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Abstract
Surfactant doped polyaniline was synthesized in the aqueous solution of aniline and anionic surfactant of perfluorooctanoic acid (PFO) by chemical synthesis using potassium peroxy disulphate
as an oxidant by varying the aniline to surfactant ratio. The solubility of the chemically prepared
surfactant doped polyaniline (PANI) was ascertained and it showed good solubility in dimethyl
sulfoxide (DMSO), dimethylformamide (DMF), acetone, acetonitrile, ethanol, aceticacid, trichloroethylene, dichloromethane, tetrahydrofuran, ethylacetate, diethylether, toluene, chloroform and
sparingly soluble in n-hexane and water. The prepared polymers were characterized by fourier
transform infrared spectroscopy (FTIR), UV-visible, X-ray diffraction (XRD), cyclic voltammetric
(CV), EIS and scanning electron microscopy (SEM). The analysis of UV-visible and FTIR showed
that aniline has been polymerized to PANI in its conducting emeraldine form. FTIR spectra showed
that the peaks at 1670, 3315 and 1400 cm−1 corresponded to PFO. FTIR spectra showed that amine
peak observed at 1593 cm−1 was shifted to lower wave number due to the interaction between
PANI and the surfactant. SEM analysis showed that the variation in morphology of doped PANI was
predominantly dependent on the concentration of the surfactant. Elemental analysis was done by
energy dispersive spectroscopic (EDAX) which shows the presence of C, N, O, S and F. XRD pattern
showed that the formation of nanosized (18 nm) and crystalline polymer. CV studies of the synthesized polymer exhibited good adherent behavior on electrode surface. It exhibited three oxidation peaks at approximately 0.283 V, 0.541 V and 0.989 V and two reduction peaks at 0.1421 and
0.3854 V. Electrical conductivity of PFO doped PANI was studied by impedance spectroscopic method.
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1. Introduction

Conducting polymers have become a popular basic material for advanced applications such as rechargeable batteries [1], optical devices [2], membranes [3], sensors and biosensors [4] [5], electromagnetic interference (EMI)
shielding [6], antistatic coatings [7], etc. Among the conducting polymers family, PANI has attracted considerable attention because of its unique electrical, optical and electro-optical properties and its numerous potential
applications [8]. One of the key problems related to the potential applications of polyaniline is its processability.
Processability is an important requirement in conducting polymers for their possible commercial use. Since most
of the conducting polymers are not processable, much of the efforts made in this field have been directed towards circumventing this problem. To solve this problem, various approaches have been tried, including addition of side groups to the polymer backbone [9], grafting of polymers to a non-conducting polymer [10], direct
polymerization of intractable polymers into the final desired shape, making a composite of blend of conducting
polymers [11] [12] and copolymerization [13]. Better processability may be achieved either by the synthesis on
PANI in nano-micro scale particle, which is easier to disperse in a polymer matrix or by using an appropriate
emulsifier which enhances the optical and electrical properties of PANI. Polymeric stabilizers (surfactant) affect
the polymerization condition, kinetics and also the final properties of the polymer [14] [15]. Surfactants used as
additives during the polymerization of aniline to effect the locus polymerization by using the emulsion [16] [17]
or inverse emulsion [18]-[20] pathways, and thus to modify the molecular and supermolecular structure of the
resulting PANI, and to improve the properties of the PANI with respect to conductivity, stability, solubility in
organic solvents and processability. Surfactants have important implications in wetting, formation of foams, etc.,
in addition to aggregation of surfactants at interfaces [21]. Polymeric nanostructures are formed on surfaces due
to combination of interfacial, intra- and inter-molecular forces [22]. Surfactants affect the preparation of PANI
in three ways: 1) the presence of surfactant micellar and aqueous phases, thus altering the locus and the course
of polymerization [18] [23], 2) anionic surfactants may acting as counter ions for conducting-polymer polycations, and 3) the hydrophobic part of the surfactant molecules may adsorbing on the produced conducting polymers, a surfactant thus becoming a part of the resulting material.
Suspension polymerization of aniline in the presence of dodecylbenzenesulfonic acid (DBSA) with styrene-butadiene-styrene (SBS) and without SBS was carried out and results indicate that DBSA acts simultaneously as a surfactant (emulsifier) and as a dopant [24] [25]. Particle size and conductivity can be decreased by
increasing the concentration of stabilizer [26] [27]. These are related to the mass of insulating stabilizer adsorbed. The size and type of the dopant (anion) affect the morphology, size and electrical conductivity of resulting polymers [28] [29]. The type and concentration of oxidant (dopant), type of protonic acids and additives affect the yield and electrical conductivity of polyaniline prepared chemically [30]. The polarity of the counter ion
plays an important role in the conductivity as well as in the chemical properties. Conductivity increases which
small counter ions are used [31]. The surfactants influence the physical properties (morphology, solubility) of
the resultant polymer [32]. It has been reported that nanotubes of hydrophobic interiors were prepared by disassembling anionic micelles in the inner walls of positive charge bearing conjugated polymer [33]. It was also studied that supramolecular complexes involving nanoscopic amphiphilic assemblies (AAs) and polyelectrolytes
have been used to prepare a variety of materials, wherein the dynamic AAs retain the structural features [34]. In
this study, PANI-PFO was prepared in the aqueous solution by chemical oxidation method using KPS as an
oxidant in the presence of various surfactant ratios. The effect of the anionic surfactant i.e., PFO on the chemical
polymerization of aniline (An), at different surfactant ratios and potential windows is investigated. The doping
of PFO changes the surface morphology of PANI. It is also found that electrical conductivity of PANI-PFO was
better than that of PANI and governed by changing the concentration of surfactant during the polymerization of
aniline.

2. Experimental Section
2.1. Materials
Perfluorooctanoic acid (PFO, surfactant) and potassium peroxydisulfate (KPS, oxidant) were purchased from
merck AR grade and used as such without further purification. Aniline was purified by distillation in vacuum
before use.
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2.2. Synthesis of Polymer

Aqueous micellar dispersion was prepared by chemical oxidation method. PFO doped PANI were synthesized
by keeping the concentration of the monomer (0.1 M) and oxidant (0.1 M) constant and varying the molar ratio
of PFO (0.1 M to 0.1 × 10−5 M). Table 1 describes the synthetic conditions of the respective samples. Bulk polymerization was carried out by mixing various molar ratio of surfactant into 2.3 ml of 0.1 M aniline and made
up to 250 ml using conductivity water. Polymerization was performed by the addition of potassium peroxydisulfate (0.1 M) in the micellar solution and stirred for 5 hrs. The colour of polymerization solution changes with
polymerization step. In the initial stage, aniline/PFO/APS solution was colorless with high transparency. As the
polymerization proceeded, the color of the solution changes to white through yellow, brown and finally to green,
which indicates the formation of PANI emeraldine salt (ES). The precipitated particles were collected after filtering and washing with distilled water and methanol several times to remove impurities such as KPS, free PFO
and unreacted aniline. These particles were then dried at room temperature.

2.3. Characterization
FT-IR spectra (Model: SHIMADZU) of the polyaniline samples were recorded in the frequency range of 400 to
4000 cm−1. UV-Vis spectra of the samples in DMSO were taken using JASCO-V530 dual beam spectrophotometer in the wavelength region 200 to 1100 nm with a scanning speed of 400 nm/min. X-ray diffraction patterns
of the polymers were obtained by employing XPERT-PRO diffractometer using CuKα (kα = 1.54060) radiation.
The diffractometer was operated at 40 Kv and 30 mA. Powder X-ray diffraction pattern was recorded. The
morphological study of the polymers were carried out using Scanning electron microscope (SEM Model: JEOL
JSM 6360) operating at 25 kV. The electrochemical workstation (Model 650C), CH-Instrument Inc., TX, USA
was employed for performing cyclic voltammmetry and impedance studies.

3. Results and Discussion
3.1. UV-Vis Spectra
Figure 1 shows the UV-visible spectra of PFO doped and undoped PANI. The band observed at 278 nm corresponds to π-π* transition. The absorption band at 373 nm was attributed to the π-π* transition within benzoid
segment (excitation of the nitrogen atom in benzoid segment) and at 452 nm was related to the polaron band-π*
transition of PANI (protonation in PANI backbone, polaron/bipolaron transition that occurred in doped PANI).
A broad absorption band at 816 nm is assigned to the π-localised polaron bands of doped PANI in its emaraldine
salt form (conductive emeraldine salt state of PANI) [35]-[38]. The band at around 373 nm is considerably blue
shifted which indicates the interaction between PANI and the surfactant. The intensity of absorption band increases with the increasing PFO content. The shape of UV-Vis spectrum around 373 nm is changed from PANI
1 to PANI5 (Figures 1(a)-(e)). This suggests the change of doping characteristics.

3.2. FTIR Spectra
Figure 2 shows the infrared spectra of PFO doped and undoped PANI. The infrared peak at 1587 and 1496 cm−1
were assigned to the non-symmetric vibration mode of C=C in quinoid and benzenoid ring system in polyaniline
respectively. The peaks at 1297 and 1328 cm−1 were corresponds to the C-N stretching vibration mode in
Table 1. Synthetic conditions of samples, molar concentration of aniline, PFO and KPS.
Sample

Aniline (M)

KPS (M)

PANI

0.1

0.1

PANI 1

0.1

0.1

1 × 10−1

PANI 2

0.1

0.1

1 × 10−2

PANI 3

0.1

0.1

1 × 10−3

PANI 4

0.1

0.1

1 × 10−4

PANI 5

0.1

0.1

1 × 10−5
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Figure 1. UV-spectra of (a) PANI 1; (b) PANI 2; (c) PANI 3; (d)
PANI 4; (e) PANI 5; (f) PANI (undoped).

Figure 2. IR-spectra of (a) PANI (undoped); (b) PANI 1; (c) PANI 2;
(d) PANI 3; (e) PANI4; (f) PANI 5.
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benzenoid and quinoid ring system of polyaniline assigned to conducted protonated form [36] [37]. The absorption band at 1116 cm−1 was assigned to in-plane vibration of C-H bending vibration mode in N=Q=N, Q-N +
H-B or B-N + H-B (where Q = quinoid and B = benzenoid). This absorption band should occur during the polymerization i.e., polar structure of the conducted protonated form. The absorption band at 882 and 816 cm−1
were attributed to the aromatic ring and out of plane C-H deformation vibrations for 1,4-disubstituted aromatic
ring system [39]. The band at 3195 cm−1 was assigned to C-H stretching vibrations of aromatic ring. The band at
1670, 3315 and 1400 cm−1 were corresponds to PFO. The relative intensity of these bands increases with increasing the surfactant content in the polymer. The amine vibration peak at 1593 cm−1 shifted to 1587 cm−1 due
to the interaction between PANI and the surfactant. Hence FTIR shows surfactant well doped with the polymer.

3.3. XRD Analysis
Figure 3 shows the X-ray diffractograms of PFO doped and undoped PANI. XRD patterns provide information
in relation to the nature and structure of the samples. XRD patterns of undoped sample of PANI shows the
amorphous nature. XRD patterns of doped samples show the crystallinity. The conductivity of polymers depends on various parameters such as doping level, formation of polarons and bipolarons [40], the semi-crystalline nature of polymers arises owing to the systematic alignment of polymer chain folding or by the formation of
single or multiple helices, for part of their length [41]. The pure PANI exhibited a broad hump at position 2θ =
21˚ and 25˚ as shown in the Figure 3(a). The PFO doped PANI exhibited sharp peak at 2θ = 20˚ and 26˚, this
indicated the presence of a high crystallinity and condensed structure. The intensity of the peak increases with
increasing the concentration of the dopant. The nanosizes of the particles were confirmed by using DebyeScherrer’s equation. The particle size varied gradually from 18 nm in the case of PANI 1 to 77 nm in the case of

Figure 3. XRD scattering patterns of (a) PANI (undoped); (b) PANI
5; (c) PANI 4; (d) PANI 3; (e) PANI 2; (f) PANI 1.
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PANI 5 indicating that the concentration of the surfactant was highly influenced on the size of the particles. Particle size and conductivity can be decreased by increasing the concentration of stabilizer [26] [27]. The variation
in diffraction intensity with dopant concentration exhibits with the interaction of PFO in PANI network.

3.4. SEM Analysis
The particle size and surface morphology were dependent on the type and concentration of surfactant, because
the surfactant was adsorbed physically to the growing polymer [42]. Particle size decreases by increasing concentration of surfactant, because surfactant prevented from gross aggregation of particles. Figure 4 shows the
surface morphology of doped and undoped PANI. However Figures 4(a)-(f) demonstrates the dependence of the
size and homogeneity of the particles only from concentration of surfactant. Adsorption of the surface active
agent on the PANI was primarily due to the hydrophobic component in the surfactant, probably via a hydrogen
bonding mechanism with the aniline N-H group (graft copolymer) [27]. SEM photograph of the doped PANI
show a gradual change from uneven flower like structure in PANI1 to a cage like morphology having more
porous in PANI 5. The variation in morphology of the doped PANI was predominantly dependent on the concentration of the surfactant. Figure 5 Shows the EDS spectroscopy for the undoped and PFO doped PANI. It
can be seen from a line that for the undoped PANI, only peaks corresponding to C, S, O and N elements were
displayed. While for the PFO doped PANI, besides above peaks, peaks corresponding to C, O, S, N and F were
also clearly observed, suggesting that F element originated from PFO was doped into the polymer.

Figure 4. SEM images of (a) PANI (undoped); (b) PI 3; (c) PANI 2; (d) PANI 5; (e) PANI 4; (f) PANANI 1.
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3.5. Cyclic Voltammogram

Electrochemical behavior of undoped PANI and PFO doped PANI were shown in Figure 6. Cyclic voltammograms were recorded at room temperature by employing a three-electrode cell with platinum wire as an auxiliary
electrode, as Ag/AgCl electrode as the reference electrode and coated glassy carbon (GC) as the working electrode. The CVs were obtained in 0.1 M H2SO4 by casting the polymer on GC working electrode and scanned

Figure 5. EDAX images of (a) PANI (undoped); (b) PANI 1.

Figure 6. Cyclic voltammogram of (a) PANI (undoped); (b) PANI 5; (c) PANI 4; (d) PANI 3; (e)
PANI 2; (f) PANI 1.
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between −0.6 to 1.2 V at scan rates between 25 and 500 mV/s. The redox couple peak occurred at approximately
+283 mV was attributed to the transformation of PANI from the reduced leucoemeraldine (LE) state to the partially oxidized emeraldine state (ES). The redox couple peak at approximately +989 mV corresponds to transition of the PANI from LE to pernigraniline (PE) state, and was accompanied by the oxidation of aniline monomer [43]. The redox couple peak at approximately +541 mV, which was generally attributed to the redox reaction of p-benzoquinone [44]. The cathodic and anodic peak positions of PFO doped PANI shifted and increases
the charge transfer with increasing the concentration of the surfactant were shown in the curve from (b-f). This
increase in current was due to fast redox process at PANI-PFO matrix surface. The effect of varying scan rate
ranges between 25 mV/s and 500mV/s was studied at the PFO doped PANI in 0.1 M H2SO4 as shown in Figure
7(a). With an increasing scan rate the peak current also increased thus indicating good adherence of the polymer
onto the GC electrode surface, the peak current separation increased, and also the peak potential shifted slightly

(a)

(b)

Figure 7. (a) CV taken at various scan rates for POT doped PANI; (b) A plot
of anodic current against scan rate for POT doped PANI.
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with the anodic peak to positive and the cathodic peak to negative potential directions. This is because the
charging and discharging of the electro-active conducting polymer is rate determining. As the scan rate increases
the peak current of PFO doped polymer increased linearly, it is indicating an adherent film on the glassy carbon
electrode, this was further confirmed by a straight line graph obtained by plotting peak current vs. scan rate as
presented in Figure 7(b).

3.6. Impedance Spectroscopy
Figure 8 shows the typical Nyquist plots of PFO doped and undoped PANI in 0.1 M H2SO4. Electrochemical
impedance spectroscopy was employed to obtain equivalent circuit parameters such as the charge transfer resistance and ohmic resistance. The impedance plots show a distorted semi-circle in the high-frequency region due
to porosity of electrode and a vertically linear spike in the low-frequency region. The diameter of the semi-circle
gives an approximate value of the charge transfer resistance (Rct) of the PANI/electrolyte interface. The charge
transfer resistances (Rct) for PANI (undoped), PANI 1, PANI 2, PANI 3, PANI 4 and PANI 5 were estimated to
be around 1116, 843, 658, 437, 382 and 320 Ω respectively. The radii of the semicircle was found to increase
with increase in surfactant concentration which indicates greater resistance to conduction with increase in PFO
concentration which may result from more surfactant molecules bound to the electrode surface blocking the
electron transfer. Thus PANI 5 with minimum PFO doping gives maximum conductivity.

4. Conclusion
Nano-sized PANI-PFO particles were prepared by chemical oxidation method with anionic surfactant. It had
been found that the different concentration of surfactant had a considerable effect on the particle size and morphology of the resulting product. Better results were obtained for smaller concentration (PANI 5) of PFO.
UV-Vis and FT-IR spectroscopy confirmed the interaction of PFO in PANI matrices. The SEM images show
that the incorporation of PFO in PANI matrices changes the surface morphology of PANI. The chemical composition of polymer was further confirmed by EDAX analysis. XRD results show that the high concentration of
surfactant exhibits the particle size of 18 nm and at low concentration of surfactant it exhibits the particle size of
77 nm. PFO in PANI had enhanced charge transfer and current voltage characteristics at electrode interface
which was studied by cyclic voltammogram. Increases in oxidation peak current and enhanced broadening were
observed due to fast redox process in PANI-PFO matrix. It shows a linear relationship between anodic peak
currents versus scan rate and it indicates that the polymer has an appropriate electro activity. Electrical conductivity can be decreased by increasing the concentration of PFO. Minimum PFO doped PANI shows maximum
conductivity, and it is confirmed by impedance spectroscopic method. The change in surface morphology and

Figure 8. Nyquist plots for (a) PANI (undoped); (b) PANI 1; (c) PANI 2; (d) PANI 3; (e)
PANI 4; (f) PANI 5.
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electrical conductivity of PANI-PFO with different concentrations of PFO show the potential for sensing application.
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