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ABSTRACT

Herein, we have prepared Polyaniline (PANI) nanofibers by interfacial polymerization in the presence of co-oxidant and
surfactant. The additives are found to have a profound impact on the polymers morphology and improved room temperature
conductivity. It was found that PANI nanofibers prepared in the presence of aqueous sodium hypochlorite solution (NaOCI) and
cetyl trimethyl ammonium bromide (CTAB) were of shorter diameter (30 nm) and high conductivity (6.59Scm™) than those
formed in the absence of those chemicals. The diameter of the fibers was intricately tuned by changing the ratio of NaOCI to
aniline. The effect of co-oxidant and surfactant concentration in the nanofibers has been investigated with the help of SEM, IR,
XRD, UV and conductivity studies. A comparative investigation with other surfactant sodium dodecyl sulphate (SDS) has been
done and the variations in diameter were noted. We also studied the third-order optical nonlinearity and optical limiting
properties of polyaniline nanofibers using a single-beam z-scan technique. The experiments were performed with a Nd-YAG
laser at wavelength of 532 nm The mechanism behind nonlinear absorption could be predicted as two photon absorption. The
results show that the polyaniline nanofibers have useful applications in futuristic nonlinear optics. Copyright © 2016 VBRI
Press.
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Introduction molecular wires [5], chemical sensors [6-8], biosensors [9]
and electromagnetic shielding devices[10].

Intrinsically conducting polymers are attractive materials, Researchers have identified that well-defined and

as they exhibit opto-electrical properties of a metal or a

semiconductor. Additionally, they are light weight, flexible,
inexpensive and easy to synthesis [1]. Conducting polymers
are composed of pi-conjugated polymer chains and counter
ions produced by a doping process [2]. Polyaniline (PANI)
has been intensively studied in the field of conducting
polymers due to its unique chemical structure and
properties, such as extended conjugation through a
heteroatom, multiple oxidation states. Also the electrical
and optical properties of polyaniline can be controlled by a
simple and reversible acid—base doping—dedoping process
[3, 4]. Nanostructures of polyaniline are of great current
interest in view of the fact that such materials possess the
advantages of both low-dimensional organic conductors
and high surface area materials. These low-dimensional
polyaniline  nanostructures including  nanoparticles,
nanorods, nanofibers, nanowires, nanotubes, nanoflakes,
nanoplates, and nanodisks, having physical and chemical
properties differing from their bulk counterparts play
integral part for applications such as polymeric conducting

ultimately noticed nanostructured morphology for
polyaniline is the nanofiber. It was reported that polyaniline
tends to intrinsically form nanofibrous structures at the
initial period of the polymerization process, and then acted
as scaffolds for the secondary overgrowth of irregularly-
shaped polyaniline [11-13]. Films containing polyaniline
nanofibers can be made by using electrospinning [14] or
electrochemical methods to control the polymerization rate
[15-17]. Other synthetic approaches to the chemical
synthesis of polyaniline nanofibers include nanofiber
seeding [18], oligomer-assisted polymerization [19],
surfactant-assisted polymerization [20] and non-template
polymerization [21]. PANI nanofibers synthesized by
Huang et al. by a novel interfacial polymerization method
include an immiscible organic/ aqueous biphasic system
[22, 23]. Khalid et al. developed a synthesis based on the
interfacial polymerization method where sulfonated
porphyrin acts as an in situ dopant [24]. They reported that
the electrostatic and hydrophobic interactions between the
water dispersible porphyrin complex and the dimer cation-
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radical surfactant are responsible for the formation of
nanofibers. Few reports have appeared in the literature
examining the role of acidic medium and aniline to oxidant
ratio in interfacial phenomena on conducting polymer
morphology. Recently Li et al. prepared three different
nanostructured polyanilines by interfacial polymerization
using different inorganic acids including HCI, H,SO,, and
HNO; as aqueous reaction media [25]. It is found that the
reaction medium plays a vital role in deciding the
morphology, conductivity, crystalline property of the
products.

Among n-conjugated organic polymers, PANI has been
enormously investigated to determine its capability for
nonlinear optical applications as they possess third-order
nonlinear optical properties [26]. Since they retain
prominent nonlinearity and ultra-fast response time, PANI
have received remarkable attention in applications like
photonic switching devices, opto-electronic materials for
light emitting diodes, solar cells, and xerographic
photoreceptors [27-30]. Optical power limiters are widely
used in order to control the intensity of light that are in
demand for the development of optical technology. PANI
also used in Optical limiting devices those strongly
attenuate optical beams at high intensities while exhibiting
higher transmittance at low intensities. Such devices are
applicable for the protection of the human eye and optical
sensors from intense laser beams [31-34]. In recent, S
Pramodini et al. present the a lower limiting threshold and
clamping level for the conducting polymers poly (aniline-
co-o-anisidine) and poly (aniline-co-pyrrole) by employing
the z-scan technique using a He—Ne laser operating in
continuous wave mode at 633 nm[35].

In this study, an interfacial polymerization method with
the co-use of co-oxidant (NaOCI), surfactants is proposed
for the synthesis of polyaniline nanofibers in which aniline
is chemically and oxidatively polymerized to polyaniline at
the interface of two immiscible liquids. The influence of the
additives on the morphology and related properties of
polyaniline nanofibers was investigated. Also the nonlinear
optical properties and strong optical limiting power of
polyaniline nanofibers with nanosecond Nd: YAG laser
pulses at 532 nm were discussed.

Experimental
Materials

Aniline (99.5 %), ammonium peroxy disulfate (98 %),
D(+)-10-camphor sulfonic acid (CSA)(99 %), cetyl
trimethyl ammonium bromide (CTAB), aqueous sodium
hypochlorite (4 % by wt) solution (NaOCI), carbon
tetrachloride (CCl,), sodium dodecyl sulphate (SDS) are
used. These chemicals were purchased from Spectrochem
Pvt. Ltd. Mumbai, India. Aniline was distilled and stored at
4 °C prior to usage. All other chemicals were used as
received without further purification. Deionized water was
used throughout all the processes.

Synthesis of polyaniline nanofibers

The polymerization of aniline was carried out in the
interface of two immiscible solvents (water/CCl,). In a
typical synthesis, 0.32 M distilled aniline was dissolved in
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the CCl, (this has density higher than water) and 0.007 M
CTAB was added and stirred for 30 minutes at 0-5 °C. In
another beaker, added 0.08 M APS into 1 M camphor
sulfonic acid (CSA) and allowed to stir for 30 minutes
using magnetic stirrer. And again stirred with 3 % aqueous
sodium hypochlorite solution (NaOCI) and placed for one
hour at 0 - 5°C. The above two phases were gently
transferred to a reaction vial generating an interface
between the two layers. Green polyaniline nanofibers were
formed at the interface. As the reaction proceeded, it got
migrated gradually into the aqueous phase until the whole
aqueous phase is filled homogeneously with dark green
PANI. The mixed solution was placed room temperature
for 24 hours. After polymerization, the entire water phase
was then collected, and the by-products were removed by
filtration and washing several times with water, followed by
drying in an oven at 80 °C overnight yielding PANI
nanofibers in the form of green powder. A part of the
nanofibers was dedoped by treatment with 0.1 M NH,OH
aqueous solution and was labeled PANI-EB. Different
types of PANI nanofibers were prepared by changing the
volume % of NaOCI solution from 1 %, 2 %, 3 % and 4 %
of NaOCI solution and labeled PANI-1, PANI-2, and
PANI-3 and PANI-4 respectively. As a comparison, PANI
nanofibers were synthesized in the absence of NaOCI
designated as PANI-CTAB and in the absence of both
surfactant and NaOCI designated as PANI-CSA via the
similar procedure mentioned above. The whole experiment
was also done by changing surfactant to sodium dodecyl
sulfate (SDS). By changing the volume % of NaOCI
solution, SDS-1 and SDS-2 (with 2 % NaOCI and 4 %
NaOCI respectively) were prepared.

Characterizations of polyaniline nanofibers

Scanning electron microscopy (SEM) observations of all
the powdered samples were examined using a JEOL Model
JSM 6390 LV scanning electron microscope. Qualitative
elemental analysis is performed with Energy Dispersive
Spectrometer JEOL Model JED — 2300. The TEM images
were taken on a transmission electron microscopy
(Jeol/JEM 2100, with an accelerating voltage of 200 kV,
point resolution: 0.23 nm). Fourier transform infrared
spectra (FITR) were recorded on a Jasco FT/IR-4100
instrument using KBr pressed pellets. Ultraviolet-visible
(UV-vis) diffuse reflectance spectroscopy (DRS) of PANI
nanofibers was recorded on a UV/VIS/NIR
spectrophotometer Model: Varian, Cary 5000. X-ray
diffraction (XRD) patterns were obtained using a Bruker
AXS D8 Advance X-ray powder diffractometer equipped
with Cu Ka radiation. The samples were scanned in the
range of 2 - 25° 20 at increments of 0.020° at a wavelength
of 1.541 Aoperating at 40 KV and 35 mA. DC electrical
conductivity measurements were done by a standard four-
probe electrode using a Keithley 2400 source-measure unit
in dry air at ambient Temperature. Chemically prepared
polymer samples in the powder form are pelletised to form
pellets of about 1 cm diameter with thickness less than
1mm. The nonlinear optical characterization of the samples
was carried out using the Z-scan technique at 532 nm. The
samples to be investigated were translated through the focal
point of a lens of focal length 20 cm. The beam waist radius
®o was estimated to be 35.4 pm. The Rayleigh length

Adv. Mater. Lett. 2016, 7(11), 926-932

Copyright © 2016 VBRI Press



Zo = ® 2\ was calculated to be 7.4 mm. The samples
were taken in 1mm cuvette which is much lesser than Z;
therefore, the essential prerequisite for z-scan experiment is
satisfied.

Fig. 1. Digital photographs of the interfacial polymerization of aniline at
the interface of camphor sulphonic acid / carbon tetrachloride. The
reaction times are marked on the glassware. The top phase is1IM CSA,
APS and NaOCl, and the bottom phase is aniline and CTAB dissolved in
carbon tetrachloride.

Results and discussion

Fig. 1 illustrated the process of interfacial polymerization
of polyaniline nanofibers. The top phase of beaker is
aqueous phase (CSA)/and the bottom phase is organic
phase (CCly). It can be clearly seen that the green
polyaniline nanofibers formed at the interface and the rate
of polymerisation is very high in initial stage. In an
immiscible organic (mixture of aniline and organic solvent
CCl,)/aqueous (CSA and APS solution) biphasic system,
the oxidation of aniline occurs at the interface of the two
liquids and polyaniline nanofibers form at the interface
within a few minutes. Then nanofibers migrate into the
aqueous phase since it is hydrophilic in nature. The
nanofibers stay away from the reactive interface so they are
not subject to further secondary growth [36].

The SEM images of PANI nanofibers are shown in Fig.
2. To get the optimal conditions for the synthesis of
polyaniline nanofibers, we investigated the influence of
surfactant and co-oxidant in the reaction. When the reaction
was carried out without surfactant and co-oxidant (PANI-
CSA), fibers approximately 75 nm in diameter were
produced (Fig. 2a). However, when the reaction was
conducted in the presence of CTAB (PANI-CTAB), the
resulting fibers have slightly larger diameter (82 nm), as
shown in Fig. 2b.

We also investigated the effect of NaOCI concentration
on the morphology of the polymerization product, and
found that as the hypochlorite concentration was increased
from 1 % to 3 %, the diameter of nanofibers decreases
(~66 nm with 1% NaOCI, ~57 nm with 2 % NaOCI to ~30
nm with 3% NaOCI) as shown in Fig. 2(c), (d) & (e). On
further increase in the concentration of hypochlorite to 4 %
agglomeration of nanofibers, the nanofiber morphology
begins to disappear. Thus, 3 % concentration of
hypochlorite is favorable for the synthesis of small diameter
fibers. The diameter of the fibers could be directly
controlled by the appropriate selection of hypochlorite
concentration. Here the co-oxidant NaOCI helps to increase
the initial rate of polymerisation while surfactant CTAB
facilitates the interaction between aqueous phase and
organic phase in the reaction mixture. Also organic dopant
camphor sulphonic acid has good interfacial packing
properties which favors nanofibrillar morphology and
better water solubility [37].
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Fig. 2. SEM images of (a) PANI-CSA, (b) PANI-CTAB, (c) PANI-1, (d)
PANI-2, (€) PANI-3 and (f) PANI-4.

Fig. 3(a-c) shows the SEM images of polyaniline samples
obtained from addition of another surfactant sodium
dodecyl sulfate (SDS). We observed that in this case,
polyaniline nanofibers obtained have larger diameters
above 100 nm. Upon the addition of hypochlorite, the
diameter of nanofibers further increased (~106 nm with 0
% NaOCI, ~160 nm with 2% NaOCI to ~192 nm with 4%
NaOCl) as seen in Fig 3(b, c). The differences in the
diameter of the prepared polyaniline nanofibers with CTAB
and SDS may be explained by the variation of the local
environment formed by different surfactants.

13 40 SEI

Fig. 3. SEM images of (a) PANI-SDS, (b) PANI-SDS-1, (c) PANI-SDS-2
& (d) TEM image of polyaniline nanofiber PANI-3.

TEM image of PANI-3 shown in Fig. 3(d) indicated that
the nanofibers have uniform diameter approximately 30 nm
and nanofibers produced are longer and entangled. This
morphology of polyaniline can be related to the fast rate of
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polymerization in initial stage, and under this condition,
polyaniline nanofibers can be easily synthesized by
homogeneous nucleation process and thus suppressing the
secondary overgrowth [38].

Table 1. Conductivity and diameter of the samples under different
reaction conditions.

Sample Surfactant Amountof  Conductivity —Diameter
used NaOCI used (Sem™) (nm)
PANI-CSA - - 3.99+0.17 75+3
PANI-CTAB CTAB - 2.82+0.24 82+5
PANI-1 CTAB 1% 1.94 +0.09 66+4
PANI-2 CTAB 2% 3.72+0.18 57+3
PANI-3 CTAB 3% 6.59 + 0.15 30+4
PANI-4 CTAB 4% 4,18 +0.22 52+6
PANI-SDS sbs - 1.98 £0.32 106 + 10
PANI-SDS-1 SDS 2% 4.23+0.25 160 +7
PANI-SDS-2 SDS 4% 7.56 + 0.30 192 +9

The room-temperature conductivities of polyaniline
nanofibers were obtained using the standard four-probe
method. The electrical conductivity of PANI-CSA was
determined to be 3.99 Scm™. As shown in Table 1, the
conductivity increased with the addition of hypochlorite
solution, and PANI-3 which have smaller diameter giving
the highest conductivity (6.59 Scm™) among the CTAB
based samples.

(a)

. (B} ™ itk
000035 .
000030 .. e A
-
000025 . = _M‘JL"N"‘__
. 3l S
£ ooz . 3 R AN 2=
38 " E
Q00015 L] rANI-1
.
.
voof = | T A
.
00000 DOKOZ O00M 00006 O.0008 OO L
Apglied voluageiv) FoiDegres)

Fig. 4. (a) |-V characteristics of PANI-3 measured in air at room
temperature (b) XRD scattering pattern of PANI fibers.

The conductivity of PANI depends on the degree of
doping, oxidation state, particle morphology, crystallinity,
inter- or intrachain interactions, molecular weight, etc. We
can see that the fiber diameter has a significant effect on the
conductivity of PANI. A decrease in diameter value can
lead to more effective doping; higher degree of
crystallinity, and higher conductivity, however, too small
particle size will produce some lattice defect, more
localized electron and lower conductivity [39]. This
suggests that the conductivity increases with the addition of
hypochlorite is due to the increase of efficiency of charge
transfer along the polyaniline backbone. The current (I)-
voltage (V) characteristics of the PANI nanofibers
(PANI-3) shown in Fig. 4(a) The 1-V curves indicated
ohmic behavior; that is, current changed linearly with
voltage. In the case of SDS based samples, the dc electrical
conductivity increased upon the addition of hypochlorite
solution. Since CTAB is a cationic surfactant and SDS is an
anion surfactant, they form positively charged interfaces
and negatively charged interfaces in solutions respectively.
The local environment formed by SDS micelles that can
provide a higher charge density than that of CTAB which
promote the formation of conducting PANI [40]. Also
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cationic dodecyl sulfonate which derives from SDS can act
as dopant while CTAB cannot supply such counterions for
doping PANI. This lead to the better conductivity of
polyaniline nanofibers formed with the assistance of SDS
and NaOCI.

Careful analysis of XRD pattern of PANI shown in
Fig. 4(b) suggests that it exhibits a semi crystalline
behavior. The doped PANI nanofibers exhibit two broad
peaks at 26 angles around 20° and 25°), correspond to the
(100) and (110) crystal planes which indicates PANI
contains some crystalline domains [41,42]. The peaks at
20=20° and 26=25° in doped PANI are due to the
periodicity parallel and perpendicular to the polymer chain
respectively [43]. In the XRD pattern of dedoped form
PANI-EB, we observe a broad hump, having a maximum
around 20° indicates amorphous nature and its intrinsic
crystallinity is due to the presence of a polar nitrogen atom
in the main backbone chain [44].

Table 2. EDX analysis data for PANI nanofibers.

Sample Elements (atom %)

C N o] S Cl
PANI-CSA 88.03 110 526 561 --
PANI-CTAB 8734 097 591 578 -
PANI nanofibers(PANI-3)  88.68 1.03 514 455 0.60
PANI-SDS 86.81 080 745 494 -

While in the doped forms the presence of polarons or
charge defects enhances its crystallinity. PANI-3 shows
much sharper peaks compared to others which indicates
higher the degree of crystallinity of the sample. The higher
degree of crystallinity or more ordered structural pattern in
PANI causes intra-molecular mobility of charged species
along the chain and to some extent intermolecular hopping
because of better and closer packing. Hence, the increase in
the crystallinity is expected to increase the conductivity
[45]. This is also in agreement with the results obtained
from conductivity measurements. The energy dispersive
x-ray analysis gives both qualitative and quantitative
information about the element composition of polyaniline
nanofibers. Table 2 represents presence of carbon, oxygen,
nitrogen, sulphur and chlorine in the polyaniline nanofibers
detected from EDX spectrum shown in Fig. 5(a). Fig. 5(b)
represents the FT-IR spectra of synthesized polyaniline
nanofibers and the peak locations related to the
corresponding chemical bonds are in good agreement with
those reported in the literature. The characteristic vibration
bands of polyaniline are located at 1481 and 1557 cm™, can
be assigned to the stretching vibration of quinoid ring and
benzenoid ring, respectively. The peaks at 1,299 cm™
correspond to the C-N stretching vibration of secondary
aromatic amine [46]. The inplane bending of C-H is
reflected in the 1,124 cm™ peak. The peak at 800 cm™ is
attributed to the out-of-plane bending of C-H bond [47].

The Optical band gaps of polyaniline nano fibers were
determined by the diffuse reflectance measurements. Thus
obtained, reflectivity spectra can be converted to equivalent
absorption spectra using the Kubelka—Munk (KM)
function. The KM function at any wavelength is given as,

(1 - Rc:)o)2

2R €]

F(Ry) =
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Here, F(Rx) is the Kubelka—Munk

function, F: is the reflectance of the sample relative to the
reference material, o is the absorption coefficient and s in
the scattering coefficient. Typically, the scattering
coefficient is only weakly dependent on energy. Therefore,

F(R2) can be assumed to be proportional to the absorption
spectrum [48].
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Fig. 5. (a) EDX spectra of PANI-3 (b). FTIR spectra of PANI nanofibers
synthesizer in different reaction conditions.

The photon absorption in many amorphous materials is
found to obey the Tauc relation [49], which is of the form,

ahv = B(hv — Eg)"
(2)

where, a is the absorption coefficient, hv is the photon
energy, B is the band gap tailing parameter, Eg is a
characteristic energy which is termed as optical band gap
and n is the transition probability index, which has discrete
values n = 1/2, 3/2, 2 and 3 for direct allowed, direct
forbidden, indirect allowed and indirect forbidden
electronic transitions, respectively [50].

F(R2) s determined from Eg.1 and plot of (F':Rsc]hv)2
(index n = 1/2) versus hv shows a linear portion at the
absorption edge which confirms the existence of direct
allowed band transition in polyaniline nanofibers.
Extrapolating of linear dependence of the relation to
abscissa yields the corresponding direct allowed band gap.
The values of the optical direct transition energies obtained
are 3.13 eV, 3.21 eV and 3.05 eV for PANI-CSA, PANI-

CTAB and PANI-3 respectively. In order to determine the

indirect transition energy gap, plots of ((FB=)hyv)"2 as a

function of photon energy versus hv was plotted. The value
of the optical indirect transition energies was found to be
2.38 eV, 2.45 eV and 2.15 eV for PANI-CSA, PANI-
CTAB and PANI-3 respectively. The lower band gap for
the PANI-3 indicates relatively easier polaron/ bipolaron
transition occurring in it which is responsible for its higher
conductivity [51].

The nonlinear optical characterization of the polyaniline
nanofiber was carried out using the Z-scan technique at
532 nm at a typical influence of 181MW/cm?® The open-
aperture Z-scan curve exhibits a normalized transmittance
valley, indicating reverse saturable absorption in the
polyaniline nanofiber. The data were analysed using the
procedure described by Bahae et al. [52].

The nonlinear absorption coefficient is obtained by fitting
the experimental z-scan plot to:

Divya et al.
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T(esmt) = o J_aIn[1 +q5 e ldn, 3
4 Ha(za)
where,
__ Ploleyy
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Here, {0 is the laser intensity in the focal plane, B is the

nonlinear optical absorption coefficient, Less is the
effective thickness with linear absorption coefficient®.

Lesf is given by,

L =(1—e%)/a ®)

25

The open aperture z-scan measurement for polyaniline
nanofibers is depicted in Fig. 6(a).
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Fig. 6. (a) Normalized transmittance as a function of the position in the
open aperture scheme and (b) Optical limiting response of polyaniline
nanofiber at 532nm at an input power density of 181MW/cm?,

The fits of Eq. (3) to experimental data are shown as solid
red curves. From the fit, we can confirm that the basic
mechanism involved in the nonlinear absorption of
polyaniline nanofiber is two photon absorption processes.
When the samples are away from the focus, the light
intensity is low. It is clear that, polyaniline nanofibers
exhibit a clear decrease in transmission with increasing
input laser intensity as the sample is translated towards
focus, indicating the occurrence of reverse saturable
absorption process (RSA) [53]. The nonlinear absorption

coefficient (.5’ ) numerically evaluated from the above fits is
92.6 cm/GW. Reverse saturable absorption has been found
to occur in centro- symmetric structural organic materials
and especially in pi-conjugated materials like conducting
polymers. The extensive pi-electron delocalization present
in polyaniline nanofibers causes polarization in the material
which assists the ultrafast nonlinear optical response. RSA
occurs when the molecules present in ground state and
excited states can absorb the incident photons of same
wavelengths and the absorption of excited states must be
larger than that of the ground states. RSA also known as
positive nonlinear absorption type of behavior results due
to any of the nonlinear mechanisms such as two-photon
absorption (TPA), excited free carrier absorption (ESA) or
with the combination of the processes [54].

The optical limiting performance of polyaniline nanofiber
was analyzed at an input laser intensity of 181 MW cm™
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without aperture under Nd-YAG Laser (532 nm)
illumination. Fig. 6(b). Depicts the characteristic optical
limiting curves i.e. input intensity versus normalized
transmittance.

A salient criterion in the optical limiting process is the
limiting threshold (onset optical limiting) which gives the
corresponding input fluence value at which the deviation
from linearity in the normalized transmittance is observed
[55]. The limiting threshold value obtained from Fig. 6b is
135.63MW/cm?. Since polyaniline is energy absorbing type
of optical limiter, the major nonlinear optical mechanisms
responsible for optical limiting are RSA and ESA arises
from an effective two photon absorption which leading to
nonlinear absorption in organic molecules [56].

Conclusion

The interfacial polymerization of aniline in the presence of
co-oxidant and surfactant can produce polyaniline
nanofibers with enhanced properties. Co-oxidant and
surfactant can influence the polymer morphology and room
temperature conductivity. SEM, TEM images and four
probe conductivity measurements revealed that nanofibers
formed by the co-use of surfactant CTAB and 3% NaOCI
solution gave shorter diameter (30 nm) fiber with better
conductivity (6.59S/cm) than other nanofibers. The
formation of conducting emeraldine salt phase of the
polymer was confirmed by the FT-IR spectroscopy and is
supported by X-ray diffraction analysis. The improved
conducting nature was further supported by the UV-DRS
measurements. This research therefore provides a simple,
reliable, and scalable route for synthesizing PANI
nanofibers with better morphology and good conductivity.
The polymer samples exhibited third-order nonlinear
optical properties with a reverse saturable absorption
process and strong optical power limiting properties under
the experimental conditions. Thus the investigated
polymers emerge as a potential candidate for optical
limiting devices under continuous wave laser at the
experimental wavelength.
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Fig. Determination of direct band gap energy for PANI nanofibers (a) PANI-CSA, (b) PANI-CTAB,(c) PANI-3 and indirect band gap for PANI
(d) PANI-CSA,(e) PANI-CTAB,(f)PANI-3 obtained from UV-vis spectra by plotting (F(R,)hv)® versus hv and ((F(R,)hv)® versus hv

respectively.
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