of swelling
agent. The filtrate was titrated with AgNO3 until there were no
AgCl precipitates to ensure the complete removal of chloride
ions. The final product obtained by filtration was dried in a
vacuum oven at 60 °C for 24 h. The dried cake was ground to a
fine powder. The formation of organoclay (OMMT) is given in
Scheme 2.

2.4. Silane Functionalization of OMMT. Silane function-
alization of OMMT was carried out in a mixture of the ethanol/
water system. OMMT (2.5 g) was added in a flask, provided
with stirring followed by addition of an ethanol/water solution
75/25 by volume. After complete dispersion of OMMT, 3-
aminopropyltriethoxysilane (2.0 g) was introduced into the
above mixture and agitated for 8 h at 80 °C. The resultant
product was washed using a mixture of ethanol/water 8−12
times in order to remove the residual silane and dried at 60 °C
in a vacuum oven and used for the formation of nano-
composites. The formation of aminosilane functionalized
OMMT is given in Scheme 3.
2.5. Formation of Nanocomposite Films. Nanocompo-

site films were prepared by mixing a measured amount of
polyamide solution with a known quantity of modified clay in a
flask for a desired concentration. For homogeneous dispersion
of nanoclay in the polymer matrix, the mixture was kept at a
constant high speed stirring at room temperature for 24 h.
Similarly other concentrations (2−10 wt %) of the nano-
composites were prepared by mixing different amounts of clay
with the polyamide solution. Hybrid films of uniform thickness
were obtained by pouring the above prepared reaction mixtures
into Petri dishes and evaporating the solvent at high

temperature. Films were further dried at 60 °C under vacuum
to a constant weight. The flow sheet for the preparation of
nanocomposites is illustrated in Scheme 4.

2.6. Characterization. The structural determinations of the
matrix, neat MMT, modified MMT, and thin nanocomposite
films were carried out using an Excalibur series Thermo Nicolet
6700 FTIR spectrophotometer, over the range 4000−500 cm−1.
The diffraction pattern was recorded using an X-ray
diffractometer 3040/60 X’Pert PRO PANalytical in reflection
mode (radiation wavelength = 0.154 nm). The scanning angle
for these measurements was kept between 2θ = 2° and 2θ =
40°, with a step size of 0.02°. The surface morphology of
synthesized nanocomposite films was monitored with an FEI
Nova 230 field emission scanning electron microscope, whereas
the internal morphology of ultramicrotomed samples was
observed by an FEI Tecnai G2 Spirit Twin transmission
electron microscope, operated at an accelerating voltage of 120
kV. Tensile properties of the nanocomposites (rectangular
strips) having dimensions ca. 14 mm × 5.0−6.9 mm × 0.19−
0.37 mm were measured according to DIN Procedure 53455
having a crosshead speed of 5 mm min−1 at 25 °C using a
Testometric Universal Testing Machine M500-30, and an
average value obtained from five to seven different measure-
ments in each case has been reported. The thermal stabilities of
the nanocomposites were determined using a METTLER
TOLEDO TGA/SDTA 851e thermogravimetric analyzer using
1−5 mg of the sample in an Al2O3 crucible heated from 25 to
900 °C at a heating rate of 10 °C min−1 under nitrogen
atmosphere with a gas flow rate of 30 mL min−1.
Thermomechanical properties of these materials were meas-
ured using a METTLER TOLEDO DSC 822e differential
scanning calorimeter. For determining the glass transition
temperatures, samples of 5−10 mg were encapsulated in
aluminum pans and heated at a ramp rate of 10 °C min−1 under
nitrogen atmosphere.

Scheme 2. Intercalation or Organic Modification of MMT

Scheme 3. Silane Functionalization of Intercalated
Montmorillonite (OMMT)
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3. RESULTS AND DISCUSSION

The chemical structures of the polyamide matrix, MMT, silane
grafted OMMT, and nanocomposites were determined by IR
spectroscopy. The thin film obtained from pure polyamide
resin was transparent and golden yellow in color. This color
changed to black upon the addition of silane grafted OMMT.
The transparency of the composite films decreased by the
addition of clay, and the films became semitransparent as well
as brittle at high loading of clay. Different analyses carried out
for the characterization of these materials are described below.
3.1. Fourier Transform Infrared (FTIR) Spectroscopy.

The IR spectra of pure polyamide matrix, neat MMT, silane
grafted OMMT, and nanocomposite films were monitored, and
the related data are represented in Figure 1. Various bands of
aromatic polyamide appeared for N−H stretching and bending

at 3245 and 1607 cm−1, aromatic C−H stretching at 3061
cm−1, aromatic CC stretching at 1539 and 1495 cm−1, and
C−OC asymmetric and symmetric stretching at 1214 and
1075 cm−1, respectively. A band for CO stretching was
scrutinized at 1644 cm−1 and broadening of the band denoted
CO was seen in both free and combined environments.
Pristine MMT gave an intense band at 1015 cm−1 for Si−O
stretch and bands for O−H group stretching and bending
vibrations at 3625 and 796 cm−1, confirming the presence of
hydroxyl groups on the surface of silicate layers. The stretching
and bending absorption of water molecules adsorbed on clay
appeared at 3366 and 1632 cm−1. In silane grafted OMMT, two
additional bands at 3061 and 1552 cm−1 illustrated the aromatic
C−H stretching and N−H bending of aromatic diamine
(swelling agent), confirming the intercalation of clay with

Scheme 4. Formation of Polyamide/Silane Functionalized OMMT Nanocomposites

Figure 1. FTIR spectra of pure polyamide, MMT, silane functionalized OMMT, and nanocomposite film.
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aromatic diamine. Two closely related bands at 2942 and 2850
cm−1 represented the asymmetric and symmetric stretching of
CH2 groups of APTS. The stretching vibration of O−H groups
attached on clay was observed at 3623 cm−1 with decreased
intensity relative to the untreated clay, and the bending
vibration of O−H groups appeared at 780 cm−1. These bands
confirmed the successful grafting of silane with intercalated
clay. The spectrum of nanocomposite film showed character-
istic bands of silane grafted OMMT and polyamide. The bands
of the pure matrix appeared for N−H stretching and bending at
3245 and 1607 cm−1, aromatic C−H stretching at 3061 cm−1,
aromatic CC stretching at 1539 and 1495 cm−1, CO
stretching at 1644 cm−1, and C−O−C asymmetric and
symmetric stretching at 1214 and 1075 cm−1 respectively.
The asymmetric and symmetric stretching of CH2 groups of
grafted silane were represented at 2921 and 2851 cm−1 with
Si−O stretching at 1010 cm−1 assigned to silicate layers of clay.
3.2. X-ray Diffraction (XRD) Analysis. The distribution of

clay in the nanocomposites was obtained by comparing XRD
patterns of neat MMT, silane grafted OMMT, and nano-
composites as given in Figure 2. MMT gave a d-spacing of 1.0
nm around 2θ = 8.82°, while silane grafted OMMT
demonstrated a shift toward a lower angle (2θ = 5.0°), giving
a larger d-spacing (d = 1.760 nm). This shifting of the (001)
reflection toward a lower angle indicated successful modifica-
tion of MMT because of the replacement of small Na+ ions
with large cationic aromatic diamine and grafting of silane with
hydroxyl groups of clay. The nanocomposite pattern presented
no peak in the low 2θ angle, verifying ample distribution of clay
in the matrix. No sharp peak characteristic of clay appeared due
to insertion of polyamide chains in the interlayers of clay
disrupting the ordered structures. These results led to the
exfoliated/intercalated dispersion of silane grafted OMMT in
the polyamide matrix. The increased interactions allowed the
polymer chains to move into the interlayer spaces of clay for a
uniform dispersion and greater interfacial bonding between the
phases. However, XRD results provide incomplete information
about the extent of nanolayer dispersion and some additional

information is required in order to confirm homogeneous clay
dispersion.

3.3. Morphological Analysis. XRD studies gave some but
not complete information about the level of dispersion
including no peak representing delaminated clay. For this
reason, further investigation of the nanostructure was carried
out by field emission scanning electron microscopy (FESEM)
and transmission electron microscopy (TEM). Investigations of
the surface morphologies of nanocomposites with 2 and 6 wt %
clay were carried out on the fractured surfaces of thin films, and
FESEM images are shown in Figure 3. Micrographs presented a
network on the surfaces of the nanocomposites with an ample

Figure 2. XRD patterns of neat MMT, silane functionalized OMMT, and nanocomposite film.

Figure 3. FESEM micrographs of polyamide/silane functionalized
OMMT nanocomposites: (a and b) 2 wt % clay; (c and d) 6 wt % clay.
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distribution in the matrix. Interconnected domains in micro-
graphs demonstrated good compatibility between the two
disparate phases. The idea of modifying the nature of clay from
hydrophilic to organophilic through swelling and coupling
agents provided better interfacial interactions. The dispersion of
clay layers can be seen more clearly by viewing TEM
micrographs as shown in Figure 4. The polyamide with 2 wt

% clay content in the matrix revealed a fine dispersion of silane
grafted OMMT, suggesting that silicate layers exfoliated in
polyamide matrix and nanocomposites were formed (Figure
4a,b). At a higher percentage of silane grafted OMMT (6 wt %)
in nanomaterials, individual clay platelets were predominant
with some tactoids indicating that the morphology was partially
exfoliated and partially intercalated (Figure 4c,d). At 10 wt %
clay content, more agglomerated clay platelets were visible in
the micrographs (Figure 4e,f). However, the dimensions of
these stacks are too small to give any diffraction peak in the
XRD pattern. These results are in complete agreement with
results of XRD analysis.
3.4. Tensile Testing. Mechanical properties of the

materials indicate how the material would respond to forces
being applied in tension. Stress−strain curves and other
mechanical properties of nanocomposites measured with

different concentrations of silane grafted OMMT are given in
Figure 5 and Table 1. The modulus of the nanocomposites

increased from 2.54 GPa for pure polyamide to a maximum
value 4.55 GPa with 4 wt % layered silicate, beyond which it
decreased. The maximum stress for the pure polymer was 42
MPa; that increased to 98 MPa with 6 wt % clay and then it
decreased with increase in clay content. The length at break and
toughness of these materials increased up to 6 wt % clay
content in the matrix. Tensile data revealed improvements in
the mechanical properties of the nanocomposites relative to
pristine polyamide matrix due to the interfacial interactions
between the two phases. Intercalation and functionalization of
MMT with 1,4-phenylenediamine and 3-aminopropyltriethox-
ysilane on one hand interacted with clay while free amine
groups on the other hand reacted with carbonyl chloride groups
of the polyamide. These interactions solved the stress transfer
problem efficiently between the matrix and reinforcement,
producing mechanically robust nanocomposites. However, this
improvement in properties was limited only to low
concentrations of reinforcement, because at high concen-
trations phase separation may take place which results in poor
interfacial interactions between the two disparate phases,
leading to brittleness and reduction in mechanical properties.

3.5. Thermogravimetric Analysis. The thermal stability
of the polyamide/silane grafted OMMT nanocomposites
monitored by thermogravimetric analysis is presented in Figure
6. Thermograms of nanocomposites were obtained in the
temperature range 25−900 °C. Thermal decomposition

Figure 4. TEM images of polyamide/silane functionalized OMMT
nanocomposites: (a and b) 2 wt % at 220000×; (c and d) 6 wt % at
220000×; (e and f) 10 wt % clay at (e) 220000× and (f) 150000×,
respectively.

Figure 5. Stress−strain curves of polyamide/silane functionalized
OMMT nanocomposites.

Table 1. Mechanical Data of Polyamide/Silane
Functionalized OMMT Nanocomposites

clay
loading
(%)

max stress
± 1.0 (MPa)

max strain
± 0.02 (%)

toughness
± 0.2 (×106 J m−3)

tensile
modulus

± 0.02 (GPa)

0 42 11 361 2.54
2 55 12 507 2.96
4 94 29 2128 4.55
6 98 30 2523 4.05
8 53 20 1076 3.10
10 44 12 439 2.45
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temperatures of pure polyamide and hybrid materials were
generally in the range 425−480 °C, and the thermal stability
slightly increased with increase in clay concentration. The
modification of clay was responsible for not only interactions
between matrix and reinforcement but also increased
delamination of nanolayers, thus improving the thermal profile
of the nanocomposites. The weights of residues left after the
decomposition at 900 °C were found to be approximately
proportional to the clay content in the hybrids.
3.6. Glass Transition Temperature. The glass transition

temperatures (Tg’s) of polyamide−clay nanocomposites were
measured by differential scanning calorimetry (DSC), and the
thermograms are presented in Figure 7. The Tg of nano-

composites increased relative to neat polyamide, showing an
optimal increase in the Tg value (142.4 °C) with 6 wt %
addition of clay, and then decreased slightly with higher clay
content. These results described a systematic increase in the Tg
values with increasing nanoclay content, indicating a greater
interaction of the two disparate phases. Nanoclay reduced the
segmental motion of the polymer chains and with increasing

proportion of the inorganic phase shifted the baseline of the
DSC curve toward higher temperature. This implied that
polyamide chains chemically linked with silane modified silicate
layers. As a result, the motion of polymer chain was restricted,
thereby increasing the Tg values of the composite materials.
The Tg values increased relative to pure polyamide due to the
intercalation of the polymer chains into the interlayer of clay,
which suppresses the mobility of polymer segments near the
interface.

4. CONCLUSIONS
Aromatic polyamide/silane grafted OMMT nanocomposites
were successfully prepared by a solution intercalation method.
The incorporation of the silane grafted OMMT reinforced the
polyamide matrix, depicting good compatibility between the
two phases. The interfacial interactions through the carbonyl
chloride of the polyamide and amine groups of the intercalating
and coupling agents grafted on clay promoted strong interphase
bonding between the two phases, resulting in enhanced
thermomechanical properties of the nanocomposites. The
dispersion of individual silicate sheets was optimum at low
clay concentration, giving an observed increase in the
mechanical properties of these materials. At high clay loading,
it might exist in the form of agglomerates with lesser cohesion
with the organic matrix and caused adverse effects on the
mechanical properties. The thermal stabilities of hybrid
materials were also increased by a corresponding increase in
silane grafted OMMT content in the polyamide matrix.
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