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ABSTRACT: In situ polymerization of aniline is done
inside the pillared clay matrix. The nonswellable pillared
clay confined matrix allows efficient polymerization that
leads to nanofibrous morphology. As a result high poly-
mer order and crystallinity is attained and is evident from
XRD patterns. The strong interaction between the clay
layers and polyaniline (PANI) is understood from FTIR
and DRS spectra. Additionally these analytical results sug-

gest that the prepared PANI is in the doped state. The
PANI/pillared clay nanocomposite formation gives addi-
tional thermal stability to the polymer backbone and is
clear from the DTG curves. � 2007 Wiley Periodicals, Inc.
J Appl Polym Sci 107: 3367–3372, 2008
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INTRODUCTION

Polyaniline (PANI) – nanocomposites are industrially
important due to the additional thermal and mechani-
cal strength as well as the processability offered to
PANI in the conducting form. Among the conducting
polymers, PANI is popular due to its environmental
stability, easiness and low cost of preparation, unique
redox properties1 and high conductivity.2 A wide
range of potential applications are explored for PANI.
PANI composite systems can provide new synergistic
properties that cannot be attained from individual
materials.3,4 Among the inorganic materials for hybrid
composite formation, the small particle size and ease
of intercalation gives attention to montmorillonite
clays.5 One-dimensional PANI nano structures have
received great attention because of their unique prop-
erties and applications in electrical nano devices.6

Many articles are there on PANI – montmorillon-
ite composites,7–13 to the best of our knowledge no
paper dealing with PANI – montmorillonite compos-
ite nanofibers have been published yet. This may be
due to a low amount of exfoliation occurring to sili-
cate layers. Eventhough there is intercalation, the
Van der Waals forces binding the clay layers are
weak and in aqueous solution, the layers swells and
some silicate layers may become exfoliated. Com-
monly used method to prepare the nanocomposite is
intercalation of aniline into the gallery of clay layers
followed by in situ polymerization.14,15

We have successfully synthesized PANI composite
nanofibres through in situ polymerization of aniline
inside the matrix of pillared montmorillonite. Jagtap
N and Ramaswamy V had reported oxidation of ani-
line over titania pillared montmorillonite clays.16 Here
the oxidant selected is H2O2 that resulted in the
selective formation of azoxybenzene at room temper-
ature, whereas in the present work (NH4)2S2O8 as
the initiator oxidant provided oxidative polymeriza-
tion of aniline in acidic medium at a low tempera-
ture. Pillaring of montmorillonite results in enhanced
interlamellar distance and the force acting between
the clay layers become covalent upon pillaring.17

This may result in increased intercalation of aniline
into the matrix and polymerization occurs in the
confined environment to give nanofibers. Pillared
interlayered clays (PILC) are two-dimensional zeo-
lites like materials prepared by exchanging the
charge compensating cations between the smectite
clay layers by partially hydrated polymeric or oligo-
meric cation complexes in the interlamellar region of
the clay, drying and calcining transforms the metal
polyoxocations into metal oxide pillars which results
in high porosity, surface area, and acidity.18 Present
study uses pillaring with polyoxocations of chro-
mium to get chromia pillared montmorillonite for
PANI–PILC nanocomposites preparation.

EXPERIMENTAL

Materials

The materials used, montmorillonite, KSF (Aldrich),
chromium nitrate (CDH), sodium nitrate (Merck), so-
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dium carbonate (Sd Fine Chemicals), aniline (Merck),
hydrochloric acid (Qualigens), ammonium peroxodi-
sulfate (Qualigens), methanol (Sd Fine Chemicals),
and acetone (Sd Fine Chemicals) are of high purity
and used as it received.

Pillared montmorillonite preparation

Chromia pillaring is done on Na1 exchanged mont-
morillonite clay using the procedure reported by T.J.
Pinnavaia19 with slight modifications. We have
selected the pillaring solution to clay ratio as
10 mmol metal/g clay. Na1 exchange is done by
treatment of KSF with 0.5M sodium nitrate solution
for 24 h at 708C then filtered, made nitrate free by
washing, and is dried at 1108C. This is then used in
pillaring following the reported procedure.19

About 0.2M solution of chromium nitrate was par-
tially hydrolyzed by drop wise addition of 0.3M so-
dium carbonate (Sd Fine Chemicals) solution with a
base to metal ratio of 2 under vigorous stirring for 2 h
at 958C and is again stirred at the same temperature
for 6 h. This pillaring solution is then added to the
previously swelled sodium exchanged montmorillon-
ite clay. The solution is stirred at 708C for 24 h, kept
overnight, filtered, washed free of nitrate ions, dried
at 1108C, and calcined at 5008C for 5 h to get chromia
pillared montmorillonite. The pillared clay is desig-
nated as PILC.

Preparation of PANI–PILC nanocomposites

The nanocomposites are prepared by in situ interca-
lative polymerization of aniline. The PILC is added
to 1M HCl aqueous solution and is stirred for 1 h.
Aniline monomer is then added to this colloidal sus-
pension of clay in a ratio of 50 mmol aniline/g clay
(4.65 g aniline/g clay), stirred for the intercalation of
aniline into the silicate layers, and is kept at 08C.
Ammonium persulfate, (NH4)2S2O8, dissolved in 1M
HCl is added slowly to solution containing aniline
and PILC at an aniline/oxidant molar ratio of 1 :
1.25, then stirred for 8 h and is kept overnight. The
nanocomposites is separated by filtration and wash-
ing with acetone, methanol, and distilled water. This
is done to remove oligomers, excess oxidant and re-
sidual aniline monomer. The composite is dried at
508C. The prepared nanocomposites are designated
as PANI – PILC.

Characterization

The surface morphologies of PANI/clay nanocompo-
sites are taken in a JSM – 840 A, Scanning electron
microscope, JEOL – Japan. The basal spacing of the
nanocomposites is measured using an X-ray diffrac-

tometer using a Rigaku D MAX III VC Ni-filtered
Cu Ka radiation ( k 5 1.5404 Å at a scan rate of 48/
min). FTIR spectra are obtained by the KBr pellet
method on ABB BOMEM (MB Series) spectrometer
in the range 400–2800 cm21. UV–vis spectra of
PANI/PILC nanocomposites were taken in the range
200–800 nm on an Ocean Optics. SD 2000, Fiber
Optic Spectrometer equipped with a diffuse reflec-
tance attachment, with a charged coupled device de-
tector at room temperature using MgO as the refer-
ence; the samples are flushed with an inert atmos-
phere. The electrical conductivity of PANI/PILC
nanocomposites was measured in a compressed pel-
let (1.5 cm diameter – 0.05 cm thick) at room temper-
ature by the four-probe technique using an electrom-
eter. Thermogravimetric analysis (TGA/DTG) was
carried out in a Perkin Elmer Pyris Diamond ther-
mogravimetric/differential thermal analyzer by heat-
ing the sample at a rate of 208C min21 from room
temperature to 8008C in air.

RESULTS AND DISCUSSION

Morphology

SEM photographs in Figure 1 shows the nanofibrous
morphology of PANI in the clay matrix. The layered
structure of the clay is evident from the picture. Fig-
ure 1(a,c) represents the fibrous PANI composites
and Figure (b) shows the PILC. The enhanced layer
distance in PILC allows the intercalation of more
monomers and efficient polymerization occurs
within the layers. Since in PILCs the further layer
expansion in polar medium is absent (swelling prop-
erties are lost20), which is found in montmorillonite,
there is no chance of exfoliation. In PILCs, the bond-
ing between the layers is covalent and the polymer-
ization occurs within the confined media and as a
result, polymer with high crystallinity and polymer
order are expected. This explains the nanofiber for-
mation. Note that traditional chemical polymeriza-
tion using common mineral acids yields granular
PANI.21,22 Thus the morphology of the composite
seen from SEM photographs suggests polymer inter-
calation. The nanofiber formed within the clay layers
may be molecule fiber of doped PANI. Molecular
models and crystal structure studies of emeraldine.
HCSA (PANI doped with D,L-camphorsulfonic
acid)23 synthesized by surfactant-assisted chemical
oxidative polymerization of aniline in dilute aqueous
organic acids shows that the ‘‘diameter’’ of a single
chain (molecule fiber of doped PANI) is in the range
1.0–1.8 nm. PANI nanofibers obtained in that study
are chemically robust nanofibers having average
fiber diameter in the range 30–50 nm and they
deform readily under mechanical stress and frag-
ment to smaller pieces (of fiber diameter 1.0–1.8 nm)
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under strong probe sonication. SEM pictures in the
present study show that diameter of the PANI fibers
are between 100 and 300 nm. We suggest aggrega-
tion of the single PANI chains as it emerges out the
clay layers. It is reported that one nanofiber contains
lots of PANI chains. In HCl doped PANIs Cl2 ions
have small size. Then the interchain separation may
be small, resulting in an existence of strong coher-
ence/coupling between the chains.24,25

XRD and FTIR analysis

From XRD patterns, the well ordered polymer
within the clay matrix having high crystallinity is
clearly evident. The peak centered at around 2y 5
208 and 258 may be ascribed to the periodicity paral-
lel and perpendicular to the polymer chain, respec-
tively. The peak at around 2y is � 158, 208, and 258
are assigned to emeraldine structure.26 The peak of
2y is � 258 is stronger than that of 2y is � 208 and is
similar to the highly doped emeraldine salt.27 The
high level of crystallinity and additional peaks at 2y
values (in degrees) of 26.6, 38.0, 44.4, 47.4, and 64.9
are seen from Figure 2. These peaks are found to be
absent in the PILC and thus is confirmed to be that
of PANI formed. These peaks are not found over the
composites prepared with unmodified montmoril-
lonite using the same method. The XRD pattern of
the composite retains all peaks present in the clay
(2y 5 4.5, 18.1, 19.8, 20.7, 27.1, 28.2, 34.78, 36.58, 45.8,
50.6, 55.3, 62.0, 65.6 degrees) with decrease in inten-
sity, showing that the basic clay layer structure is
retained even after the composite formation. The
position of the diffraction peak of the (100) plane
defined the interlayer space in montmorillonite clays.
In parent montmorillonite clay the 2y value corre-
sponding to the (100) plane lies at � 8.98, with a ba-
sal spacing of 9.8 Å calculated from Bragg equation.
Pillaring process results in shift of this 2y value
towards left and the increased d-spacing upon pillar-
ing is calculated from Bragg equation.16 The reflec-
tion corresponding to the (100) plane whose 2y value

Figure 1 SEM photographs of PILC and PANI-PILC
nanocomposite.

Figure 2 XRD patterns of PILC and PANI-PILC nano-
composite.
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is shifted (from 8.98 in montmorillonite towards left)
after pillaring process as a result of the enhanced
layer distance (d spacing 5 19.6 Å) remains unaf-
fected after composite formation. This indicates that
the dimension of PANI formed inside the matrix is
of nano range (<19.6 Å). The insertion of PANI is
suggested from its highly crystalline nature which
is not attainable without any intercalation. The ab-
sence of further enhancement in layer distance after
composite formation unlike in other PANI/clay com-
posites7–13 may also be due to the reason that, in
PILCs the bonding between layers is nearly covalent
unlike in montmorillonite which is ionic or Van der
Waals interaction.16

FTIR of PANI composite fibers exhibits absorption
peaks due to the benzenoid ring of PANI at 1506,
1444, and 821 cm21. Peaks at 1574 and 1172 cm21

correspond to quinoid ring28 (Fig. 3). The Si��O��Si
stretching frequency of the clay matrix (1051cm21

slightly shifted to 1045 cm21) present in the compos-
ite confirms the retention of basic clay structure.17

The peaks at 1230 and 1309 cm21 originate from the
aromatic amine nitrogen (C��N stretching vibra-
tions) associated with the oxidation or protonation
states in PANI.29 In the composite there is slight
shift to the frequency towards higher wave numbers
and is suggested to be due to the Coulomb interac-
tion between the positive nitrogen of the intercalated
PANI and the partially negatively charged clay
layers.30

UV–vis diffuse reflectance spectral analysis

Figure 4 shows the diffuse reflectance spectra of
PANI/PILC, PANI, and PILC. PANI/PILC shows
peaks due to p-p* (371 nm) and polaron-p* (458 nm).

The results suggest that the prepared PANI is in the
doped state.31,32 The incorporation of Cr31 ion in the
pillar position leads to characteristic absorption of
light in the UV region of the DRS spectra. The Cr31

ion with 3d3 configuration is known to exhibit strong
optical absorption in the UV region of the electronic
spectrum. On nanocomposites formation the UV
absorption around 360 nm present in PILC is
strengthened, and is due to the overlap of peaks of
p-p* transitions in PANI with the d–d transitions of
chromium ions present in the clay. This result indi-
cates that there is strong interaction between PANI
and PILC. In bulk PANI a strong absorption peak
generally appears in 780–826 nm as a result of p-po-
laron transitions.27,28 But in the hybrid nanocompo-
sites this peak is not sharp and is broadened. The
broad absorption around 750 nm is a characteristic
band of the polaron of PANI – emeraldine salt,
formed by the head to tail coupling of the Anilinium
radical.33 The broadening may be due to the shift of
peak towards near IR region34 (free-carrier tail,35 in
the higher wavelength region). It is consistent with
the delocalization of electrons in the polaron band
promoted by an extended conformation of the poly-
mer chains. Inside the clay layers, which are apart in
the nanometer scale, the interaction of different poly-
mer chains are eliminated and the chain contraction
is limited. This strengthens the interaction between
the polarons, and the polaron bands become more
dispersed in energy. This explains the presence
broad bands where polaron transitions are present.36

Thermal properties

Figure 5 shows the DTG curves for PANI, PILC, and
the PANI-PILC composite. The composite shows a
four step weight loss, as can be seen from the four

Figure 3 FTIR spectra of clay and composite.

Figure 4 DRS of PILC and PANI-PILC nanocomposite.
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minima in the DTG curve indicating the majority
weight loss for respective steps. The first weight loss
just below 1008C is attributed to the loss of water
from PANI as well as from the interlayer galleries of
clay. The second weight loss ranging from 200 to
3008C, centered at 2758C is due to the elimination of
dopant HCl present.37,38 The polymer backbone
breakage for pure PANI (ES) is at 523.48C. In com-
posite this is shifted to 579.28C, a higher temperature
by about 55.88C, which may be due to the additional
stability inside the matrix as a result of restricted
motion. The weight loss around 6308C seen in the
PILC DTG is attributed to the dehydroxylation of sil-
icate structure,39 loss of water from the interlayer
galleries results in a weight loss just below 1008C.
The fourth weight loss in the composite occurs at
763.38C, which may be due to the silicate layer dehy-
droxylation. This result suggests that the intercalated
nanocomposites system is more thermally stable, i.e.,
upon nanohybrid formation the stability of organic
as well as inorganic material is enhanced.

The conductivity of PANI–PILC composite meas-
ured through four-probe method show a high con-
ductivity of 3.7 3 1022 Scm21, and is found to be
comparable with the PSSA-g-PANI/montmorillonite
composite that contains 13% clay.40 Present study
has 19% clay in the composite.

CONCLUSIONS

A simple and inexpensive route for PANI/clay
nanofibers for the first time is well established. Fi-
brous morphology is evident from SEM pictures

where the high polymer order and crystallinity is
clear from X-ray diffraction patterns. FTIR and UV-
DRS spectral analysis shows the strong interaction
between PANI and PILC that gives additional stabil-
ity to the intercalated polymer within the matrix,
clear from the DTG analysis. The composite is hav-
ing good conductivity, but less than that of pure
PANI, due to the weakening in interchain interac-
tions within the confined matrix.
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