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Abstract

Novel self-assembled micro/nanostructured polyanilineeclay nanocomposite (PANICN) materials were prepared by in situ intercalative
emulsion polymerization of aniline in aqueous dispersion of clay using functionalized amphiphilic dopant, 3-pentadecyl phenyl phosphoric
acid (PDPPA) derived from renewable resource. The structural effect of PDPPA on the morphology, electrical conductivity and phase transition
temperature of PANICNs was compared with nanocomposites prepared using dodecyl benzene sulphonic acid (DBSA) and HCl. X-ray diffrac-
tion and scanning electron microscopic (SEM) studies revealed the formation of monolayer of protonated PANI intercalated nanoclay layers with
template polymerized self-assembled micro/nanostructured PANI on the surface of the clay. Nano/microstructured PANIs were formed by the
supra-molecular self-assembling of the inter-chain hydrogen bonding, interplane phenyl stacking and electrostatic layer-by-layer self-assembling
(ELBS) between polarised alkyl chains present in dopant anions and were manifested using Fourier transform infrared spectroscopy and
differential scanning calorimetry.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, electrically conducting polyanilineeclay
nanostructured (PANICNs) materials including nanofibers and
nanotubes have been prepared by different strategies for
potential applications [1]. Mechanical, thermal and environ-
mental stabilities are desired for electrically conducting PANI
in advanced electronic and optical applications including
rechargeable batteries, energy storage, electromagnetic inter-
ference shielding and chemical sensing devices. Synthesis of
polyanilineeclay hybrid/nanocomposite (PANICN) is receiv-
ing attention in this respect due to better conductivity and
more economical efficiency with low loading of PANI [2,3].
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There are many routes for preparing these materials, through
micellar media [4], interfacial [5], template-guided [6] or
aniline polymerization in the presence of inorganic or organic
matrices resulting in PANI composites [7e9]. Among these
synthetic approaches, the formation of PANI nanocomposites
has received great attention, since it is possible to use this
method to get PANI with ordered chain structure and with better
properties than that of bulk ones. The most common inorganic
matrix used to prepare PANI composites is smectite clay
[8,9], due to its capacity to swell and exchange cations. Benton-
ite is a naturally occurring inexpensive layered silicate which
organize themselves in a parallel fashion to form stacks with
a regular van der Waals gap in-between them called interlayer
spacing and the galleries contain metal cations (Na1þ, Li1þ,
Ca2þ), which are exchangeable with organic cations [10]. The
functionalized intercalating cum dopant can act as a surfactant
for reducing the intergallery interaction and will promote the
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expansion of intergallery due to the presence of both hydropho-
bic and hydrophilic group. The commonly used dopants for
PANI are mineral acids and amphiphilic molecules such as sul-
phonic acids [11], phosphonic acids [12] and phosphoric acid es-
ters [13]. Herein we report the use of a few molecular systems
derived from 3-pentadecyl phenol (3-PDP) which is obtained
from renewable resource material, cashew nut shell liquid
[14]. The presence of both hydrophobic (alkyl) and hydrophilic
(eSO3H/eHPO4) groups enables it to function as an intercalat-
ing agent as well as dopant similar to DBSA. After intercalation
of the anilinium ion (Anþ) �OR, the extrinsic initiator ammo-
nium persulphate (APS) can enter and initiate polymerization
for getting protonated PANI chain confined PANICNs. Structur-
ally, two kinds of clay polymer nanocomposites can be isolated:
(i) intercalated nanocomposites where polymer chains are
between the clay layers and a regular repeating distance can
be observed; (ii) exfoliated nanocomposite where clay stacks
are delaminated forming individual layers dispersed within the
polymer. When aniline polymerization is done in an acidic aque-
ous suspension of bentonite having one oxidizing agent, the for-
mation of intercalated and/or exfoliated nanocomposite can be
dependent on aniline to intercalating agent ratio. Kim et al. [15]
have prepared polyanilineeclay nanocomposite (PANICN) by
in situ intercalative emulsion polymerization using DBSA as
intercalating agent cum functionalized dopant. Mesomorphic be-
havior of hydrogen-bonded self-assembled complexes of methyl
sulphonic acid (MSA), polyvinyl pyridine (PVP) and 3-PDP,
which is the starting material for the preparation of PDPPA, was
reported by Ikkala and ten Brinke [16]. They reported that
self-assembled nanostructures were formed through hydrogen
bonding and also by electrostatic layer-by-layer self-assembling
(ELBS) between the polarised hydrocarbon chains present
in PDP.

In the present work, we report the studies on the synthesis
and properties of micro/nanostructured protonated PANICNs
using 3-PDPPA as intercalating agent cum dopant which is a
bifunctional molecule having long alkyl chain meta to the
eH2PO4 group and is derived from renewable resource and
the properties were compared with DBSA, which is built
with alkyl chain para to the sulphonic acid group. Effect of
compositional variation of aniline/dopant/clay on the morphol-
ogy and other physical properties of PANICNs were discussed.

2. Experimental section

2.1. Materials

Aniline monomer (99.5% purity, Ranbaxy Chemicals Ltd.,
Bombay) was distilled under reduced pressure, anilinium
hydrochloride, ammonium persulphate (APS), methyl alcohol
(SD Fine Chemicals Limited, Bombay). Bentonite clay with
cation exchange capacity of 55 meq/100 g and a mean chem-
ical formula of (Na,Ca)0.33(Al1.67Mg0.33)Si4O10(OH)2nH2O
(Loba Chemie, Bombay, India) was used. Prior to use, it
was washed with saturated sodium chloride solution many
times and size fractionated to obtain Naebentonite free of
impurities. DBSA (85% purity, Aldrich, Germany) PDPPA
was prepared from cardanol obtained by the double distillation
of cashew nut shell liquid (Cashew Export Promotion Council,
India) at 3e4 mm Hg at 230e235 �C. This was hydrogenated
to 3-pentadecyl phenol as per the procedure in Ref. [13].

2.2. Preparation of 3-pentadecyl phenyl phosphoric acid
(PDPPA)

3-Pentadecyl phenol (0.8 mol) 60 ml and dry hexane 600 ml
were taken in a round-bottomed flask. To the stirring solution
phosphorous pentoxide (0.13 mol) 18 g was added in portion
wise. The reaction was continued for 6 h at 80e85 �C. The
pyrophosphate formed was hydrolysed with dil. HCl. Then it
is filtered and dried under vacuum at 80 �C for 6 h.

Formation of PDPPA was confirmed by elemental analysis,
FTIR and 1H NMR spectra. Elemental analysis calculated for
molecular formula C21H38PO4: %C¼ 65.4; %H¼ 9.8; %P¼
8.0; observed: %C¼ 65.1; %H¼ 9.6; %P¼ 7.9. In FTIR spectra,
the n (max) 2919, 2841, 1469 (eCH2e)n, 1605, 694 (Ar), 1227
(CO), 1250 (P]O), 2730 (PeOH), 3020 (CeH), 2980 (ali-
phatic). 1H NMR (CDCl3, ppm): d 0.8e0.9 (3H, t, CH2eCH3),
1.25 (26H, br s, (eCH2e)n, 2.8 (2H, t, (PheCH2e)n, 5.7 (1H,
br s, OH), 6.8e6.9 (3H, m, Ar), 7.0 (1H, d, ArC-5) (Scheme 1).

2.3. Preparation of polyanilines (PANIs) and
polyanilineeclay nanocomposites (PANICNs)

PANICN with different molar ratios of dopant was prepared
by an in situ intercalative emulsion polymerization method.
Bentonite 2.5 g was dispersed in 200 ml deionised water by
heating and stirring at 80 �C for 3 h. Aniline 2.3 g (0.025 mol)
was mixed with PDPPA 90 g (0.025 mol) and dispersed in
water/xylene mixture. This emulsion was then added drop-
wise to clay dispersion. Then it was heated with stirring for
6 h at 100 �C. The mixture was cooled down to 0 �C by keeping
in an ice bath and the pH was regulated to 2 with HCl. The
oxidant initiator (NH4)2S2O8 (0.03 mol) dissolved in 50 ml of
distilled water was then added drop-wise to initiate the polymer-
ization. Reaction continued for 10 h. The dark green color pre-
cipitate was isolated by adding methanol, filtered, washed with
deionised water and dried at 60 �C in a vacuum oven by keeping
for 16 h. Experiments were performed with different ratios
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of aniline/PDPPA. PANICNs prepared using DBSA, PDPPA,
HCl are indexed as PANICNeDBSA, PANICNePDPPA and
PANICNeHCl, respectively.

PANIeDBSA, PANIePDPPA and PANIeHCl were also
prepared without clay for comparison.

2.4. Characterization techniques

2.4.1. Measurement of UVevis spectra
UVevis spectra of the PANICN samples were obtained

from PerkineElmer in a wavelength range of 300e1000 nm.

2.4.2. Measurement of FTIR and NMR spectra
PANIs and PANICNs were dispersed in potassium bromide

and compressed into pellets to record FTIR spectrum. The mea-
surements were made with a fully computerized Nicolet Impact
400D FTIR spectrophotometer. All spectra were corrected for
the presence of moisture and carbon dioxide in the optical
path. 1H NMR spectra were recorded with CDCl3 using Brucker
300 MHz FT-NMR equipped with ASPECT-3000 computer.

2.4.3. X-ray diffraction (XRD) measurements
X-ray diffraction (XRD) measurements were carried out

using a Philips X-ray diffractometer using nickel filtered Cu
Ka radiation (l w 0.154 nm). Powder form was used for the
XRD experiments. Patterns were recorded in the 2q angles
from 2 to 40�.

2.4.4. Electrical conductivity
PANIs and PANICNs were compressed with a manual

hydraulic press at 800 MPa into pellets with 50 mm diameter
and 1 mm thick. The conductivity was measured by a standard
spring loaded pressure contact four-probe method supplied by
Scientific Equipment, Roorkee (India). The conductivity (s0)
was calculated using van der Pauw relation

s0¼ ðln 2=pdÞðI=VÞ;

where d is the thickness of the film.

2.4.5. Measurement of scanning electron microscopy
Morphological studies of PANICN powder samples were

examined using scanning electron microscope (SEM, JEOL
make, model JSM 5600 LV) at 15 kV accelerating voltage.

2.4.6. Differential scanning calorimetry
DSC measurements were made with Dupont DSC 2010 dif-

ferential scanning calorimeter attached to Thermal Analyst
2100 at a heating rate of 10 �C/min in nitrogen atmosphere.

3. Results and discussion

3.1. Preparation of polyanilines (PANIs) and
polyanilineeclay nanocomposites (PANICNs)

PDPPAwas found to act as intercalating agent cum dopant for
the preparation of PANICNePDPPAs as shown in Scheme 2
[15]. Experiments were performed with and without the pres-
ence of clay and also with different ratios of aniline to dopant
(PDPPA and DBSA). The induction period and polymerization
time were recorded from the beginning of the oxidant addition
to the reaction mixture until the color turned pale blue and dark
green, respectively. Details of induction period, yield and
polymerization time are summarized in Table 1. The induction
period for PANIePDPPA (140 min) is higher than PANICNe
DBSA (15e25 min). This might be due to less degree of
absorption of the Anþ PDPPA complex on the clay layers. After
the insertion of Anþ into the galleries, a coordinate bond is
formed between the monomer and the ions present in the sili-
cate gallery. The polymer chain can add monomer until its
oxidation stage achieves emeraldine green form. At this point,
oxidation potential becomes very slow and polymerization
stops.

UVevis reflectance spectra of the PANICNePDPPA,
PANICNeHCl, PANICNeDBSA, PANIePDPPA, PANIe
DBSA, PANIeHCl are shown in Fig. 1aef, respectively.
PANIeHCl, PANIePDPPA and PANIeDBSA exhibited two
broad absorption maxima in the range of 300e440 nm and
520e700 nm. The absorption peak in the 340 nm is assigned
as the pep* transition in the reduced unit of polyaniline as re-
ported in the literature [17]. The absorption band at 700 nm is
characteristic of the head to tail coupling of anilinium radical
cations of the PANIeES [18]. In PANICNeHCl, PANICNe
PDPPA and PANICNeDBSA, a red shift in the second maxi-
mum is observed as a broad absorption band (called ‘‘free carrier
tail’’) in the near infrared region [19]. It is consistent with the
delocalization of electrons in the polaron band promoted by
an extended confirmation of the polymer chain inside the
nanoclay layers.

FTIR spectra of the PANIeHCl, PANICNeHCl, PANIe
PDPPA, PANICNeDBSA, PANIeDBSA, PANICNePDPPA,
bentonite are shown in Fig. 2aeg, respectively. The character-
istic bands corresponding to bentonite (Fig. 2g) appeared at
1023 [n (SieO)], 911 [d (AleOH)] and 525 cm�1 (n (SieOe
Al)] [20]. PANIePDPPA (Fig. 2c) presented four major vibra-
tion bands at 1116 [para-substituted aromatic d (CeH) in
plane], 1295 [n (CeN), 1487 [benzenoid ring n (C]C)] and
1560 cm�1 [quinoid ring n (C]C)] and these observed bands
are in good agreement with the previously published values
[21]. The P]O stretching mode occurring at 1248 cm�1 is
superimposed on BeBeB stretching of PANI occurring at
1238 cm�1. The band at 1295 cm�1 for the PANIeHCl,
PANICNeHCl, PANIePDPPA, and PANIeDBSA (Fig. 2aec,
and e, respectively) assigned as the stretching vibration of
CeN [n (CeN)], is significantly shifted to 1303 cm�1 for
the intercalated nanocomposites of PANICNePDPPA and
PANICNeDBSA as shown in Fig. 2f and d, respectively. Con-
sequently, the frequency shift of n (CeN) observed in
PANICNs is believed to be caused by the hydrogen-bonded
interaction between PANI and the basal surface of nanoclay
(i.e. NH/O hydrogen bonding). The absorption bands around
3423 cm�1 and 3230 cm�1 and 2300e2800 cm�1, reflect the
organization of PANI chains by hydrogen-bonded interaction
involving NH and NHþ groups [22].



341J.D. Sudha, T.S. Sasikala / Polymer 48 (2007) 338e347
NH
3
OR

+

C
15

H
32

C
12

H
24

O

SO3H

P

O

OH
HO

+

aqueous dispersion

of clay

anilinium salt

sonication

Intercalation

APS

polymerisation

polyaniline-clay nanocomposite (PANICN)

RO = 

3-PDPPA DBSA

aluminum silicate layer
sodium

anilinium salt intercalated clay layers

Exfoliated PANICNsIntercalated PANICNs

Scheme 2. Synthesis of PANICNs.
3.2. XRD measurements

During intercalation, the PANIedopant chains get confined
in the inter-clay layers; the inter-distance between the clay
layers increases in various directions depending on the con-
formation and functionality of the intercalating chains. We
estimate the variation of d-spacing, which is induced from
the angular position 2q of the observed peaks according
to the Bragg formula nl¼ 2d sin q. The XRD patterns of
bentonite, PANICNeHCl, PANIeHCl, PANIePDPPA,
PANICNePDPPA3, PANICNeDBSA1, PANICNeDBSA3,
PANICNePDPPA1, PANIeDBSA are shown in Fig. 3aei. The
XRD pattern of bentonite (Fig. 3a) at low angle exhibited a sharp
peak at 2q¼ 6.4� (13.6 Å) corresponding to interlayer spacing
of the aluminum silicate layer. The diffraction pattern of
PANIeHCl appeared as featureless whereas the PANIePDPPA
(Fig. 3d) and PANIeDBSA (Fig. 3i) exhibited diffractogram
with specific features. Diffractogram of PANIePDPPA ap-
peared as a sharp peak at 2q¼ 3.1 with d-spacing of 30 Åwhich
corresponds to the electrostatic layer-by-layer self-assembly of
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Table 1

Experimental details of the preparation of PANIePDPPA, PANICNePDPPA, PANIeDBSA and PANICNeDBSA

Sample Ratio of

aniline:dopant

Temperature of

intercalation (�C)

Induction

period (min)

Polymerization

time (h)

Yield

(%)

Color and

appearance

PANIePDPPA 1:1 NA 140 8 75 E.G. fine powder

PANICNePDPPA1 1:0.5 120 100 8 55 E.G. fine powder

PANICNePDPPA2 1:1 120 80 8 69 E.G. fine powder

PANICNePDPPA3 1:1.5 120 60 10 70 E.G. fine powder

PANICNePDPPA4 1:2 120 40 16 78 E.G. fine powder

PANIeDBSA 1:1 NA 40 8 74 E.G. fine powder

PANICNeDBSA1 1:0.5 80 25 8 60 E.G. fine powder

PANICNeDBSA2 1:1 80 20 8 78 E.G. fine powder

PANICNeDBSA3 1:1.5 80 18 10 65 E.G. fine powder

PANICNeDBSA4 1:2 80 15 18 72 E.G. fine powder

E.G.¼ emeraldine green.
protonated PANIeDBSA (Table 2) as observed by Taka et al.
[23] (Scheme 3). PANICNePDPPA1 (Fig. 3h) exhibited two re-
flections below 2q¼ 10�, the broad diffractograms at 2q¼ 5.8�

and 3.3� with a d-spacing of 16.7 Å and 33 Å. Taking into ac-
count the clay thickness as 9.6 Å, the basal spacing of 16.7 Å
corresponds to the gallery height of 7 Å. The initial enhance-
ment in the interlayer spacing is very close to the dimension
of polyaniline which is similar to that reported for V2O5 [24]
and FeOCl [25]. Second peak observed is due to the layered
arrangement of PANIePDPPA engulfed over the clay surface.
Diffractogram of PANICNeDBSA1 (Fig. 3f) exhibited two
maxima with a d-spacing of 16.4 Å and 38 Å. The initial peak
is due to the enhancement in the interlayer spacing (6.8 Å) asso-
ciated with the confinement of the PANI chains and the other
reflection is due to the layered arrangement of the protonated
PANIeDBSA. Fig. 3e and g represents the diffractogram of
PANICNePDPPA3 and PANICNeDBSA3 having aniline to
intercalating agent ratio of 1:1.5. Diffractogram exhibited
peak that corresponds to the self-assembled layered structure of
protonated PANIs without the d001 reflection. This can be due to

Fig. 1. UVeVis spectra of (a) PANICNePDPPA, (b) PANICNeHCl, (c)

PANICNeDBSA1, (d) PANIePDPPA, (e) PANIeDBSA, and (f) PANIeHCl.
the exfoliated structure of PANICNs. Diffractogram of PANIe
DBSA (Fig. 3i) corresponds to the self-assembled layered struc-
ture of PANIeDBSAs. In the case of PANICNeHCl, the peak is
shifted to lower angle (2q¼ 6.3�) with d-spacing of 13.9 Å. The
enhancement in the interlayer spacing is smaller than the dimen-
sion of the PANI chains which showed the non-confinement of
PANI chains between the clay layers. It was also observed that

Fig. 2. FTIR spectra of (a) PANIeHCl, (b) PANICNeHCl, (c) PANIePDPPA, (d)

PANICNeDBSA, (e) PANIeDBSA, (f) PANICNePDPPA, and (g) bentonite.
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in PANICNeDBSA and PANICNePDPPA, the characteristic
d004-spacing at 2q¼ 20� of the bentonite is also distorted due
to intercalation/exfoliation (Table 2).

Fig. 3. Small angle XRD of (a) bentonite, (b) PANICNeHCl, (c) PANIeHCl, (d)

PANIePDPPA, (e) PANICNePDPPA3, (f) PANICNeDBSA1, (g) PANICNe

DBSA3, (h) PANICNePDPPA1, and (i) PANIeDBSA.

Table 2

Experimental details of SAXD analysis

System d-spacing (Å) Angle 2q (�)

Bentonite 13.6 6.4

PANIeHCl No peak No peak

PANICNeHCl 13.9 (broad) 6.3

PANIePDPPA 30 (broad) 3

PANICNePDPPA1 34 (weak), 16.7 (strong) 3.3, 5.8

PANICNePDPPA2 42.2 (strong), 16.9 (weak) 2.0, 5.7

PANICNePDPPA3 Featureless No peaks

PANIeDBSA 28 (sharp) 3.1

PANICNeDBSA1 38, 14.7 (broad) 2.29, 5.96

PANICNeDBSA2 40 (sharp), 16.7 (broad) 2.1, 5.8

PANICNeDBSA3 43.1 (sharp), 16.41 (weak) 2.04, 5.96
3.3. Electrical conductivity measurements

The dc conductivity (sdc) measurements of PANICNs were
carried out using four-probe conductivity meter with uniform
sized pellets. The conductivity was found to depend on the
structure and molar ratio of the dopants. Conductivity mea-
surements were carried out as a function of increasing amount
of dopant by keeping clay to aniline ratio constant and the
data are shown in Table 3. Increasing the amount of dopant
increases the degree of protonation. That is why increased
degree of protonation on the imine nitrogens leads to a higher
conductivity. The classical protonation (doping) concept as-
sumes that the acid reacts with the imine nitrogens in PANI
(emeraldine) base and as a result PANI ‘salt’ is produced.
The two electrons from the electron pairs located at imine
nitrogens are injected into the adjacent quininoid ring, which
is converted to the benzenoid form. The remaining unpaired
electron present in the imine nitrogens and cation radicals
act as carriers in the electric conduction. PANIePDPPA
showed conductivity of 8.2� 10�1 S/cm (1:1). PANICNe
PDPPA exhibited conductivity values 1.28� 10�4, 1.28�
10�3, 8.8� 10�3, 7.2� 10�2 S/cm for different aniline/
PDPPA molar ratios, 1:0.5, 1:0.75, 1:1, 1:1.5, respectively.
The conductivity values of PANIeHCl and PANICNeHCl are
measured as 3.6� 10�4 and 2.85� 10�4 S/cm, respectively.

Conductivity values of PANIeDBSA and PANICNeDBSA
decreased when the ratio of [aniline]:[DBSA] is varied from
1:0.5 to 1:2. The low value of conductivity for the PANIe
PDPPA systems compared to DBSA is due to the bulky and
divalent nature of the PDPAA [26].

3.4. SEM measurements

The SEM micrographs of bentonite, PANIePDPPA,
PANIeDBSA, PANICNePDPPA1, PANICNePDPPA2, PAN-
ICNePDPPA3, PANICNeDBSA3 are shown in Fig. 4aeg,
respectively. The morphology of bentonite was observed as
flaky texture reflecting its layered texture as shown in Fig. 4a
[27]. It was observed that the microstructure of PANICNs
is highly dependent on the quantity and the nature of the dopant.
The microstructure of PANIePDPPA (Fig. 4b) was observed
as cylindrical shaped aggregates with uniform distance between
protonated PANI chains. The thickness of the aggregate
was observed as 30 Å in the XRD measurements. The micro-
graph of PANIeDBSA (Fig. 4c) is observed as lamellar
shaped structures with thickness of 32 Å and is uniformly dis-
tributed compared with PANIePDPPA. Fig. 4def represents
the micrographs of PANICNePDPPAs with molar ratio of
[aniline]:[dopant] 1:0.5, 1:0.75, 1:1.5, respectively. Fig. 4d
represents PANICNePDPPA1 having PANI chain inter-
calated sheets with the less number of sheets. PANICNe
PDPPA2 (Fig. 4e) observed as clay sheets engulfed with
sheets and also some PANI chain engulfed sheets. Fig. 4f
shows the fully exfoliated clay layers engulfed with the forma-
tion of template polymerized self-assembled PANI chains.
Fig. 4g is the micrograph observed for PANICNeDBSA3 for
1:1.5 aniline to DBSA molar ratio which showed a bunch of
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micro/nanometer-sized filaments in comb shaped structure.
The micelle formed by the hydrophilic aniline with the hydro-
phobic amphiphilic surfactant will play a role in forming
templates on the clay surface that facilitate the formation of
nano/microstructures of PANICNePDPPA. It was also ob-
served that colorless round shaped micelles formed on the sur-
face of the rods (Fig. 4e and f). These sprouts might have been
formed by the self-assembled anilinium phosphate salts by
ELBS which may be acting as template for the formation of
nanostructure rods as shown in Scheme 2. Thus, it is clear that
the morphology of PANIs and PANICNs was controlled by the
structure and amount of the amphiphilic dopant. Based on
the above observations, a schematic representation for the
Table 3

Details of the conductivity measurement of PANI and PANICNs

System Conductivity (S/cm)

PANIePDPPA 8.2� 10�1

PANICNePDPPA1 1.28� 10�4

PANICNePDPPA2 1.28� 10�3

PANICNePDPPA3 8.8� 10�3

PANICNePDPPA4 7.2� 10�2

PANIeDBSA 3.0

PANICNeDBSA1 3.2� 10�3

PANICNeDBSA2 8.8� 10�2

PANICNeDBSA3 2.2� 10�1

PANICNeDBSA4 7.1� 10�1

PANIeHCl 3.6� 10�4

PANICNeHCl 2.85� 10�4
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Fig. 4. SEM pictures of (a) bentonite, (b) PANIePDPPA, (c) PANIeDBSA, (d) PANICNePDPPA1, (e) PANICNePDPPA2, (f) PANICNePDPPA3, and (g)

PANICNeDBSA3.
formation of PANICN nanostructures was proposed as shown in
Scheme 2.

3.5. Differential scanning calorimetry

Thermal phase transition changes of PANIs and PANICNs
were studied by DSC at a heating rate of 10 �C/min under
nitrogen atmosphere. The DSC curves of PANICNeDBSA2,
PANICNePDPPA2, PANICNeHCl, PANIePDPPA, PANIe
DBSA, and PANIeHCl are shown in Fig. 5aee, respec-
tively. DSC curves of PANIeHCl and PANICNeHCl did
not exhibit any thermal phase transition change up to
250 �C. PANIePDPPA and PANIeDBSA showed endother-
mic phase transition around 75 and 95 �C, respectively.
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This energy change is arising due to the conformational
change of the hydrogen-bonded protonated PANIePANI
chains as explained by Ikkala and ten Brinke [28]. On heating,
PANICNs undergo change in energy that can arise from two
factors. DSC scan of PANICNePDPPA2 and PANICNe
DBSA2 exhibited two endotherms. The first endotherm is
observed around 50 �C for PANICNePDPPA2 and that for
PANICNeDBSA2 is observed at 55 �C due to the conforma-
tional change of the hydrogen-bonded protonated PANIe
PANI chains. Second transition takes place around 135
and 148 �C for PANICNePDPPA2 and PANICNeDBSA2,
respectively, due to the interaction of the PANI chains and
the clay layer as observed in PANI chain confined layered
materials [29].

4. Conclusion

In conclusion PDPPA derived from renewable resource is a
low cost intercalating agent cum dopant which can be
successfully used for the preparation of micro/nanostructured
polyanilineeclay nanocomposite similar to DBSA. Thus the
unique structure of the PDPPA plays a dual role of inter-
calating agent cum dopant. Nanocomposites containing both
intercalated and exfoliated PANICNs were prepared by chang-
ing the molar ratio of aniline and intercalating agent. The pros-
pects for the direct application of these nanocomposites can
be used in mitigating electric charge since these composites
are easily dispersible with other polymers for making blends.
Future work will emphasize on decreasing tube size for
increasing the dispersability and conductivity.

Fig. 5. DSC curves of (a) PANICNeDBSA2, (b) PANICNePDPPA2, (c)

PANICNeHCl, (d) PANIePDPPA, (e) PANIeDBSA, and (f) PANIeHCl.
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