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ABSTRACT: In this study, Na-montmorillonite was
organically modified with cetyltrimethylammoniumbro-
mide (CTAB) and intercalated with in-situ polymerized in-
dene. Polyindene(PIn)/Organo-MMT nanocomposites were
obtained with three different compositions and coded
as: K1: [PIn(94.5%)/O-MMT(5.5%)], K2: [PIn(92.8%)/
O-MMT(7.2%)], and K3: [PIn(87.9%)/O-MMT(12.1%)].
These nanocomposites were subjected to full characteriza-
tion with various techniques. Electrokinetic studies were
conducted to reveal the zeta (f)-potential characteristics of
the nanocomposites. f-potentials of the materials were
observed to decrease with increasing O-MMT content.
The cationic (CTAB) and anionic (sodium dodecylsulfate)
surfactants were shifted the f-potentials of the colloidal

dispersions to more positive and more negative regions,
respectively whereas nonionic surfactant (Triton X-100)
caused almost no change. The pH and temperature were
observed to shift the f-potential values of the nanocompo-
sites to more negative and slightly more positive regions,
respectively. With the addition of mono (NaCl), di
(BaCl2) and three (AlCl3) valent salts, the f-potential of the
nanocomposites were shifted to more negative, more
positive, and much more positive regions, respectively.
VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 123:
2911–2922, 2012
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INTRODUCTION

Polymeric materials have been synthesized by either
forming systematically composites, blends or hybrid
nanocomposite materials for desired engineering
applications.1 There has been considerably increas-
ing interest on organic–inorganic nanocomposite
materials in the past decade due to having character-
istics of both organic and inorganic components and
thus, improving the desired properties of materials
for the potential applications. The conducting poly-
mers have been the center of great interest because
of their use in commercial applications such as sen-
sors,2 batteries,3 molecular devices, and membranes4

due to their electroactivity, high electrical conductiv-
ity, and stability. However, these conducting poly-
mers usually show a poor thermal and oxidative sta-
bility and are difficult to process. The combination
of these polymers and different inorganic hosts pro-
vide new opportunities to overcome the limitations

mentioned above by preparing composites or so
called hybrid materials which possess the proper-
ties of each of the constituent components with a
synergistic effect. Nanocomposites are prepared by
encapsulating a conducting polymer in an inor-
ganic or organic matrix such as montmorillonite
(MMT), graphite oxide, or carbon nanotubes to
improve its engineering applicability with better
dispersion stability, mechanical strength, or physi-
cal properties.5–7

MMT is a good candidate as inorganic host for
synthesis of nanocomposite materials because of its
smaller particle size, enhanced intercalation proper-
ties, unique crystal structure, which exhibits octahe-
dral aluminate sheets sandwiched between tetrahe-
dral silicate layers, where water or organic
molecules are introduced between the layers and the
layer charge can easily be controlled by exchange of
cations in the galleries of MMT layers with different
charges.8 Furthermore, MMT is strongly hydrophilic,
easily dispersible in water and composed of nega-
tively charged layered plates. As a result, MMT has
been used cooperatively with conductive polymers
to form conductive polymer/MMT nanocomposites.
However, the combination of inorganic matrix,

heterocyclic conductive polymers, and the structural
changes taking place during the composite forma-
tion process are in need of exploration.9 Among the
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conducting polymers investigated, polyindene (PIn)
has been gained much more importance during the
last few years. Because of its cyclic structure, the
phenyl rings present in the PIn to arrange in a hori-
zontal fashion along the main chain, thus the repeat-
ing unit of PIn exhibits a nearly planar conforma-
tion. This unique structure provides PIn having a
high Tg and special optical properties. A possible
drawback of PIn is brittleness that stems from its
rigidity.10

In colloidal systems, the electrical properties of a
particle surface can be characterized by the electroki-
netic measurements, so called f-potential. It is
defined as the electrical potential at the particle dou-
ble layer shear plane,11 which may provide informa-
tion on the surface complex formation at the solid/
liquid interface.12 On the other hand, the measure-
ment of f-potential is also a useful parameter for
understanding the colloidal stability of a system.
The combination of short range-attractive van der
Waals and repulsive electrostatic forces are affective
on the surface of a particle. These forces form the
fundamental basis for understanding of the behavior
and the stability of colloidal systems, besides electro-
lyte content, pH value of the liquid phase and some
characteristics of solid phase such as surface charge,
particle size, and solid content.13,14

Butterworth et al. reported electrokinetic data as a
function of pH for some colloidal dispersions of con-
ducting polymer nanocomposites such as polypyrro-
le(PPy)-silica, polyaniline-silica, and PPy-tin(IV) ox-
ide colloids. Their results revealed that the inorganic
oxide was the major component at the particle sur-
face which caused long-term colloidal stability.15

Zhang and Bai reported detailed study of the
f-potential of conductive PPy under various pH con-
ditions. Their results revealed that the surface elec-
tric properties of PPy in aqueous solutions depend
on the solution pH values; and this observation was
attributed to the several factors, including the disso-
ciation of the dopant anions (i.e., Cl�), the selective
adsorption of OH� from the bulk solution, and the
protonation/deprotonation of the nitrogen atoms on
PPy structure.12

Therefore, it is an interesting study to investigate
the possibility of preparing a colloidal PIn/O-MMT
nanocomposite hybrid system. To the best of our
knowledge, there has no attempt to apply MMT as
an inorganic matrix to fabricate PIn/O-MMT nano-
composites. In this study, indene was in-situ poly-
merized in the presence of organically modified Na-
MMT and three different compositions were
obtained. The formations and morphologies of PIn/
O-MMT nanocomposites were characterized by FTIR
spectroscopy and SEM. XRD measurements were
adopted to analyze observed the morphologies the
structural changes of the host O-MMT units during

the nanocomposite formation processes. Some physi-
cal properties were also determined such as: conduc-
tivity, dielectric constant, apparent density, and
average hydrodynamic particle size. Furthermore,
electrokinetic data were used to determine the
f-potential characteristics of the materials. Mastery
of such information will be very helpful for design-
ing, fabricating, and developing further new nano-
composite materials based on inorganic host and
heterocyclic conductive polymers.

EXPERIMENTAL

Materials

Natural bentonite was kindly supplied by Samas of
Turkey; enriched in Na-content with a series of experi-
ments by sequential precipitation and decantation
processes and Na-MMT was obtained. The elemental
analysis results of Na-MMT is following (wt %):
Na2O: 3.1, MgO: 2.0, Al2O3: 19.9, SiO2: 61, K2O:

0.3, CaO: 0.8, TiO2: 0.2, Fe2O3: 5.8, ignition loss: 6.9.
Then Na-MMT was organically modified with
CTAB, (C16H33N(CH3)

þ
3 Br

�) before use. Indene
(Merck) (90% pure) was distilled in vacuum
(15 mmHg) prior to use. Anhydrous FeCl3 (98%
pure), CHCl3 (99% pure), and all the other reagents
were Merck products and used as received.

Synthesis of polyindene

Polyindene (PIn) was polymerized using FeCl3 as an
oxidizing agent and CHCl3 as a solvent. The molar ra-
tio of oxidant to monomer was taken as 1 : 1. The poly-
merization was carried out under N2(g) atmosphere at
15–20�C for 3 h. The crude PIn was filtered and then
washed thoroughly several times with distilled hot
water (90�C) and diethyl ether to remove any impur-
ities present, and dried in a vacuum oven at 70�C for
48 h. The product was recovered with 90% yield.

Preparation of organo-MMT

Na-MMT was heated in a vacuum oven to 70�C for
24 h prior to use, to remove any moisture present.
Dried Na-MMT (3 g) was dispersed in 250 mL deion-
ized water at 80�C under vigorous stirring for 3 h.
The suspension was ultrasonicated for 15 min and
then a solution of CTAB (3.6 mmol) in 100 mL of
deionized water was added dropwise into this dis-
persed solution, under continuous stirring. The result-
ant dispersion was stirred for 24 h at 80�C. Then, the
dispersion was filtered and the cake obtained was
thoroughly washed with deionized water. Samples of
the filtrate were taken at regular intervals and tested
with a solution of 0.1M AgNO3(aq) to test the presence
of any residual bromide counter ions. Washing was
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stopped only when the filtrate did not give a positive
test to AgNO3(aq). The washed cake was dried in a
vacuum oven at 70�C for 48 h, then grounded in a
mortar and pestle and sieved through a 45-lm mesh
to yield very fine, dry powder of organo-MMT.

Synthesis of PIn/O-MMT nanocomposites

PIn/O-MMT conducting nanocomposites were syn-
thesized using FeCl3 as an oxidizing agent by in-situ
oxidative polymerization. PIn/O-MMT nanocompo-
sites were obtained with three different PIn content
and coded as: K1 [PIn(94.5%)/O-MMT(5.5%)], K2
[PIn(92.8%)/O-MMT(7.2%)] and K3 [PIn(87.9%)/O-
MMT(12.1%)]. The molar ratio of oxidant to monomer
was taken as 1 : 1. O-MMT was dispersed in CHCl3
and ultrasonicated for 15 min for the fine dispersion
of O-MMT. Then indene/CHCl3 solution was added
dropwise into this suspension under stirring at
55–60�C for 3 h. After the temperature was decreased
to 15–20�C, FeCl3 was added into this suspension
under N2(g) atmosphere. The polymerization was car-
ried out at 15–20�C for overnight. The precipitated
PIn/O-MMT hybrid nanocomposite was washed sev-
eral times with deionized hot water and diethyl ether,
and then dried in a vacuum oven at 70�C for 48 h.

Characterization

Densities of the nanocomposites were measured af-
ter preparing solid pellets as discs. Conductivities
and dielectric constant measurements were also car-
ried out using those solid pellets with four-probe
technique and using an HP 4192 A 6F Impedance
Analyzer at f ¼ 1 MHz, respectively. Particle sizes of
the samples were determined by DLS using a Mal-
vern Mastersizer E, version 1.2 b particle size ana-
lyzer. The data collected were evaluated according
to Fraunhofer diffraction theory by the Malvern Soft-
ware computer.16 Magnetic susceptibility measure-
ments were carried out using a Sherwood Scientific
Model MKI Gouy scale at ambient temperature.
FTIR spectra of the nanocomposites were recorded
on a Mattson Model 1000 instrument as KBr discs.
XRD patterns of powdered Na-MMT, O-MMT, and
PIn/O-MMT nanocomposites were obtained by
using a Philips PW 3717/1830 model diffractometer
with Cu-Ka radiation (k ¼ 0.51406 nm at 40 mV and
40 mA). Thermal analysis was carried out on a Per-
kin Elmer Diamod TG/DTA instrument. Surface
morphologies of the samples were recorded using a
FEI Quanta MK2 model SEM. Element analysis of
O-MMT, Pin, and PIn/O-MMT nanocomposites
were determined with Elementar Analysensysteme
GmbH varioMICRO CHNS model element analyzer;
and Na-MMT by Rigaku model XRF instrument.

Electrokinetic studies

Zeta-potential is a physical property and represents
the effective charge of dispersed particles. However,
f-potential cannot be measured directly, but can be
determined using electrokinetic techniques, such as,
streaming current or potential, electrical conductivity
and electrophoretic mobility.17 f-potential can be
converted from measured electrophoretic mobility
using the Smoluchowski’s equation:

f ¼ gUE

e
(1)

where f is the zeta-potential, e is the dielectric per-
mittivity of the solution (equal to e0er, e0 being the
permittivity of a vacuum, and er the relative permit-
tivity of the solution), UE is the electrophoretic mo-
bility of the dispersed particles, g is the viscosity of
the dispersed phase.
f-potentials of the colloidal dispersions were meas-

ured by a Malvern Nano-ZS f-potential analyzer that
works with Laser Doppler Electrophoresis technique.
The optic unit contains a 4 mW He-Ne laser (k ¼
633 nm). The self optimization routine (laser attenua-
tion and data collection time) in the Zeta-Sizer soft-
ware was used for all the measurements. The f-
potentials were calculated from the electrophoretic
mobility using eq. (1), wherein the thickness of the
electrical double layer is assumed to be smaller in
comparison to the dispersed particle size. The Smolu-
chowski equation is an approximation valid for val-
ues of ja � 100, where j is the Debye-Hückel param-
eter and a is the particle radius.18,19 This
approximation was accepted to be valid under the ex-
perimental conditions chosen in this research.12,20 The
electrophoretic mobility was obtained by performing
an electrophoresis experiment on each of the sample
and measuring the velocity of the dispersed particles
using a Laser Doppler Velocimeter. For the measure-
ments, 0.1 g sample/L colloidal dispersion was pre-
pared in deionized water. Then the each dispersion
was subjected to sonication for 30 min and held at
room temperature for 2 h to establish equilibrium.
Afterwards, the supernatant liquid was used for the
f-potential measurements. The pH was adjusted im-
mediately by a MPT-2 autotitrator unit at 25�C. In
this manner, effects of time, pH, various electrolytes
(NaCl, BaCl, Na2SO4), various surfactants [CTAB (cat-
ionic), Na-DS (sodium dodecylsulfate, anionic), Triton
X-100 (nonionic)], and temperature on the f-potentials
of the colloidal dispersions were investigated.

RESULTS AND DISCUSSION

Characterization results

A summary of the yield%, conductivity, dielectric
constant, density, average particle size, and magnetic
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susceptibility of the materials investigated in this
research are given in Table I.

PIn and PIn/O-MMT nanocomposites were
obtained with high yields (>90%) successfully. The
conductivity of PIn was measured to be r ¼ 9.3 �
10�6 S cm�1. The conductivities of the nanocompo-
sites were slightly decreased with increasing
O-MMT content as expected. This may be attributed
to the following reasons: (i) distortion of the 3D
structure of the conducting PIn chains confined
between O-MMT layers, (ii) the steric hindrance of
charge transfer on the PIn chains by O-MMT, and
(iii) intercalation of the PIn chains between electroni-
cally nonconducting O-MMT layers which cause the
formation of short conducting polymer chains. Similar
behavior was reported for the dodecylbenzenesulfonic
acid doped polyaniline/O-MMT,21 poly(1-napthly-
amine)/MMT,22 poly(o-methoxyaniline)/MMT23, and
poly(o-ethoxyaniline)/MMT24 conducting nanocompo-
sites. Besides, conductivities of the nanocomposites
were also decreased with increasing O-MMT content,
whereas dielectric constants, densities and average
particle sizes were observed to increase. The conduc-
tivities and dielectric constants of Na-MMT and
O-MMT were very close to each other. In these mate-
rials, slow acting carriers play an important role in
ionic conductivity.25 Magnetic susceptibilities of PIn
and PIn/O-MMT nanocomposites were measured to
be positive indicating that, the samples were para-
magnetic and the conductivity mechanism was po-
laron in nature. These physical properties are in con-
sistence with the properties expected from
electrorheological materials, which will be published
as the second part of this research.

The chemical compositions obtained from XRF
analysis indicates that MMT is mainly Na-MMT,

with a chemical Formula of [(Na,Ca)x(Al,Mg)2
(Si4O10)(OH)2.nH2O] (see Table II). K and Fe ele-
ments observed in XRF analysis were mainly due to
the presence of feldspar, which was also observed
on the XRD traces at 2y ¼ 28.5�.
The experimental and calculated compositions

obtained from the elemental analysis of O-MMT,
PIn, and K1-K3 nanocomposites are given in Table
II. Our calculations indicated the presence of 0.27 g
CTAB/g Na-MMT. The measured compositions of
PIn and PIn/O-MMT nanocomposites were
observed to well agreed with the calculated values.
The results indicated that residual amounts of Fe
were present in the PIn and PIn/O-MMT nanocom-
posites arising from the presence FeCl�4 dopant
counter-anions and from the structure of MMT.
These results also supported the conclusion that PIn
and PIn/O-MMT nanocomposite hybrid materials
were successfully synthesized with the desired
amounts of constituents.
FTIR spectra of PIn, O-MMT and K2 [PIn(92.8)/

O-MMT(7.2)] nanocomposites showed the expected
distinctive absorptions (Fig. 1).26,27 The absorptions
of PIn [Fig. 1(a)] at m ¼ 1478–1601 cm�1 are due to
the aromatic AC¼¼C stretching vibrations, m ¼ 2910–
3020 cm�1 are typical of aromatic ACAH stretching
vibrations and m ¼ 750 cm�1 are due to the aliphatic
CAH stretching. These absorption peaks are identi-
cal to PIn, which indicates that polymerization pro-
ceeded via AC1 and AC2 carbons, and the aromatic
ring was protected during the polymerization and
did not take part in polymerization.
FTIR spectrum of O-MMT [Fig. 1(b)] showed the

bands at m ¼ 3628, 3429, 1658, 1041, 512, and 463
cm�1 because of the framework OAH stretching,
interlayer H2O stretching, OAH, SiAO, SiAOASi,
and SiAOAAl bending vibrations, respectively
which is common feature of natural MMT. Addition-
ally the presence of two bands at m ¼ 2928 and 2851
cm�1 are due to ACH2 symmetric and asymmetric
stretching vibrations of the CTAB.8,28

The FTIR spectrum of PIn/O-MMT nanocompo-
site [Fig. 1(c)] comprises the bands corresponding
both to PIn and O-MMT; and the bands at m ¼ 3609,
3445, 1041, 3014, 2923, 1601, 1478, and 745 cm�1 are

TABLE I
Some Physical Characteristics of the Samples

Sample Yield (%)
Conductivity
(r, S cm�1)

Dielectric
constant

Density
(d, g cm�3)

Average particle
size (d0.5, lm)

Magnetic
susceptibility
(Xg, cm g�1)

PIn 90 9.3 � 10�6 4.3 1.04 1.1 3.5 � 10�6

Na�MMT – 5.9 � 10�7 7.5 1.88 9.2 7.5 � 10�6

O-MMT – 2.8 � 10�7 6.5 1.58 5.5 6.7 � 10�6

K1 92 5.5 � 10�6 4.1 1.07 2.2 2.1 � 10�6

K2 94 5.1 � 10�6 5.8 1.08 2.3 1.7 � 10�6

K3 95 3.7 � 10�6 5.9 1.09 3.8 1.9 � 10�6

TABLE II
Elemental Analysis Results of the Samples

Sample C (%) N (%) H (%) Fe (%)

PIn 91.23 – 7.07 0.8282
K1 88.05 0.16 6.76 1.2411
K2 86.42 0.13 6.61 0.25
K3 81.86 0.23 6.39 0.73
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assigned to the typical of HAOAH, AOH, SiAO,
aromatic ACAH, aromatic AC¼¼CA and aliphatic
ACAH stretching vibrations, respectively and gave
another proof of the successful synthesis of PIn/O-
MMT nanocomposite. The other K1 and K3 nano-
composites examined in this work were given the
similar of FTIR spectra to K2.

XRD is widely employed for the characterization
of nanocomposites formed by conducting polymers
and layered silicates. As the layer spacing increases,
the process can be monitored by XRD. The XRD
data are used to calculate the size of crystals, degree
of crystallization and spacing of layers (d(001)) by
using Bragg’s equation29:

nk ¼ 2d sin h (2)

where, n is the number of layers, k is the wave
length of X-ray, d is the distance between the layers,
and y is the diffraction angle.

Figure 2 represents the XRD patterns of Na-MMT
and O-MMT corresponding to 2y ¼ 2–16�. The peaks
for the interlayer distance (d-space) of Na-MMT
[Fig. 2(a)] and O-MMT [Fig. 2(b)] were observed at
2y ¼ 7.975� and 4.975�, respectively. To calculate the
d-space, these values were introduced to the Bragg’s
equation. The d-space calculated for each 2y was
1.1 nm and 1.8 nm for Na-MMT and O-MMT,
respectively. The increase of d-space of O-MMT

compared to the Na-MMT was due to the exchange
of Naþ and Ca2þ ions with CTAB cations between
the interlayer of Na-MMT, which gives rise to the
hydrophobicly modified Na-MMT. When the XRD
pattern of O-MMT were closely examined, broad-
ened peaks indicated that O-MMT is multilayered
and d-spacing between the layers are not homogene-
ous, which means that CTAB molecules are inserted
between the layers of Na-MMT at various
directions.30

Figure 3 shows the XRD patterns of PIn/O-MMT
nanocomposites coded as K1, K2, and K3.

Figure 1 FTIR spectra of (a) PIn, (b) O-MMT and (c) K2: [PIn(92.8%)/O-MMT(7.2%)].

Figure 2 XRD patterns of Na-MMT and O-MMT.
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Disappearance of the peak on the XRD pattern of
O-MMT after the formation of K1 [PIn(%94.5)/
O-MMT(%5.5)] indicates a random distribution of
polyindene chains between the layers of O-MMT and
the total exfoliation of O-MMT structure.31 When the
amount of O-MMT increased in the K2 [PIn(%92.8)/
O-MMT(%7.2)] and K3 [PIn(%87.9)/O-MMT(%12.1)]
nanocomposites, two peaks were observed at 2y ¼
6.30� and 6.05�, respectively corresponding to the d-
spacings of d(001)K2 ¼ 1.40 nm and d(001)K3 ¼ 1.46 nm.
When the XRD patterns of K2 and K3 nanocompo-
sites are compared with Na-MMT, 2yNa-MMT ¼ 7.975�

shifted to 2yK2 ¼ 6.30� and 2yK3 ¼ 6.05�, and the cor-
responding d-spacings increased from d(001)Na-MMT ¼
1.1 nm to d(001)K2 ¼ 1.40 nm and d(001)K3 ¼ 1.46 nm.
Taking these results into account, it is concluded that
the PIn matrix intercalated into the widened d-spac-
ing of O-MMT and resulted in with the formation of
PIn/O-MMT nanocomposites successfully.32 Same
kind of XRD patterns are reported for PPy/O-MMT
nanocomposites by Li et al., reporting that small
amounts of PPy caused intercalation whereas, exces-
sive amounts of PPy caused exfoliation during the
nanocomposite structure.33

A summary of thermal analysis results of
Na-MMT, O-MMT, PIn, K1, K2, and K3 nanocompo-
sites are given in Table III, besides TGA thermo-
grams of the K1, K2, and K3 nanocomposites are
given in Figure 4. PIn chains decomposes with one
step weight loss between 342 and 395�C with a half
life temperature of 379�C and residue of 28 wt % at
900�C. Tg of PIn was also recorded from a DSC ther-
mogram and determined to be 200�C (on set). Mano
and Calafate reported 160 � Tg � 220 values during
the electroinitiated polymerization of indene and
acenaphthylene34 and also Kennedy et al.26 and
Tsunogae et al.35 reported 200�C Tg for PIn during
the living polymerization and living carbocationic

copolymerization of indene, respectively, which
supports the Tg value observed for PIn in our study.
Na-MMT decomposes with three step weight

losses. The first step weight loss (4 wt %) occurs
below 110�C due to the adsorbed water on the sur-
face. The second step occurs between 110 and 250�C
corresponding to 6 wt % loss due to the removal of
H2O molecules from the interlayer coordinated to
the cations (dehydration). The third step occurs
between 551 and 642�C corresponding to 3 wt %
loss due to the decomposition of H-bonded water
molecules and some of the AOH groups from the
tetrahedral sheets of Na-MMT (dehydroxylation).36

The residual Na-MMT was 88 wt % at 900�C.
O-MMT has four-step weight losses. The first

weight loss occurs below 110�C corresponding to
<3 wt % loss due to adsorbed H2O molecules on the
surface. The second weight loss occurs at 110–220�C
corresponding to 2 wt % due to the bonded H2O mol-
ecules between the layers (dehydration). The organo-
philic properties of the O-MMT lead to the conclusion
that the alkylammonium ions adsorbed less H2O mol-
ecules when compared with Na-MMT indicating that
modification of Na-MMT was successful.37 The third
step occurs at 246–351�C corresponding to 8 wt % loss

Figure 3 XRD patterns of PIn/O-MMT nanocomposites.

TABLE III
Thermal Analysis Results of the Samples

Sample

Decomposition temperature (�C) Residue
at 900�C
(% m/m)aTi

aTm
aTf

aTd (1/2)

MMT 551 619 642 – 88
O-MMT 246 296 351 – 73

423 394 602
PIn 342 374 395 379 28
K1 333 372 397 377 30
K2 328 362 393 377 32
K3 326 355 385 376 35

a Ti, initial; Tm, maximum; Tf, final; Td(1/2): half-life of
decomposition temperatures.

Figure 4 TGA thermograms of the K1, K2, and K3
nanocomposites.
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due to decomposition of CTAB. The final step occurs
at 423�602�C corresponding to 4 wt % loss due to the
crystalline H2O molecules in O-MMT structure as
well as continuing decomposition of CTAB. The resi-
due of O-MMT was 73 wt % at 900�C.

PIn/O-MMT nanocomposites decomposed at one-
step weight loss (Table III and Fig. 4). The initial
decomposition temperatures of the nanocomposites
were decreased when compared with PIn, due to the
flammable remaining surfactants on the structure of
nanocomposites, which is also supported with
increasing amount of O-MMT in the composition of
the nanocomposites. PIn is a thermally stable poly-
mer. When initial residue values at 900�C were taken
into account, PIn/O-MMT nanocomposites have
gained more thermal stability than PIn with increas-
ing amount of O-MMT, which was one of the aims of
this study. Wang et al. reported similar behavior on
TGA analysis of ABS/MMT nanocomposite.38 On the
other hand, initial decomposition temperatures of K1-

K3 nanocomposits were higher than O-MMT and
closer to PIn, which is another indication of enhanced
thermal stability of the nanocomposites.
Figure 5(a–c) shows SEM micrographs of PIn,

O-MMT, and K2 respectively. The SEM micrograph
of PIn [Fig. 5(a)] shows a closely packed, porous
structure with varying particle sizes, which is con-
sistent with literature.39 SEM micrograph of
O-MMT [Fig. 5(b)] shows multilayered and spheri-
cal in shape structure with varying sizes having
sponge-like CTAB surfactants on their surfaces.
SEM micrograph of PIn/O-MMT nanocomposite
shows granular and porous structure demonstrat-
ing that O-MMT particles are homogeneously sur-
rounded with PIn particles [Fig. 5(c)]. Further, in
combination with XRD patterns, PIn chains are not
only produced inside the O-MMT interlayer spaces
but also on the surfaces of O-MMT. The other com-
posites (K1 and K3) were also shown the identical
SEM micrographs to K2.

Figure 5 SEM micrographs of (a) PIn, (b) O-MMT, and (c) K2.
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Zeta-potential results

Zeta potential, the potential between the slipping
plane and the bulk solution, is an important electro-
kinetic property of dispersed particles which has tra-
ditionally been applied to estimate the stability of
colloidal dispersions.40 A common way to evaluate
the stability of colloidal dispesions and to under-
stand the type of surface charge is by determining
the electrophoretic mobility, which can then be used
to calculate the magnitude of f-potential. In disper-
sions where value of the f-potential is closer to zero
(isoelectronic point, IEP) particles tend to agglomer-
ate. Depending on the type of the dispersed phase,
at highly negative or positive values of f-potential,
particles in dispersions tend to repel each other,
which results with agglomeration free colloidally
stable dispersions. The actual values needed to pre-
vent reagglomeration are in dispute, and depend on
the composition of the surrounding solvent, concen-
tration of the ions, types of the surfactants, pH value
of the environmental, time, temperature, and pres-
ence of the functional groups or chemical composi-
tion on the surface of the dispersed particles. The
effects of these parameters onto the magnitude of
f-potentials of the studied materials in this research
are discussed below.

Effect of time on pH

To determine the pH profile of the samples, the
effect of time on pH of the colloidal dispersions pre-
pared from Na-MMT, Pin, and K2 [PIn(92.8)/
O-MMT(7.2)] in aqueous media are given in Figure 6.
The initial pH of Na-MMT was measured to be 7.83
and reached to the equlibrium value of 7.02 at the
end of 120 min, which may be attributed to the for-
mations of A SiO� or A AlO� from deprotonation of
ASiOH or AAlOH sites resulting in negative charges
at the edges in the lattice of the Na-MMT particles.

The initial pH of PIn was measured to be 5.92 and
reached to the equilibrium value of 5.71 at the end
of 120 min. This slight decrease in pH may be attrib-
uted to the reduced amount of OH� ions in the solu-
tion due to the exchange taking place with dopant
anions (coming from FeCl�4 , see Scheme 1).
Conversely, when we look at the pH profile of the

K2 [PIn(92.8)/O-MMT(7.2)], initial pH was meas-
ured to be 6.24 and reached to the equilibrium value
of 6.21 at the end of 120 min showing a very stable
behavior. It was concluded that the samples reached
to the ionic equilibria at the end of 120 min. Thus,
for the rest of the study, the colloidal dispersions
were prepared and hold for 120 min, then subjected
to f-potential measurements.

Effect of pH on f-potentials

To determine the effect of pH on f-potentials of the
samples, a series of experiments were conducted on
dispersions prepared from Na-MMT, Pin, and K1-K3
nanocomposites and results obtain are depicted in
Figure 7 and also summarized in Table IV.
The f-potential values of Na-MMT were observed

to change in a narrow range (fpH ¼ 3.21 ¼ �16 mV,
and fpH ¼ 9.8 ¼ �43 mV) when compared with the
other samples studied, which may be attributed to
the H3O

þ adsorption on the negatively charged

Figure 6 The effect of time on pH profile of Na-MMT,
Pin, and K2 colloidal dispersions.

Scheme 1 Chemical polymerization of indene.

Figure 7 The effect of pH on f-potentials of the samples.
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surface of Na-MMT at lower pH values. On the
other hand, an IEP was not determined for the Na-
MMT in the pH range examined. These results are
in agreement with the published results on Na-MMT
by the other researchers.41–43

The f-potential values of O-MMT were observed
to shift to more positive regions when compared
with Na-MMT. This may be attributed to the strong
electrostatic interactions between cationic CTAB and
negatively charged Na-MMT particles; CTAB ions
are adsorbed on the Na-MMT particles via cation
exchange and adsorption mechanisms. Marras et al.
reported that at low surfactant loading levels, surfac-
tant ions were adsorbed inside the interlayer spaces
through the cation exchange (not occurring in the
positive surface charge). However, as the loading of
surfactant ions increased, they were adsorbed into
the layers via cation exchange and onto the surfaces
by means of hydrophobic bonding. Hydrophobic
bonding is defined as the mutual hydrophobic
attraction between the alkyl chains (tails) of surfac-
tant molecules and the tendency of the hydrophobic
tails to be removed from water, resulting
positive charges on the surfaces of Na-MMT clay
particles.44,45

We observed a wide f-potential change and IEP
for PIn(aq) dispersions. The counter dopant anions
(FeCl�4 ) present on the PIn structure (Scheme 1) sur-
rounds the PIn chains and results in with a negative
f-potential value (f ¼ �24 mV, pHinitial ¼ 5.71). As
the pH was decreased, by adding H3O

þ ions into
the dispersion medium, FeCl�4 anions were sur-
rounded with positive charges and f-potential values
shifted to more positive regions, by passing through
the IEP at pH ¼ 5.31 and reaching to f ¼ 54 mV at
pH ¼ 3.13. When a base (NaOH(aq)) was introduced
into the dispersion medium, OH� anions increased
the number of negative charges present in the me-
dium, shifted the f-potential value to more negative
regions and reached to f ¼ �62 mV at pH ¼ 9.77.

When the change of f-potentials of K1�K3 nano-
composite dispersions with pH was considered, it
was observed that f-potential values shifted to rela-
tively more negative regions than PIn with the pres-
ence of O-MMT and increasing pH of the medium.

The f-potential values of all the PIn/O-MMT compo-
sites examined in this work were observed to
increase with increasing PIn content, increasing con-
ductivity, and decreasing dielectric constant of the
dispersed particles (see Table IV). As the H3O

þ ions
were introduced into the dispersion medium, IEP of
the nanocomposites were observed to shift to the
lower pH regions by increasing O-MMT content and
persisting in the acidic region. The f-potential
values of the nanocomposites were observed to
change in the following order at the lowest pH val-
ues: (fK3(pH ¼ 3.17) ¼ 37 mV < fK2(pH ¼ 3.17) ¼ 41 mV
< fK1(pH¼3.22) ¼ 52 mV). It was concluded that PIn/
O-MMT nanocomposites perfectly meet the mini-
mum requirements of colloidal stability (þ30 mV �
f � �30 mV)46 especially at basic media, which is an
important experimental result from industrial
applications points of view.

Effect of electrolytes on f-potentials

The effect of cationic (Naþ, Ba2þ, Al3þ) and anionic
(Cl�, SO2�

4 ) salts on the f-potentials of K2 nanocom-
posite/aqueous colloidal dispersions are depicted in
Figures 8 and 9, respectively. As reflected from

TABLE IV
f-Potential Values of the Samples at Different pHs

Sample pHinitial

finitial
(mV) pHmin

f at
pHmin

(mV) pHmax

f at
pHmax

(mV) pHIEP

Na-MMT 7.8 �40.4 3.2 �16.0 9.8 �37.8 –
O-MMT 7.6 12.5 2.4 28.1 9.8 �16.4 4.4
PIn 7.1 �40.8 3.1 54.2 9.8 �61.4 5.3
K1 7.3 �42.2 3.2 51.6 9.8 �70.7 5.1
K2 7.4 �38.4 3.2 40.8 9.8 �64.4 4.5
K3 6.7 �23.8 3.2 37.0 9.7 �71.4 4.6

Figure 8 The effect of cationic salts on f-potentials of K2
nanocomposite/aqueous colloidal dispersions.

Figure 9 The effect of anionic salts on f-potentials of K2
nanocomposite/aqueous colloidal dispersions.
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Figure 8, f-potential values of K2 were observed to
shift to more negative regions when c ¼ 1 � 10�4 M
NaþðaqÞ monovalent cation added into the medium.
When the concentration of NaþðaqÞ increased 100
times (cNaOH ¼ 1 � 10�2 M), the f-potential values
were observed to shift to more positive regions due
to the increase in ionic strength of the colloidal dis-
persion and compression of the diffuse layer by
NaþðaqÞ cations. It was observed that, divalent (Ba2þ)
and three valent (Al3þ) cations increased the ionic
strength of the colloidal dispersions more than
monovalent (Naþ) cation, compressed the electrical
double layer and shifted the f-potential values to
more positive regions. The IEPs were recorded to be
at the pH values of 4.7, 3.7, 4.4, and 9.2 for virgin
K2(aq), after the additions of 1 � 10�2 M Naþ, Ba2þ

and 1 � 10�4 M Al3þ salts into this colloidal disper-
sion, respectively. It was concluded that mono and
divalent cations did not change the surface charges
of the K2 dispersions, whereas, three valent Al3þ cat-
ions caused changes on the surface charges of K2
dispersions and shifted the f-potential values to
more positive regions. These observations agree well
with the Gouy-Chapman model which states that
monovalent cations cause more negative f-potential
values than in pure water, since they exchange with
H3O

þ present in the medium which expands the
electrical double layer. Our observations are also in
accordance with the results reported by Yukselen
et al. on a f-potential study of kaolinite that divalent
cations cause smaller f-potential values than the
monovalent ones.47

Since Qsp > Ksp is valid for 1 � 10�2 M Al3þðaqÞ con-
centration, it was impossible to observe a pH
change due to the starting precipitation of Al(OH)3
in the colloidal dispersion medium. On the other
hand, when we look at the effect of monovalent and
divalent anions on the f-potential values of K2(aq)
dispersions, c ¼ 10�4 M Cl�ðaqÞ ions shifted the
f-potentials to relatively more negative values,
whereas c ¼ 10�4 M and 10�2 M SO2�

4 (aq) ions
shifted the f-potentials to relatively more positive
regions (Fig. 9). Besides, when the concentration of
anions increased in the dispersion medium, f-poten-
tials that are more positive were recorded. The
action of the ions in the diffuse layer, which have
the same charge with the dispersed particles in the
dispersion, compress the electrical double layer and
thus reduce the value of f-potential and as a result
reduce the interparticle repulsion that keep the par-
ticles suspended inside the colloidal dispersion.
Thickness of the electrical double layer (j�1) was
related to the ionic strength of a colloidal dispersion
in water at 25�C as following48:

1

j
¼ 3

Zc1=2
(3)

where Z and c are the valency of the ion and the ion
concentration of the colloidal dispersion, respec-
tively. This formula indicates that for the same anion
concentration, the valency of anion contribute signif-
icantly to the thickness of double layer and conse-
quently causes a reduction in the f-potential of the
PIn/O-MMT aqueous colloidal dispersions.

Effect of surfactants on f-potentials

When a cationic surfactant (CTAB) was added into
the K2(aq) colloidal dispersions, the surfaces of K2
particles covered with positively charged cations
and f-potential values ended up with 42 mV at
cCTAB ¼ 20 ppm by passing through an IEP at cCTAB

¼ 0.67 ppm (Fig. 10).
When an anionic surfactant (Na-DS) was added

into the K2(aq) colloidal dispersions, which has an al-
ready negatively charged surface due to FeCl�4 dop-
ant counter-anions, f-potential values ended up at
�61 mV at cNa-DS ¼ 20 ppm, without passing
through an IEP.
Conversely, addition of a nonionic surfactant (Tri-

ton X-100) into K2(aq) dispersions caused no observ-
able change on the f-potential, within the experi-
mental limits, which indicates that, no significant
change occurs on the thickness of the electrical dou-
ble layer around the dispersed K2(aq) colloidal
particles.

Effect of temperature on f-potentials

Temperature increments observed to cause little
increase on the f-potential of K2(aq) colloidal disper-
sions, which is started with �41 mV at 5�C and
ended up with �36 mV at 50�C corresponding to a
5 mV shift towards the positive region (Fig. 11). Since
the temperature has an effect on various parameters

Figure 10 The effect of surfactants on f-potentials of K2
nanocomposite/aqueous colloidal dispersions.
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i.e., viscosity, dielectric constant, and ion adsorption;
it also has an effect on f-potential values. An increase
in temperature reduces the electrical double layer
thickness, due to the decrease in viscosity of the me-
dium and should thereby reduce the colloidal stabil-
ity of the dispersed PIn/O-MMT particles. Tempera-
ture can also affect the surface potential of the
colloidal particles by readily displacing the equilib-
rium between the ionized groups and the medium.49

CONCLUSIONS

Polyindene/O-MMT conducting nanocomposite
hybrid materials, having three different composi-
tions, were successfully synthesized by in-situ oxida-
tive polymerization using FeCl3. Their spectral, ther-
mal, optical characterizations, and some physical
properties were investigated. TGA analysis revealed
that, PIn/O-MMT nanocomposites had more thermal
stability than PIn homopolymer as desired. From the
XRD results both exfoliation and intercalation were
determined for PIn/O-MMT nanocomposites. SEM
results revealed that PIn chains were homogene-
ously distributed between the O-MMT layers. Para-
magnetic behaviors were detected for the PIn/O-
MMT nanocomposites and their conductance mecha-
nism was decided to be polaron in nature with the
conductivity ranging between 3.7 � 10�6–5.5 � 10�6

S cm�1, which were gradually reduced with the
inclusion of the O-MMT into the nanocomposite
structure and brought well into the range of electro-
rheological active materials. f-potential measure-
ments demonstrated that PIn, K1, K2, and K3 nano-
composites have enough colloidal stability and
perfectly suitable for potential industrial applica-
tions, especially in basic media, in the presence of
multivalent cations, ionic surfactants, and high tem-
perature conditions. Finally, the conducting nano-
composites were observed to sensitive to external
electric field strength and classified as smart materi-
als having a potential for industrial vibration

damping applications, which will be published soon
as a second part of this study.
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