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Abstract

The path-breaking discovery of high conductivity in polyacetylene in 1977
by A. ]. Heeger, A. G. MacDiarmid and H. Shirakawa opened up a whole new
field of research, which won them the Noble prize in the year 2000. Since then the
field of conducting polymers has undergone tremendous developments and a
wide range of commercial applications have evolved. Conducting polymers have
found applications in different areas such as microelectronics, sensors, electrodes
for batteries and supercapacitors, EMI shielding etc. Conducting polymers are
also being considered for a range of biomedical applications including the
development of artificial muscles, controlled drug release and the stimulation of
nerve regeneration. Recently, one dimensional (1D) nanostructures such as
nanofibers, nanowires, nanorods, nanobelts, and nanotubes have attracted
considerable attention of the scientific community owing to their unique
applications in mesoscopic physics and fabrication of nanoscale devices. 1D
nanostructures are ideal systems for investigating the dependence of electrical,
thermal and mechanical properties on quantum confinement and dimensionality.
1D conducting polymer nanostructures deserve a special mention mainly because
they combine the advantages of organic conductors with low dimensionality.
Among the family of r-conjugated polymers, polyaniline is especially attractive
and have been investigated by several research groups worldwide mainly because
of its unique properties like good environmental stability, solubility and simple
acid/base doping/dedoping chemistry, making it a promising material for a wide
range of applications. Polyaniline nanostructures have been synthesized by using
templates such as surfactants, micelles or seeds. One-dimensional (1D)
polyaniline nanostructures including nanorods, nanotubes and nanofibers, have
also been studied as these nanostructured materials are expected to perform
better wherever there is an interaction between the material and the surrounding

environment. 1D Polyaniline nanostructures have been used in different



applications and it has been observed that in most cases the performance is far
better than their bulk counter part.

Swift heavy ion (SHI) irradiation of polymers can induce irreversible
changes in their macroscopic properties such as chemical, electronic, electrical,
morphological, tribological and optical properties due to events such as electronic
excitation, ionization, chains scission and cross-links as well as mass losses
associated with the ion-polymer interaction. SHI irradiation has also been used to
modify polymers for biomedical applications. SHI (energy > 1 MeV/u)
irradiation deposits the energy in the material in the near surface region mainly
due to the electronic excitation. The extent of damage formation and property
modification depends strongly on energy, mass and charge state of the ion, its
fluence and target density. The impinging ions do not get implanted in the
material due to their large range typically a few tens of ym. Ionization trail
produced by SHI causes bond cleavages producing free radicals, which are
responsible for most of the chemical transformations in polymers such as chain
scission, cross linking, generation of active sites, double and triple bond
formation, emission of atoms, molecules and molecular fragments.

The present thesis is a description of a number of experiments in the
dynamic research field of conducting polymer based nanostructured materials, in
general, and polyaniline based nanostructured materials, in particular. We have
synthesized polyaniline nanofibers doped with two different types of dopants
viz., HCl and camphorsulfonic acid (CSA) using interfacial polymerization and
polyaniline nanofiber reinforced polyvinyl alcohol nanocomposites using in-situ
rapid-mixing polymerization techniques. The polyaniline based nanostructured
materials have been characterized by X-ray diffraction (XRD), transmission
electron microscopy (TEM), scanning electron microscopy (SEM), Fourier
transform infra red spectroscopy (FTIR), micro-Raman spectroscopy (uRS), ultra-
violet visible (UV-Vis) absorption spectroscopy. The conductivity relaxations and
charge transport mechanism in these materials have been investigated using
dielectric spectroscopy and ac conductivity studies. SHI irradiation of the
polyaniline based nanostructured materials have been carried out with 90 MeV
oxygen ions (O7*) at different fluences viz., 3x10%, 1x10%, 3x10 and 1x102



ions/cm? with a view of studying the ion irradiation effects on the physico-
chemical properties of the nanostructured materials and to utilize the
modifications in some specific application areas.

The thesis contains eight chapters, each of which is again divided into
several sections and sub-sections. Chapter 1 begins with an overview of the
exciting and emerging field of conducting polymers with an emphasis on
conducting polymer based nanostructured materials. Thereafter the potential
applications of conducting polymer nanostructures in the field of biomedical
science and sensor technology have been reviewed. The chapter also includes
literature related to swift heavy ion irradiation induced modifications of
conducting polymers. At the end of the chapter, scope of the thesis along with the
statement of the thesis problem and the major objectives of the present work has
been spelt out.

The mechanisms of formation of polyaniline by chemical polymerization
and polyaniline nanofibers by interfacial and rapid mixing polymerization
techniques have been discussed in Chapter-2. The theoretical framework
developed to account for the charge transport mechanisms and relaxations in
conducting polymers and conducting polymer based nanostructured materials
have been reviewed in this Chapter. Theories developed for explaining ion-solid
interactions have also been discussed in brief.

The materials and methods used for the synthesis and characterization of
polyaniline nanofibers and polyaniline nanofibers reinforced PVA
nanocomposites have been discussed in Chapter 3. Principles of various
characterizations techniques like XRD, SEM, TEM, FTIR, UV-Vis spectroscopy,
micro-Raman spectroscopy (4RS), ac conductivity, dielectric spectroscopy and the
biochemical assays used for the study of biological activity of the polyaniline
based nanostructured materials have been explained. Fabrication of piezoelectric
sensors based on the polyaniline based nanostructured materials and the
characterization of the sensors for studying different parameters such as
sensitivity, response time and linearity have also been discussed.

Chapter-4 describes the synthesis of PAni nanofibers using interfacial

polymerization and the analysis of the variations in the physico-chemical
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properties of PAni nanofibers upon SHI irradiation by different characterization
techniques. TEM results show that the size of PAni nanofibers decrease with the
increase in irradiation fluence, which has been attributed to the fragmentation of
PAni nanofibers in the core of amorphized tracks caused by SHI irradiation. XRD
studies reveal a decrease in the domain length and an increase in the strain upon
SHI irradiation. The increase in d-spacing corresponding to the (100) reflection of
PAni nanofibers with increasing irradiation fluence has been attributed to the
increase in the tilt angle of the chains with respect to the (g, b) basal plane of PAni.
Decrease in the integral intensity upon SHI irradiation indicates amorphization of
the material. Micro-Raman (uR) studies confirm amorphization of the PAni
nanofibers and also show that the PAni nanofibers get de-doped upon SHI
irradiation. uR spectroscopy also reveals a benzenoid to quinoid transition in the
PAni chain upon SHI irradiation. Charge transport and relaxation mechanisms in
the pristine and irradiated PAni nanofibers have been analysed and are presented
in this chapter.

Chapter-5 deals with the synthesis of polyaniline nanofiber reinforced
PVA nanocomposites using rapid mixing polymerization technique and the
effects of 90 MeV O7* ion irradiations on the physico-chemical properties of the
nanocomposites. The pristine polyaniline nanofiber reinforced PVA
nanocomposites as well as the irradiated samples have been thoroughly
characterized and the interpretations of the results are incorporated in this
chapter. Modifications in the domain length, strain, normalized integral intensity
and the overall deg;ee of crystallinity of the PAni nanofiber reinforced
nanocomposites upon SHI irradiation have been investigated using X-ray
diffraction technique. FTIR analysis reveals significant variations in the chemical
structure of the PAni nanofibers upon SHI irradiation. PALS study shows that the
positron lifetimes 7, and r, decrease sharply from the pristine material to that for
irradiated sample with fluence of 3 x 10'0 ions/cm? but saturates thereafter. The
effect of 90 MeV O7* ion irradiation upon the charge transport and the relaxation
mechanisms in the nanocomposite films studied using dielectric spectroscopy and
ac conductivity measurements indicate that the conductivity of the PAni

nanofiber reinforced PVA nanocomposites enhance upon SHI irradiation.
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The applications of polyaniline based nanostructured materials as potential
antioxidants have been investigated and the results are presented in Chapter-6. It
has been observed that polyaniline nanofibers have much better antioxidant
activity and biocompatibility as compared to their bulk counterpart. This chapter
also focuses on the SHI irradiation induced variations in the antioxidant activity
and biocompatibility of the PAni based nanostructured materials. It has been
observed that antioxidant activity and the haemolysis prevention efficiency of the
PAni based nanostructured materials increases upon SHI irradiation.

Chapter 7 embodies the fabrication methodology of piezoelectric sensors
based on PAni nanofiber reinforced PVA nanocomposites for sensing hazardous
chemicals viz., free radicals and hydrochloric acid. This chapter focuses on the
interpretation of the experimental results acquired while studying the sensing
properties of PAni nanofiber reinforced PVA nanocomposite coated quartz crystal
resonators for a class of chemical analytes using a quartz crystal microbalance
(QCM). Different parameters such as response time, sensitivity and linearity of
the sensors have been determined and incorporated in this chapter. The
mechanism of sensing of the analytes by the PAni nanofiber reinforced PVA
nanocomposites have also been investigated using different characterization
techniques.

Chapter-8 summarizes the major conclusions drawn from the work
contained in this thesis. The low dimensionality of the PAni based nanostructured
materials leads to significant improvement in their physico-chemical properties as
compared to those of their bulk counterparts and makes them promising
materials for biomedical and sensor applications investigated and discussed in the
present thesis. At the end of this chap\ter, the future scope of research in the field

of conducting polymer based nanostructured materials has been briefly

mentioned.
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the erythrocytes (RBCs) and the damage caused to the
erythrocytes by (b) H>O, and (c) H2O: in the presence of
HCl-doped polyaniline nanofibers.
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Time dependent scavenging of the free radical (DPPH) by
PAni nanofiber reinforced PVA nanocomposite with 6
wt.% of aniline content (sample G3).

Weight dependent free radical scavenging efficiencies
(antioxidant activities) of the PAni nanofiber reinforced
PVA nanocomposites with 2 wt.% (sample G1), 4 wt.%
(sample G2) and 6 wt.% (sample G3) of aniline content.

The results presented are average values of 10 repetitions.

210

211

213

215

216

217

218

219

220

XXXiii



Figure 6.14

Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

Figure 7.5

Figure 7.6

Figure 7.7

Figure 7.8

Weight dependent haemolysis prevention efficiency of the
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Response characteristics of the PAni nanofiber reinforced
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Calibration curve for determination of free radicals in
solution. The frequency shifts of a PAni nanofiber
reinforced PVA nanocomposite modified quartz crystal
electrode in direct contact to the free radical solutions have
been recorded after 2.5 min of exposure.

Plot for calculating the response time of the sensor for
different concentration of free radicals in solution.

X-ray diffraction pattern of the PAni nanofiber reinforced
PVA nanocomposite before and after exposure to different
concentration of free radicals in solution showing the
variation of the (100) reflection peak of PAni. Inset shows
the X-ray diffraction pattern over the entire 20 range.

FTIR spectra of PAni nanofiber reinforced PVA
nanocomposites (a) before and after exposure to (b) 500, (c)
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Comparison of the intensity of the C=C stretching
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Z" spectra of the PAni nanofiber reinforced PVA
nanocomposites before and after exposure to different
concentrations of free radicals in solution.

Ac conductivity spectra of the PAni nanofiber reinforced

PV A nanocomposite before and after exposure to different

221

226

227

228

229

230

231

232

233

XXXIV



Figure 7.9

Figure 7.10

Figure 7.11

Figure 7.12

Figure 7.13

Figure 7.14

concentration of free radicals in solution.

Response characteristics of the PAni nanofiber reinforced
PVA nanocomposite modified QCM sensor after exposure
to different concentration of hydrochloric acid in aqueous
solutions.

Calibration curve for determination of hydrochloric acid in
solution. The frequency shifts of a PAni nanofiber
reinforced PVA nanocomposite modified quartz crystal
electrode in direct contact to the solutions have been
recorded after 2.5 min of exposure.

Plot for calculating the response time of the sensor for
different concentration of hydrochloric acids in aqueous
solution.

X-ray diffracion patterns of the PAni nanofibers
reinforced PVA nanocomposites (a) before and after
exposure to (b) 100 ppm, (c) 200 ppm, (d) 300 ppm, (e) 400
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Abbreviation

1D

2D

3D

AC (ac)
APS
BSEs
BJTs
CBH
cm

CCD

CPs

DC (dc)
DPPH
DNA
EB

ES
ES-VRH
eV

FD
FWHM
FTIR
HOMO
HN (H-N)
HCl
HEDS
HBTs
Hz

ICPs

List of abbreviations

Meanings

One dimensional

Two dimensional

Three dimensional

Alternating current

Ammonium peroxydisulfate

Back scattered electrons

Bipolar junction transistor
Correlated barrier hopping
Centimetre

Charge coupled detector

Camphor sulfonic acid
Conducting polymers

Direct current
1,1-diphenyl-2-picrylhydrazyl
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Chapter 1

INTRODUCTION

This chapter embodies an overview of the exciting and emerging field of conducting
polymers with an emphasis on conducting polymer based nanostructured materials. The
chapter focuses on the potential applications of conducting polymer nanostructures as
intelligent material systems and on the potential application of swift heavy ion irradiation
for modification of conducting polymer based nanostructured materials. Biomedical
applications of conducting polymer based nanostructured materials are also discussed. The
chapter also presents an overview of the science and technology behind conducting
polymer based sensors in general and piezoelectric sensors in particular. In the end, the

chapter outlines the scope of the thesis and statement of the thesis problem.

1.1 Conducting Polymers

Materials are generally classified as insulators, semiconductors, conductors
and superconductors based on their electrical properties. A material with
conductivity less than 107 S/cm is regarded as an insulator. Metals have
conductivity larger than 10° S/cm whereas the conductivity of a semiconductor
varies from 104 to 10 S/cm depending upon the degree of doping. It was
generally believed that plastics (polymers) and electronic conductivity were
mutually exclusive and the inability of polymers to carry electricity distinguished
them from metals and semiconductors. As such, polymers were traditionally used
as inert, insulating and structural materials in packaging, electrical insulations
and textiles where their mechanical and electrically insulating properties were
paramount. In fact, any electrical conduction in polymers was generally regarded
as an undesirable phenomenon. The breakthrough happened in the year 1977
when, somewhat accidentally, Alan J. Heeger, Alan G. MacDiarmid and Hideki
Shirakawa, discovered that plastics that are generally referred to as insulators can,

under certain circumstances, be made to behave like metals [1]. This path-
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breaking discovery of high conductivity in polyacetylene in 1977 resulted in a
paradigm shift in thinking and opened up new vistas in chemistry and physics [1-
4]. Their work was finally rewarded with the Nobel Prize in Chemistry in 2000 for
the discovery and development of electronically conductive polymers {5-7].

After the initial discovery in 1977, the field of electronically conducting
polymers has surmounted to such heights that it is far ahead of what could have
been envisaged when the field was in its formative years. A variety of other
conducting polymers and their derivatives were discovered in the subsequent
years after the discovery of conductivity in polyacetylene {8-18]. Investigation of
electrical conduction properties of conducting polymers was the prime focus of
research in the early years [19-24]. Gradually, research in the field of conjugated
polymers surpassed the limits of studying conduction processes in doped
conjugated polymers and optical properties, electroluminescence and other
physical properties of conjugated polymers were being investigated [25-30]. In
recent years, distinct development has also been made in understanding of the
structure-property relationships for many of the conducting polymers [31-37].
This fascinating progress rate has been stimulated by the field’s fundamental
synthetic novelty, importance to interdisciplinary research and to the emerging
technological applications of these materials in different areas such as molecular
electronics [38), electrodes for redox supercapacitors [39, 40], electrochromic
displays [41, 42], chemical sensors [43], actuators [44-46], electromagnetic
shielding [47-49] and non-linear optics [50].

Intrinsically conducting polymers (ICPs) are completely different from
other conducting polymers in which a conducting material such as metal or
carbon powder is dispersed in a non-conductive polymer [51]. These polymers
often referred to as conjugated polymers belong to a totally different class of
polymeric materials with alternate single-double or single-triple bonds in their
main chain and are capable of conducting electricity when doped. ICPs, similar to
other organic polymers, usually are described by o (sigma) bonds and 7 (pi)
bonds. While the o electrons are fixed and immobile due to the formation of
covalent bonds between the carbon atoms, the remaining n-electrons can be easily

delocalized upon doping. Fig. 1.1 shows the molecular structures of some of the
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popular intrinsic conducting polymers that have been synthesized during the last
few decades and applied in different application areas. In the next few sections
and sub-sections of this chapter, we present a state-of-the-art literature survey of
the historical developments in the field of conducting polymers with a special

focus on the different characteristic properties of conducting polymers.

Polyacetylene (PA)  Polythiophene (PTh) Polypyrrole (PPy)

Polyaniline (PAni)

o1 0]

Poly(para-phenylene) Poly(p-phenylene vinylene) (PPV)
Figure 1.1: Molecular structures of some of the most popular conjugated polymers

1.1.1 Historical developments

Although polymeric materials have been used by mankind since
prehistoric times in the form of wood, bone, skin, and fibers, the existence of
macromolecules was accepted only after Hermann Staudinger developed the
concept of macromolecules during the 1920s, which got him the Nobel Prize in
Chemistry in 1953 ““for his discoveries in the field of macromolecular chemistry”
[52]. This was followed by very important contributions by Wallace Carothers [53]
and Noble laureates Karl Ziegler, Giulio Natta and Paul Flory [54]) which made
the field of macromolecular science popular amongst the scientific community.
Because the saturated polymers studied by Staudinger, Flory, Ziegler, and Natta
were insulators, they were viewed as uninteresting from the point of view of

electronic materials.
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The research field of conjugated (conducting) polymers came into focus
with the preparation of polyacetylene by Shirakawa and coworkers along with the
subsequent discovery of enhancement in its conductivity after “doping” by the
group led by MacDiarmid and Heeger [1-4]. The history of conducting polymers,
however, dates back to the nineteenth century. Some of the most important
representatives in the family of 7z-conjugated polymers in non-conducting as well
as conducting forms viz., polyaniline (PAni) and polypyrrole (PPy), were already
being prepared chemically or electrochemically in the nineteenth century, decades
before the existence of macromolecules was even accepted and as such they were
not called polymers.

Gas industries in the first half of the nineteenth century prepared aniline
from the coal tar residues which later played a pivotal role in the development of
organic chemistry and the chemical industry [55]. Soon aniline dyes replaced dyes
from natural sources and then coal tar dyes found use in medicine for staining
tissues [56]. After the discovery of selective toxicity of these compounds by P.
Erlich, the chemical production of medicines was initiated and led to the
establishment of the pharmaceutical industry [57]. It was in 1862, when Dr. Henry
Letheby observed that a bluish-green precipitate was formed at the anode during
electrolysis of aniline, which became colouriess when it was reduced and regained
its blue color when oxidized again [58]. Subsequently, Runge [59] in 1834 and
Fritzsche [60] in 1840 isolated aniline and observed the appearance of a blue
colour during the oxidation of aniline in acidic media. Letheby’s experiments
were repeated and his findings were verified by Goppelsroeder [61], Szarvasy [62]
and others. A linear octameric structure was proposed and generally accepted for
aniline in the first decade of the twentieth century. The existence of polyaniline
(PAni) in four oxidation states was also recognized [63]. A reaction scheme for the
electro-oxidation of aniline at a carbon electrode was suggested by Yasui in 1935
[64]. It was almost a century after Letheby’s observations that Mohilner and co-
workers reinvestigated the mechanism of the electro-oxidation of aniline in
aqueous sulphuric acid solution at a platinum electrode and characterized
polyaniline (PAni) [65]. The first real breakthrough came in 1967, when Buvet and

his group established that polyanilines are redox active electronic conductors and
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PAni pellets can be used as electrodes for conductivity measurements [66-67].
However, this discovery did not give rise to great excitement during that time.
Diaz and Logan initiated research into polymer film electrodes based on
polyaniline in 1980, which is still continuing [68]. However, it was the
investigations by MacDiarmid et al. in the mid 1980s [9-13, 69], and, in particular,
the discovery of electrical conductivity for its emeraldine salt form that led to an
explosion of interest in this fascinating polymer.

Polypyrrole (PPy), on the other hand, was known as “Pyrrole black” and
was formed due to the oxidation of pyrrole in air. PPy is an inherently conducting
polymer with interesting electrical properties first discovered and reported in the
early 1960s [70]. It was followed by the preparation of coherent and free standing
polypyrrole films by electrochemical polymerization by Diaz and his co-workers
[71, 72]. Thus, it is evident that although the research in the field of conducting
polymers seems to have aroused interest of researchers and public alike in the
1970s, these polymers were already known but not as conducting polymers that
we know today. Thus, these materials have a long history and, perhaps without

any overstatement, a dazzling future.
1.1.2  Primary features of conducting polymers

The ground state of a carbon atom has six electrons arranged as 1s? 252 2p?,
which gives four electrons in the outer electronic orbital. In the presence of other
atoms (H, O etc.) these levels may hybridize either into sp, sp? or sp® orbitals, each
possessing their unique spatial character. Fig. 1.2 shows the schematic structure of
the simplest three-dimensional (3D), two-dimensional (2D) and the one-
dimensional (1D) form of carbon materials. In case of diamond, the carbon atoms
are sp® hybridized whereas in case of graphite and polyacetylene the carbon atoms
exhibit sp? hybridization. Out of these three forms of carbon materials, only the 2D
and 1D form are conducting. Diamond, which contains only ¢ bonds, is an
insulator and its high symmetry gives it isotropic properties. Graphite and
acetylene, on the other hand, both have mobile 7 electrons. Graphite is known to
be a conductor while doped polyacetylene shows highly anisotropic metallic
conductivity [1].
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Figure 1.2: Schematic diagram showing the molecular structures of the simplest 3D, 2D

and 1D form of carbon materials (a) Diamond, (b) Graphite and (c) Polyacetylene

All the hybridized orbitals in carbon materials are strongly localized,
however in case of sp’ we are left with one unhybridized p. orbital. This p, orbital
is oriented perpendicular to the three sp? orbitals that are coplanar with angles of
120° between one another (Fig. 1.3). In case of an identically hybridized neighbour
C atom with similar orientation, these p. orbitals will overlap and form a
molecular 7 bond. The ¢ bond between the two C atoms (created by two
hybridized sp? orbitals) together with the 7 bond results in a double bond. The
stacking of neighbouring sp? hybridized C atoms, all with their p, orbitals parallel,
results in an alternating single bond, double bond structure as can be seen from
Fig. 1.2 (c).

sp

' 120°

'.

p

Sp

Topview Sideview
Figure 1.3: Spatial representation of the sp® hybridized carbon atom from top and side
view.
Conducting polymers are different from other polymers primarily because
of this framework of alternate single-double carbon-carbon (carbon-nitrogen)

bonds in the polymer backbone chain. In this alternating sequence (conjugation
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structure), the positions of the double and single bonds may be exchanged with
small or no energy difference {73]. All the conducting polymers have a backbone
of o-bonds between carbon atoms that are sp? hybridized leading to one unpaired
electron (the 7 electron) per carbon atom. This allows the overlapping of the
remaining out-of-plane p, orbitals to form a 7-band, which leads to electron
delocalization along the backbone of the polymer. This electronic delocalization
allows charge carriers to move along the backbone of the polymer chain although
the mobility is low. The electronic structure in conducting polymers is determined
by the number and kind of atoms within the repeat units i.e., the symmetry of the
chains. The characteristics of the z-band, therefore, play an important role for
determining the semi-conducting or in some cases metallic properties of
conjugated polymers. In their pristine form, most of the conducting polymers are
insulating except for polyacetylene [trans-(CH) x] that exhibits semi-conducting
behavior in the pure form. However, enhancement in the conductivity of
conjugated polymers by many orders of magnitude can be achieved through
simple chemical or electrochemical oxidation or in some cases reduction by a
number of simple anionic or cationic species called dopants [74]. Doped
conjugated polymers when in appropriate oxidized or reduced states are
semiconductors and in some cases exhibit metallic behavior due to their unique 7-
conjugation.
1.1.21 Doping in conducting polymers

Doping in conjugated organic polymers is something that is responsible for
the great scientific and technological importance achieved by these materials since
their discovery in 1977. The concept of doping is the unique and central theme
that unites all the conducting polymers and differentiates them from all other
types of polymers [2, 3, 74]. During the doping process, an organic polymer, either
an insulating or semi-conducting polymer could be converted into electronic
polymers exhibiting metallic conductivity (1 - 105 S/cm). Although the term
“doping” might look familiar but the concept of “doping” in conducting polymers
is much different than that in case of inorganic semiconductors. Fig. 1.4 shows a
schematic diagram to explicit the difference between the doping mechanisms in

inorganic semiconductors and conjugated polymers. In semiconductor physics,
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doping describes a process where dopant species present in small quantities
occupy positions within the lattice of the host material, resulting in a large-scale
change in the conductivity of the doped material compared to the undoped one.
The “doping” process in conjugated polymers is, however, essentially a charge
transfer reaction, resulting in the partial oxidation (or less frequently reduction) of
the polymer. Unlike inorganic semi-conductors, doping in conjugated polymers is
reversible in a way that upon de-doping the original polymer can be retained with
almost no degradation of the polymer backbone. Another very important
difference between the doping in conjugated polymers and that in inorganic
semiconductors is that doping in conjugated polymers is interstitial whereas in
inorganic semiconductors the doping is substitutional.
Doping in inorganic semiconductors

@ silicon @ Phosphorus . Boron « Electrons

Undoped Si n-type

Doping in conjugated semiconductors

Q™ ' < “ ™ o) -
‘ O l
RO O O Fy

Figure 1.4: Schematic diagram showing the difference between the doping mechanisms in
inorganic semiconductors and conjugated polymers
One can easily obtain a conductivity anywhere between that of the
undoped (insulating or semiconducting) and that of the fully doped (highly
conducting) form of the polymer by simply adjusting the doping level. During
8
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doping and de-doping processes a stabilized doped state of the conducting
polymer may be obtained using dopant counterions by chemical or
electrochemical processes [75]. Conducting polymers can be p or n doped
chemically and electrochemically to obtain a metallic state [2, 3, 76, 77]. Doping of
conjugated polymers can also be carried out by methods that introduce no dopant
ions such as field induced charging [78]. In the doped state, the backbone of a
conducting polymer consists of highly delocalized 7 electrons. Fig. 1.5 presents a
chart showing the different methods that have been adopted for doping

conducting polymers.

Doping in conducting polymers

Redox doping Non-Redox doping

Doping by
Redox p-doping Redox n-doping Redox doping Ion implantation
involving ne
dopant ions
Charge-injection Photo doping Doping by
doping Heat treatment

Figure 1.5: Different methods for doping conducting polymers

Doping of conjugated polymers either by oxidation or by reduction in
which the number of electrons in the polymeric backbone gets changed is
generally referred to as redox doping [74-77, 79]. The charge neutrality of the
conducting polymer is maintained by the incorporation of the counterions [80].
Redox doping can be further subdivided into three main classes: p-doping, n-
doping and doping involving no dopant ions viz., photo-doping and charge
injection doping [77, 81, 82]. Both chemical and electrochemical redox doping
techniques can be employed to dope conjugated polymers either by removal of
electrons from the polymer back-bone chain (p-doping) or by the addition of
electrons (n-doping) to the chain. In chemical doping the polymer is exposed to an

oxidizing agent such as iodine vapours or a reducing agents viz., alkali metal
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vapours, whereas in electrochemical doping process a polymer coated working
electrode is suspénded in an electrolyte solution in which the polymer is
insoluble, along with separate counter and reference electrodes. On the
application of a potential difference between the electrodes, charges cross into the
polymer in the form of electron addition (n-doping) or removal (p-doping) and
the appropriate counter ion from the electrolyte enters into the polymer film in
order to maintain charge neutrality.

Photo-doping is a process where conducting polymers can be doped
without the insertion of cations or anions simply by irradiating the polymer with
photons of energy higher than the band gap of the conducting polymer. This leads
to the promotion of electrons to higher energy levels in the band gap [83].
However, due to rapid recombination of electrons and holes, photo-doping does
not sustain after the irradiation of the polymer is stopped. Charge injection
doping is another type of redox doping that can also be used to dope an undoped
conducting polymer [78, 84, 85]. In this method, thin film of conducting polymer
is deposited over a metallic sheet separated by a high dielectric strength insulator.
This metal/insulator/semiconductor structure is used to carry out charge
injection in the polymer film. The charges are injected into the conducting
polymer without involvement of any dopant ion. When an appropriate potential
difference is applied across the structure a surface charge layer is formed in the
polymer. The accumulation of charge layer for conducting polymer has been
extensively studied and experimental signatures of solitons and mid gap
absorption have been observed in injected charge layer in polyacetylene in the
absence of dopant ion.

The non-redox doping of conducting polymer is a process of doping
conducting polymers in which the number of electrons associated with the
polymer chain is kept constant. In fact it is the energy level in the conducting
polymer that gets rearranged in the non-redox doping process [86]. The best
example of non-redox doping is the conversion of emeraldine base form of
polyaniline to protonated emeraldine base (polysemiquinone radical cation) when

treated with protic acids [69]. It has been observed that the conductivity of
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polyaniline is increased by approximately 10 orders of magnitude by non-redox
doping.

Ion implantation and heat treatment methods have also been used to dope
conducting polymers. Ion bombardment of polyaniline by 100 KeV Ar* ion and 24
KeV I* at a fluence of 10¢ ions/cm? has been reported [87] and it has been
observed that upon I* ion implantation the films become environmentally stable
showing enhanced conductivity by 12 orders of magnitude. Heat treatment
induced doping has been observed for ladder type of conducting polymers [88]. It
has been observed that for ladder type of polymers conductivity increases from
108 to 104 S/cm upon heat treatment, which has been attributed to the improved
ordering of the polymer structure and thermally excited charge carriers. However,
this technique has rarely been used for doping conducting polymers.
1.1.2.2 Metal-Insulator transition in doped conducting polymers

Metal-Insulator (M-I) transition is one of the most interesting physical
aspects of conducting polymers. When the mean free path becomes less than the
inter-atomic spacing due to increase in disorder in a metallic system, coherent
metallic transport is not possible [89]. When the disorder is sufficiently large the
metal exhibits a transition from the metallic to insulating behavior. As a result of
this transition which is also known as the Anderson transition all the states in a
conductor become localized and it converts into a "Fermi glass" [90] with a
continuous density of localized states occupied according to Fermi statistics.
Although there is no energy gap in a Fermi glass but due to the spatially localized
energy states a Fermi glass behaves as an insulator [90, 91]. It has been found that
electrical conductivity of a material near the critical regime of Anderson transition
obeys power law temperature dependence [92].

This type of M-I transition has been observed for different conducting
polymers viz., polyacetyle, polyaniline, polypyrrole, poly(p-phenylene vinylene)
etc. and is particularly interesting because the critical behaviour has been
observed over a relatively wide temperature range [93, 94]. In conducting
polymers, the critical regime is easily tunable by varying the extent of disorder by
means of doping or by applying external pressure and/or magnetic fields [93]. In

the metallic regime, the zero temperature conductivity remains finite, and o (T)
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remains constant as T approaches zero [93]. In the critical region, the conductivity
follows a power law, whereas in the insulator regime transport occurs through
variable range hopping (VRH) among localized states. Although disorder is
generally recognized to play an important role in the physics of “metallic”
polymers, the effective length scale of the disorder and the nature of the M-I
transition are yet central unresolved issues [94-97]. In particular, it has been a
matter of in-depth discussion that whether disorder is present over a wide range
of length scales or whether the properties are dominated by more macroscopic
inhomogeneities. In the former case, the metallic state and the M-I transition can
be described by conventional localization physics (e.g. the Anderson transition),
while in the latter case, the M-I transition would be better described in terms of
percolation between metallic islands [97].
1.1.2.3 Band structure and charge carriers in conducting polymers
A continuous system of strongly interacting atomic orbitals leads to the
formation of band-like electronic states. The atomic orbitals of each atom in an
inorganic semiconductor or in a metal overlap with each other in the solid state
giving rise to a number of continuous energy bands. The electrons provided by
each orbital are delocalized throughout the entire array of atoms. The extent of
delocalization and the bandwidth are determined by the strength of interaction
between the overlapping orbitals. In case of conjugated polymers, the band
structure originates from the interaction of the p orbitals of the repeating units
throughout the chain. A set of bonding and anti-bonding molecular orbitals is
formed by the combination of two or more adjacent p orbitals, in which the
electron pairs are shared by more than two atoms resulting in a delocalized 7-
band. The bonding 7-orbital is referred to as the highest occupied molecular
orbital (HOMO) and the anti-bonding r-orbital is referred to as the lowest
unoccupied molecular orbital (LUMO) [98]. The HOMO and LUMO can be
thought to be analogous to the valence and conduction band in case of solid state
materials. Fig. 1.6 (a) is a schematic depiction of the formation of HOMO and
LUMO in case of trans-polyacetylene. The detailed band structure of

polyacetylene and the difference in the band structures of conventional polymers
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as compared with conducting polymers has been schematically depicted in the

Fig. 1.6 (b, c).
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Unless doped, most of the conjugated polymer systems behave as
insulators. Although this property of conducting polymers is very similar to that
of semiconductors but the underlying physics is quite different. Three-
dimensionally bonded materials have rigid structures owing to their four-fold (or
six-fold, etc.) coordination of each atom to its neighbors through covalent bonds
[98]. Due to the rigidity of the lattice, charge carriers added to the system are
accommodated in the conduction and the valence bands without negligible
rearrangement of the bonding. In such systems, therefore, the conventional
concept of electrons and holes as the dominant excitations has been followed.
Bonding in conjugated polymers, on the other hand, has reduced dimensionality
since the intra-chain interactions are much stronger than the inter-chain
interactions between adjacent chains. These polymers therefore have two-fold
coordination and are hence susceptible to structural distortion [99]. As a result,
the dominant electronic excitations are inherently coupled to chain distortions,
and the equilibrium geometry is determined by the occupancy of the electronic
levels via electron-phonon coupling [100].

When a conjugated polymer is doped, the accommodation of an added
charge becomes much easier if the charge is localized over a smaller section of the
chain. The charge can be localized in the conjugated polymer if the reduction in
the ionization energy of the chains due to addition of the charged species can
offset the elastic energy gained by the system due to the local rearrangement of
the bonding configuration in the vicinity of the charge. The nature of charged
defects formed on the polymer backbone during doping depends on the structure
of the polymer chain. Different types of charged defects have been observed for
conducting polymers with degenerate ground state structures such as
polyacetylene and for those with non-degenerate ground state structures such as
polyaniline or poly (p-phenylene) [101, 102]. Figure 1.7 shows a schematic
depiction of the formation of different types of charge carriers in conducting
polymers and the corresponding modifications in their band structure.

When an electron is removed from the 7-system of a non-degenerate
polymer such as poly (p-phenylene) or polyaniline (PAni) via chemical oxidation,

an unpaired electron with spin % (a free radical) and a spinless positive charge
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(cation) are created as is evident from the Fig. 1.7. The radical and cation are
coupled to each other via a local bond rearrangement, creating a polaron which
appears in the band structure as localized electronic states symmetrically located
within the gap with the lower energy states being occupied by a single unpaired
electron [101-103].

Creation of Polarons and bipolarons in poly (p~-phenylene) and solitons in trans-polyacetylene

Poly (p-phenylene) [PPP] Trans-Polyacetylene (PA)
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Figure 1.7: Molecular structures of conducting polymers illustrating the formation of the
localized defects (charge carriers) viz., polarons, bipolarons and solitons. A schematic
representation of the modifications in the band structure of conducting polymers after the
creation of these localized defects upon doping is also illustrated.

Further oxidation creates dications in the polymer [Fig. 1.7]. An electron
can be removed from either the polaron or the remaining neutral portion of the
polymer chain. In the former case, the free radical nature of the polaron is lost and
a dication is created comprised of two positive charges coupled through the lattice
distortion, creating a new spinless defect known as the bipolaron [104, 105].
Removal of an additional electron from a neutral portion of the chain would
create two polarons. Because the formation of a bipolaron produces a larger
decrease in ionization energy compared to the formation of two polarons, the

former process is energetically favourable. These new empty bipolaron states are
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also located symmetrically within the band gap. Further doping creates additional
localized bipolaron states, which eventually overlap to form continuous bipolaron
bands at high enough doping levels. The case of polyaniline is somewhat different
as they have polarons as the major charge carriers. The reason for the non-
existence of bipolarons in polyaniline has been elaborated in the section 1.1.3.

In case of conjugated polymers with degenerate ground state structures,
the situation is somewhat different. Although, the initial oxidation of trans-
polyacetylene also creates polarons, but further oxidation leads to the formation
of a different type of charged defects in polyacetylene. Since the ground state of
trans-polyacetylene is twofold degenerate, the bonding configurations on either
side of the charged defects only differ by a reversed orientation of the conjugated
system and are energetically equivalent resonance forms as can be seen from the
Fig. 1.7. It in turn creates isolated, non-interacting charged defects that form
domain walls separating two phases of opposite orientation but identical energy.
Such defects are called solitons, which results in the creation of new localized
electronic states that appear in the middle of the energy gap. As doping increases,
these states can overlap to form soliton bands [83].
1.1.2.4 Transport processes in conducting polymers

The revelation of the nature of charge transfer and charge transport
processes in conducting polymers is the most interesting theoretical problem of
this field. It is also of great practical importance, because in most of their
applications fast charge propagation through the conducting polymer is desired.
In conducting polymers the polymer backbone is extensively conjugated, which
makes charge delocalization possible considerably. Various models have likewise
been developed to explain the mechanism of charge transport in conducting
polymers. Out of the two approaches that are generally employed, one is the
delocalized band model in which, the charges and unpaired electrons are
assumed to be delocalized over a large number of monomer units [10, 106]. The
other one is the chemical model where it is assumed that the charge is localized in
the polymer chain [107], or at most only some monomer units.

The macroscopic charge transport in a conducting polymer matrix

represents a superposition of the local transport mechanism. The intrinsic
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conductivity, which refers to the conduction process along a conjugated chain, can
be described in terms of band theory, which is well-established for solid materials.
The neutral (reduced, undoped) polymer has a full valence and empty conduction
band separated by a band gap. This intra-chain conduction provides very high
intrinsic conductivity [108, 109].

It is now well accepted that non-intrinsic (interstrand and interfiber)
transport processes in conducting polymers occur by the movement of charge
carriers from the localized defect states viz., polarons, bipolarons or solitons [83,
101-105]. As a result, the theories explaining non-intrinsic charge transport
mechanisms in conducting polymer are dominated by thermally activated
hopping (or tunneling processes) in which the charge carriers hop across (or
tunnel through) barriers created by the presence of isolated states or domains[110-
114]. These include models such as intersoliton hopping [110], interchain hopping
of bipolarons [111], variable range hopping in three, two and one dimensions
[112, 113] and charging energy limited tunneling between conducting domains
[114]. These theoretical models that have been developed for explaining transport
phenomena in conducting polymers will be discussed in details in Chapter 2.
1.1.3 Polyaniline: a promising conducting polymer

Although the original work depicting the synthesis of polyaniline (PAni)
from anodic oxidation of aniline was “ Aniline black” published by Letheby [58] in
1862 but unfortunately the electrical properties were not measured at that time. It
was MacDiarmid et al. in 1986 who found that aniline monomer in an acid
aqueous solution can be chemically oxidized by ammonium peroxydisulfate
(APS) to obtain green powder of PAni with a conductivity of ~3 S/cm [69]. Since
its rediscovery as a conducting polymer, PAni has generally been synthesized by
both chemical and electrochemical methods [75]. Recently, PAni has also been
synthesized using a novel mechano-chemical route [115]. PAni has been a highly
investigated conducting polymer because of easy synthesis, low-cost, high
environmental stability, complex molecular structure and special doping
mechanism by oxidation as well as protonation.

Polyaniline (PAni) has a complex molecular structure dominated by its

oxidation states. The allowed oxidation states of PAni have been investigated
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[116]. The general molecular structure shown in the Fig. 1.8 (a) for the base form
of PAni was for the first ime proposed by MacDiarmid et al. [117] and later
confirmed by 13C-NMR [118]. The base forms of polyaniline (PAni) can exist in
four different oxidation states depending upon the values of y [Fig. 1.8 (a)].
Leucomeraldine, the completely reduced form of polyaniline, has a structure
corresponding to y=1 in the general structure as can be visualized from the Fig.
1.8 (b). The completely oxidized form of PAni base can be obtained by
substituting y=0 in the general structure and is known as Pernigraniline [119]. The
half-oxidized or so for that matter half reduced form of PAni is called
“Emeraldine base” (y = 0.5). PAni may also exist in another oxidation state known
as Nigrani]jne for which the value of y is taken as 0.75.
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Figure 1.8: (a) General molecular structure of polyaniline (PAni). The different oxidation
states of PAni (b) Leucomeraldine, (c) Emeraldine, (d) Nigraniline and (e) Pernigraniline
are depicted in the figure.
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Polyaniline (PAni) is unique among the family of #-conjugated polymers
because of several characteristic features that it possesses. Firstly, Polyaniline
(PAni) is a generalized “A-B” type polymer in which both the carbon rings and
nitrogen atoms are within the conjugation path. Thus, in PAni the heteroatoms
also contribute appreciably to the formation of 7 band [120]. The emeraldine form
of the polymer is to a large extent different from other 7 conjugated polymers that
have been studied so far because of its charge-conjugation asymmetry [121].
Secondly, PAni is the first example of conducting polymers doped by protons,
which was later called “proton doping”. Proton doping in emeraldine does not
involve a change of the number of electrons associated with the polymer
backbone as shown in Fig. 1.9 [69, 122]. The emeraldine base (EB) form of PAni is
an insulator constituted by an equal number of reduced [-(CsHs)-NH-(CsHs)-NH-]
and oxidized [-(C¢H4)-N=(CsHs)=N-] units having conductivity of the order 10-1
Scm! but can be transformed into the conducting emeraldine salt (ES) form
[0 (295 K)~5 Scm], if protons are added to the -N= sites. Thus, the proton
doping process is significantly different from redox doping that involves the
partial addition (reduction) or removal (oxidation) of electrons to or from the
polymer backbone [123].

Emeraldine Base

Proton doping ——> +2H*A || 2H*A"

Emeraldine Salt

»+2—=

n

Figure 1.9: Schematic representation of the conversion of Emeraldine base (EB) into the
Emaeraldine salt (ES) form of polyaniline upon proton doping.
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Initially, it was proposed that proton doping only takes place on the imine
segment of the emeraldine base to generate a bipolaron [69, 117]. However, this
was not supported by theoretical calculations which ruled out the presence of a
bipolaron lattice (spinless) in the emeraldine salt form [121]. Furthermore, a
strong ESR signal observed from the proton doped emeraldine base also indicated
that instead of spinless bipolarons, polarons were the major charge carriers in
emeraldine salt [124]. This controversy was solved later by Epstein et al. [124, 125]
who suggested that spinless bipolarons can convert into two spinning polarons.
The bipolaron lattice in the emeraldine is destabilized by local lattice distortion
and coulombic interactions [126]. MacDiarmid et al. [122] proposed that polarons
in emeraldine salt are of semiquinone form. It suggests that the complete
protonation of the imine nitrogen atom in the emeraldine base by proton doping
results in the formation of a delocalized poly-semiquinone radical cation [69, 122].
The mechanism of proton doping in polyaniline has been investigated in details
using in situ UV-Visible, fluorescence and ESR spectroscopy by Wan et al. [127-
129], which confirmed that proton doping took place on the imine segment of
poly-emeraldine chain. Thus, the molecular structure of the protonated
emeraldine base i.e., emeraldine salt is determined by both oxidation and
protonation states.

It has also been observed that the crystalline structure of emeraldine can be
distinguished between two classes viz., Class I and Class II, which differs in their
ordering and compactness [130]. Class I emeraldine that is obtained by direct
preparation (synthesis/ precipitation of a salt form) exhibits ES-I crystal structure
and the insulating base form is essentially amorphous EB-I. Polyaniline belonging
to class II possess ES-II structure in the conducting HCl salt form and EB-II
structure in the insulating base form. The emeraldine salt ES-I, is the most
compact structure, while the less compact ES-II is obtained by converting
crystalline EB-II into a salt form (i.e., by insertion of Cl- anions into a pre-existing
crystalline structure). In ES-I the neighbouring columns of chlorine ions are in
phase i.e., Cl-ions are at the same level), while in ES-II they are out of phase in the

“a” direction i.e., they are shifted by “c/2” [130].
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The emeraldine base (EB) form of polyaniline (PAni) is soluble in NMP and
is generally used to fabricate free-standing films of the emeraldine base. However,
the solution processibility of the doped form (ES form) is very poor since it is
insoluble in organic as well as aqueous solution. Many methods such as
sulfonation or incorporation of N-alkyl-sulfonic acid pendant groups [131, 132],
dopant-inducted [80], self-doping polymer [133], micro-emulsion polymerization
[134], and controlled relative molecular mass [135], have, therefore, been reported
for improvement of solubility and processability of PAni.

Polyaniline (PAni) is not only unique in its molecular structure and doping
mechanisms but also has unique optical, electrical and magnetic properties, which
have been effectively used in several applications areas. Highly conducting form
(ES) of PAni is controlled by two completely different processes: protonic acid
doping and oxidative doping, while other conductive polymers are affected by
their oxidation state alone, resulting in it holding a special position in the field of
conducting polymers. PAni has been found to exhibit nonlinear optical properties
because of the relatively weak z-binding and the special proton doping process
[136]. Magnetic properties of PAni are also interesting in that the magnetic
susceptibility changes from a Curie-like to a Pauli-like behaviour as the
temperature increases [137]. Moreover, the magnetic properties of PAni are
affected by doping structure and degree of protonation, chain structure as well as
synthesis conditions [124]. Strong thermo-chromic effect and improved
mechanical properties have also been reported for diesters of 4-sulfophthalic acid
doped PAni. The development of PAni fiber production techniques have been
used to create commercial fibers (PANION) that can be used in solid-state
electrochemical devices [138]. PAni has also found applications in diverse areas

such as sensors, OLEDs, OFETs, electrodes for supercapacitors, EMI shielding
applications etc [48, 139-142].

1.2 Conducting polymer based nanostructured materials

Nanoscience and nanotechnology has emerged as an inimitable and
powerful interdisciplinary research area, which has generated several futuristic
ideas that are slowly finding important applications in the present day world.
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Nanostructured materials (having one of their dimensions less than 100 nm) may
be two dimensional (2D) such as quantum well or nanosheets like that of
graphene [143], one-dimensional (1D) such as nanofibers or nanowires or
nanotubes for that example and zero dimensional (0D) structures such as
quantum dots. Nanostructured materials have attracted tremendous interest
amongst the scientific community primarily because of their peculiar and
fascinating properties, as well as their unique applications. As compared to the
bulk counterpart, nanostructured materials exhibit enhanced properties mainly
because of their large surface area that becomes extremely important in
applications such as catalysis or sensing in which the interaction of the material
with the environment is the major criteria determining the efficiency of the device.
Another important reason as to why the physico-chemical properties of
nanostructured materials are often entirely different from the bulk counterpart is
due to the variation in the energy band-gap which leads to a variation in their
optical and electrical conduction properties. Fig. 1.10 illustrates the variation in
colour of gold with the variation in particle size. Fig. 1.10 (a) shows a gold one-
dollar coin depicting the original colour of gold in bulk form whereas the Figs. 1.7

(b-f) show the variation in gold particles with increasing particle size [Fig. 1.7 (b-

d e. d B
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Figure 1.10: Variation in colour of (a) $ 1 gold coin, showing the normal bulk color of gold
and (b-f) gold nanoparticles of different colours with increasing particle size (Courtesy:
http./fwww.bluesci.org).

Among different types of nanostructured materials, conducting polymer
based nanostructured materials deserve a special mention as they combine the
advantage of organic conductors with that of low dimensional materials. These
nanostructured materials have some unique properties such as r-conjugated

polymeric chains, metal/semiconductor like conductivity, reversible physical
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properties by novel doping/de-doping processes. The prospect of these materials
being used as molecular wires and nanodevices has made these materials
extremely important in nanosciences and nanotechnology. However, the field of
conducting polymer based nanostructured materials is still in its infancy and
there are several concerns that need to be resolved for realizing the true potential
of these nanostructured materials. The first major criteria is the development of
simple and efficient methods for the synthesis of conducting polymer based
nanostructured materials and the influence of size on the physical properties must
be properly investigated. Some sophisticated characterization techniques have to
be used or even developed in certain special cases for detailed analysis of the
molecular structure and physico-chemical properties of the conducting polymer
nanostructures in order to bring out their difference with the bulk and the
mechanism underlying their formation. This can help in tailoring the properties of
these nanomaterials for specific applications. Tremendous amount of
development is also required in the fabrication technology to improve the
application of these materials as efficient nanodevices and for future commercial
applications.

Conducting polymer based nanostructured materials may be broadly
classified into two categories:
(1) Conducting polymer nanostructures such as nanofibers, nanoparticles,

nanowires, nanotubes of pure conducting polymers and
(i) Conducting polymer nanocomposites, which are mixtures of metal / metal

oxide / ceramic nanoparticles with conducting polymer at nanoscale or

nanoscale mixture of conducting polymer nanostructures with another

polymer.

The following sub-sections present a brief overview of these two categories
of conducting polymer based nanostructured materials in order to give a better

insight into the science and technology of these materials.
1.2.1 Conducting polymer nanostructures

Nanostructures viz., nanofibers, nanotubes, nanoparticles, nanowires etc.
of pure conducting polymers have created immense excitement in the scientific

community because of their potential in different application. The last two
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decades have witnessed tremendous development in the field of conducting
polymer nanostructures. There are three main strategies that are generally used
for obtaining conducting polymer nanostructures: (a) Templateless synthesis, (b)
Template-assisted synthesis and (c) Molecular template-assisted synthesis [144].
Conducting polymer nanostructures have been synthesized using different
techniques viz.,, micellar and reverse micellar polymerization, interfacial
polymerization, rapid mixing polymerization, seeding polymerization,
microemulsion polymerization, electro-spinning and polymerization in the
presence of soft and hard templates [145-154]. These materials have also found
applications in diverse areas such as chemical and biosensors, memory devices

(PAni-MEM), flash welding etc. [155-159].
1.2.2  Conducting polymer nanocomposites

Composite materials are naturally occurring or engineered materials made
from two or more constituent materials with significantly different physical or
chemical properties as compared to their individual components which remain
separate and distinct at the macroscopic or microscopic scale. A common example
is “Concrete”, a composite construction material composed of cement (commonly
Portland cement) and other materials such as fly ash, slag cement, limestone,
granite, fine aggregate such as sand, water and chemical admixtures. Concrete is
used more than any other man-made material in the world [160]. However, in the
microscopic world, due to the reduced particle size of the components the
interface interactions play a pivotal role in composite mixtures and this is
especially important for a new class of recently developed materials named, the
nanocomposites.

Nanocomposites can be defined as multiphase solid materials having
unique physical properties and wide application potential with at least one of the
phases constrained by some means to grow more than 100 nm in either one, two
or three dimensions that are obtained from molecular level mixing of two or more
nanosized objects using an appropriate technique [161]. Depending upon the
macroscopic physical structures nanocomposite materials can be classified into
three broad categories: (a) Fiberous (b) Laminar and (c) Particulate

nanocomposites [162, 163].
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The first generation of nanocomposites were the nanocomposite plastics
which were homogeneous dispersions of small sized inorganic particles
throughout a polymer matrix. These nanocomposites were prepared in the 1970’s
employing sol-gel technique, however, the inorganic phase in these
nanocomposites were in some cases not attached chemically to the organic phase.
Nanocomposite plastics found tremendous applications in surface coating
technology. The second generation of nanocomposite materials emerged in the
1980’s when fine particles, minerals and clay fillers were used as a secondary
phase in plastics. During 1990°s and beyond, the third generation of
nanocomposite materials emerged where polymeric materials were reinforced
with nanofibers such as carbon nanotubes, SiC whiskers, colloidal silica, nano-
clay particles etc [164].

Nanocomposites of intrinsically conducting polymers (ICPs) are materials
that utilize conjugated polymers and at least one secondary component that can
be inorganic or organic materials or biologically active species [165]. One can
derive exciting novel properties from nanocomposites by successfully combining
the characteristics of its parent constituents into a single material. Generally, in
polymer nanocomposites the polymeric component is utilized to provide
mechanical strength and processibility to the resulting nanocomposite material.
However, in case of nanocomposites of intrinsically conducting polymers the
secondary components viz., inorganic, biological or organic active species are
generally used to enhance the processibility and mechanical strength whereas the
functionalities of intrinsic conducting polymers are used for different applications
[165]. The properties of the secondary components are also utilized in some
applications. In a nutshell, conducting polymer nanocomposites are truly hybrid
materials which have excellent physicochemical properties resulting from the
synergistic effect of the individual properties of two or more components.
Conducting polymer nanocomposites can be broadly classified into three classes
depending upon the nature of association between the individual components.
These are Inorganic-in-Organic (I-O) nanocomposites, Organic-in-Inorganic (O-I)
nanocomposites and Organic-in-Organic (O-O) nanocomposites, which are

discussed in the following sub-sections.
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1.2.21 Inorganic- in- organic (I-O) nanocomposites
Inorganic-in-organic nanocomposites refer to materials in which inorganic
nanoparticles are embedded in organic matrix. Thus, in these hybrid materials the
organic phase plays the role of a host to an inorganic guest. These nanocomposites
not only corelate the world of nanoparticles with that of the macromolecules, but
often help in surmounting the processing problems associated with intrinsic
conducting polymers (ICPs). Several techniques have been adopted to encapsulate
inorganic nanoparticles into the host-conducting polymer matrix, which
predominantly includes chemical and electrochemical techniques [166]. The
encapsulation is generally done ex-situ where the inorganic nanoparticles are
prepared separately and then added to the conducting polymer matrix in
different compositions during the polymerization reaction [164-166]. However, in-
situ techniques have also been used to synthesize inorganic-in-organic
nanocomposites in which the inorganic nanoparticle is synthesized and
encapsulated in the conducting polymer matrix simultaneously during
polymerization in the same reaction vessel [164-166]. Different conducting
polymers viz., polyaniline (PAni), polypyrrole (PPy), polyphenylene vinylene
(PPV), poly (3, 4-ethylenedioxythiophene) (PEDOT) have been extensively used as
hosts for inorganic metal, metal oxide and ceramic nanoparticles to synthesize
inorganic-in-organic conducting polymer nanocomposites [167-171]. Different
types of inorganic particles have been encapsulated in conducting polymers by
chemical or electrochemical incorporation techniques depending upon the
necessity of the application areas where the nanocomposites are intended to be
applied. These include metals such as gold (Au) and silver (Ag), metal oxides
such as SiOy, SnO,, CeD,, CuO, FerOs, FesOs, MnOy, BaSO4, AlLOs, Zr0,, n-TiO,,
V205, WOs etc. [172-190]. The methods adopted for preparation of the
nanocomposites govern the physico-chemical properties such as its colloidal
stability, optical, catalytic, electrochemical, magnetic susceptibility, etc., exhibited
by these materials. These properties always add new dimensions to the
characteristic of the resulting nanocomposite and in most cases are much better

when compared to that of the individual components.
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1.2.2.1.1  Core-shell nanocomposites

Among the inorganic-in-organic nanocomposites, those having core-shell
structures have attracted tremendous scientific interest and have become more
popular leading to some interesting aspects of nanocomposite synthesis. During
the past decades, various synthetic methods have been develoved for the
preparation of core-shell conducting polymer nanocomposites with different
metal and metal oxide nanoparticles encapsulated in the core of conducting
polymers. Depending upon the composition of these nanocomposites several
functionalities have also been observed which are quite different from the pure

materials.
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Figure 1.11: Schematic diagram to illustrate the synthesis mechanism of inorganic-in-
organic conducting polymer nanocomposites and core-shell type nanocomposites based on
conducting polymers.

Core-shell nanocomposites of polyaniline (PAni) and polypyrrole (PPy)

were synthesized in stable colloidal forms with silica (SiO») particles as the core
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[191-193]. Colloidal PPy-gold(Au) core-shell nanocomposites have also been
synthesized by a template-guided polymerization technique [194]. Fig. 1.11 shows
a schematic diagram to illustrate the formation of both general and core-shell
inorganic-in organic nanocomposites based on conducting polymers from the
constituents. Deng et al. reported the synthesis of ferromagnetic and conducting
Fe3;O4-crosslinked polyaniline nanoparticles in core-shell morphology in the
presence of magnetic fluid in aqueous solution [195]. Hematite/silica/ poly pyrrole
(Fe203/Si0,/ PPy) ellipsoidal sandwich composite spheres as well as SiO,/PPy
ellipsoidal hollow capsules with movable hematite cores were successfully
fabricated by hematite (a-FexOs) olivary particles [196]. A facile and versatile
solution route was developed to prepare semiconductor metal oxide nanobelt-
conducting organic polymer core-shell nanocomposites by Xu et al. [197].
Polypyrrole-coated silver nanocomposite particles have been synthesized by one-
step aqueous chemical oxidative dispersion polymerization of pyrrole using silver
nitrate as an oxidant [198]. Electromagnetic functionalized core-shell
nanocomposites of polypyrrole (PPy) were prepared by a self-assembly process
[199]. Yang et al. prepared novel sunflower-like organic-inorganic composites
comprising of spherical silica and smaller conductive polypyrrole particles
through an in situ self-assembly polymerization process by choosing chitosan as a
modifying agent of silica surface [200]. Polypyrrole (PPy)-coated Ag composites
were synthesized through interfacial polymerization technique in the presence of
polyvinylpyrrolidone (PVP) by Feng et al. [201]. Monodispersed and uniform
core/shell nanocomposites including CuO/PAni, Fe;O3/PAni, IngO3/PAni and
Fex03/Si02/PAni were successfully prepared using a double-surfactant-layer-
assisted polymerization method [202]. The preparation of CeO/polyaniline
(CeOy/PAni) core-shell nan.ocomposites via chemical oxidation of aniline using
CeO; as an oxidant was reported by Chuang and Yang [203]. Synthesis of metallic
copper nanoparticles coated with polypyrrole was very recently reported by
Kobayashi et al. [204]. The importance of these types of nanocomposites is evident
from the amount of work that has been done in recent years regarding the
investigation of the synthesis procedures and related properties of the core-shell

nanocomposites.
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1.2.2.2 Organic-in-inorganic (O-I) nanocomposites

Another type of nanocomposite materials is the organic-inorganic
nanocomposites in which the organic polymer is confined into the inorganic
layers for a broad range of applications. A large variety of layered inorganic
materials possessing well defined and ordered intralamellar space are available.
These materials act as hosts and can be easily accessed by foreign species such as
polymers yielding interesting lamellar nanocomposite materials. Lamellar nano-
composites can be divided into two distinct classes, intercalated and exfoliated.
These two classes of organic in inorganic nanocomposites are discussed in the
following sub-sections. Figs. 1.12 (a, b) show the molecular structures of two
layered silicates (clays) viz., montmorillonite and kaolinite, respectively that are

often used as inorganic hosts for organic polymers.

(b)

EXCHANGEABLE CATIONS
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Figure 1.12: Molecular structure of (a) Montmorillonite and (b) Kaolinite (Courtesy:
http.//pubs.usgs.gov/of/2001/0f01-041/htmldocs/clays/smc.htm)
1.2.2.2.1  Intercalated and exfoliated nanocomposites

Layered silicates have crystal structures with two dimensional spacings in
the nanometer range as seen from Fig. 1.12. Clay-Polymer nanocomposites have
recently attracted a great deal of attention as they offer enhanced mechanical and
thermal properties as compared to conventional materials. These nanocomposites
can be subdivided into primarily two groups: intercalated and exfoliated
nanocomposites

Polymers intercalated into low-dimensional host lattices form an attractive
class of organic-in-inorganic nanocomposites since intercalation can combine
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properties of both the guest polymer and the inorganic host in a single material
[205]. In the case of intercalation, the organic component is inserted between the
layers of clay such that the inter-layer spacing is expanded, but the layers still bear
a well-defined spatial relationship to each other. These compounds also serve as
model systems for understanding the effect of confinement of the guest on
properties in relation to those in bulk [206, 207]. In recent years, there has been
extensive study of the factors such as exchange capacity of the clay, the polarity of
the reaction medium and the chemical nature of the interlayer cations (e.g. onium

ions). Fig. 1.13 shows a schematic diagram of the different types of clay-polymer

nanocomposites.
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Figure 1.13: Schematic diagram of different types of layered organic-in-inorganic

nanocomposites

30



Chapter 1. Introduction

In exfoliated nanocomposites, the polymer chains alternate with the
inorganic layers in a fixed compositional ratio and have a well defined number of
polymer layers in the intra-lamellar space. In an exfoliated structure, the layers of
clay completely separate out and the individual layers are distributed throughout
the organic matrix. The number of polymer chains between the layers is almost
continuously variable and the layers stand >100 A apart and these
nanocomposites are interesting for their superior mechanical properties. Okada et
al. prepared new molecular scale nanocomposites from saturated polymers
(Nylon-6 and other plastic) exfoliated in clay layers [208]. These products show
extraordinary mechanical strength compared to that expected by simple mixing of
the individual components. Because of these enhanced properties, they find
extensive applications in automobile, and furnishing industries. Exfoliated
nanocomposites can again be divided into ordered and disordered exfoliated
nanocomposites; the major difference being that the former can be detected by X-
ray diffraction and the latter is X-ray amorphous.

Despite their relatively large molecular weights, electroactive polymers can
play the role of intercalated guest molecules inserted within the van der Waals
gaps of layered inorganic phases resulting in a special class of intercalative
nanocomposites that are expected to have novel multifunctional properties useful
for opto-electronic and electrochemical devices. Both polymer electrolytes and
electronically conducting polymers have been used as the organic guests in clay
based organic-in-inorganic hybrid nanocomposites. Recently, many related
investigations have reported the use of polymer/clay nanocomposites in solid-
state electrolytes, where the intercalated or exfoliated state of MMT plays an
important role in ion conduction in these electrolytes {209, 210]. Several
conducting and non-conducting organic polymers have successfully been inserted
into highly oxidizing hosts via intercalation by the groups of Kanatzidis, Nazar,
Buttry, and Gomez-Romero et al. [211-214]. Conducting polymers viz., Poly (3, 4-
ethylene dioxythiophene) has also been intercalated in different layered
compounds such as V2Os, VS; and MoO;s [164, 215-217] and has been applied as

electrodes for Lithium batteries.
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1.2.2.3 Organic in Organic (O-O) nanocomposites

Organic-in-organic (O-O) nanocomposites form another class of
nanocomposite materials in which an organic polymer having functionality acts
as a guest material for another polymeric host with superior mechanical
properties. Generally, insulating polymers having superior mechanical strength
and processiblity such as poly (methyl methacrylate) [PMMA], polyvinyl alcohol
(PVA) etc. are used as host materials [218, 219]. Conducting polymer nanofibers
and nanotubes in both conducting and non-conducting forms have been
extensively used as guest materials in these types of nanocomposites. Insulating
polyaniline (PAni) nanofiber reinforced gel polymer electrolytes have been found
to show better ionic conductivity than the pristine polymer electrolyte [220].
Carbon nanotube and nanofiber reinforced polymer composites have been
extensively studied and the resulting nanocomposite has been found to have
much better mechanical strength and stability with the added advantage of being
conducting [221-225]. This class of nanocomposites can be extremely helpful for
minimizing the processibility related problems associated with conducting

polymers and hence can have potential applications in device fabrication.

1.3 Swift heavy ion (SHI) irradiation of conducting

polymers

Ion beams have become an integral part of numerous surface processing
schemes and in the modification of surface layers of solids [226, 227]. Swift heavy
ion (SHI) irradiation causes exotic effects in different classes of materials which
otherwise cannot be generated by any other means. Swift heavy ion irradiation
has already been used as an efficient tool for enhancing the physico-chemical
properties of conducting polymers such as conductivity, electrochemical stability,
sensing properties etc. [228, 229]. The primary phenomena associated with the
interaction of ion beam and polymers are cross-linking, chain scission and
emission of atoms, molecules and molecular fragments [230, 231].

An important parameter used to characterize the energy transfer from ion
to the target is the energy loss dE/dx (eV/A), defined as the energy deposition

per unit length along the ion track. The value of dE /dx varies with varying ion
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energies. When an energetic ion interacts with a polymer, depending upon its
energy, it can lose its energy in two main processes viz., by interacting with the
target nuclei (Nuclear Energy Loss) and by interacting with target electrons

(Electronic Energy Loss), which are discussed in the following sub-sections.
1.3.1  Nuclear energy loss

Nuclear energy loss (S.) arises from collisions between the energetic ion
and the target nuclei, which causes atomic displacements and phonons [232].
When the colliding particle imparts energy greater than certain displacement
threshold energy (Eq) to a target atom it can displace. E; is the energy that a recoil
atom requires to overcome the binding forces and to move a distance more than
the atomic spacing away from its original site. Since the nuclear collision occurs
between two atoms with electrons around their nuclei, the interaction of an ion
with a target nucleus is treated as the scattering of two screened particles. The
incident ion primarily undergoes nuclear energy loss (S.) at low energies
(~1KeV/nucleon) [233]. The nuclear energy becomes important when an ion
slows down to approximately the Bohr radius (orbital electron velocity, 2.2 x 106
m/s). Therefore, the maximum nuclear energy loss occurs near the end of the ion
track for high energy ions. Nuclear energy loss is derived with the consideration
of momentum transfer form the incident ion to the target atom and the inter-

atomic potential between them.
1.3.2  Electronic energy loss

Electronic energy loss (Se) arises from the electromagnetic interaction
between the positively charged ion and the target electrons. Electronic energy loss
can be explained by primarily two mechanisms: one mechanism is called glancing
collision (inelastic scattering, distant resonant collisions with small momentum
transfer) and the other is known as knock-on collision (elastic scattering, close
collisions with large momentum transfer) [232]. Both glancing and knock-on
collisions transfer energy in two ways: electronic excitation and ionization. At
high energies (2100 KeV/nucleon) the incident ion primarily undergoes

electronic energy loss (dE /dx),, and if the films are sufficiently thin compared to
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the stopping range of the ion, the electronic energy loss is reasonably uniform

throughout the film thickness [233].
1.3.3 Latent tracks

On their way through matter, energetic ions lose energy and induce a
continuous trail of excited and ionized target atoms. Due to their highly charged
state, associated with a high energy transfer, heavy ions are especially suited to
create cylindrical zones of irreversible chemical and structural changes. These
zones have a diameter of only a few nanometers and are known as latent tracks.
Formation of tracks in polymers can be explained on the assumption that particles
lose energy during its passage through the matter in two ways: (i) along the
trajectory, the energy yield being large, all chemical bonds are broken and (ii) in
the neighboring of the trajectory, only the bonds between the monomer units are
broken [232, 233].

1.4 Conducting polymers for biomedical applications

Research on conducting polymers for biomedical applications intensified
greatly with the discovery that these materials are compatible with many
biological molecules such as those used in biosensors in the 1980s. By the mid-
1990s conducting polymers were also shown to modulate cellular activities,
including cell adhesion, migration, DNA synthesis and protein secretion via
electrical stimulation [234-237]. Recently, conducting polymers are also being
considered for a range of biomedical applications, including the development of
artificial muscles [238], controlled drug release [239] and the stimulation of nerve
regeneration [240]. Low cytotoxicity and good biocompatibility of these materials
are also evident from the growth of cells on conducting polymers and from the
low degree of inflammation seen in test animals over a period of several weeks
[241]. Electrochemical actuators using conducting polymers have been developed
by several investigators [238, 242-244]. Actuation properties of conducting
polymers have been used to release drugs from reservoirs covered by thin PPy bi-
layer flaps upon application of a small potential to the PPy [245]. Actuator devices
based on conducting polymers have great potential as actuators for many

biomedical applications, such as steerable catheters for minimally invasive
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surgery [246], micropumps and valves for labs-on-a-chip [247, 248], blood vessel
connectors and microvalves for urinary incontinence [249]. With respect to drug
delivery applications, electrical stimulation of CPs has been used to release a
number of therapeutic proteins and drugs such as NGF [249], dexamethasone
[250, 251] and heparin [252]. Treatment of the inflammatory response of neural
prosthetic devices in the central and peripheral nervous systems requires precise
and controlled local release of anti-inflammatory drugs at desired points in time
[251], which can be obtained using specially designed conducting polymers
nanostructures. Martin and his group demonstrated that individual drugs and
bioactive molecules can be released from polypyrrole and PEDOT nanotubes at
desired points in time by using electrical stimulation [251]. Conducting polymers
such as polypyrrole and polyaniline have been extensively investigated for tissue
engineering applications [249, 253]. Conducting polymers augmented with
biological moieties have also been considered to offer advantages for neural probe
applications [249, 254, 255]. There have also been some investigations regarding
the antioxidant activity of conducting polymers especially polyaniline (PAni) and
polypyrrole (PPy) [256, 257].

1.5 Sensors based on conducting polymers

Sensors are very important devices in industry for quantity control and
online control of different processes. In order to measure parameters such as
temperature, pressure, vacuum, flow etc. physical sensors were used. However, in
some special cases such as the detection of evolution of hazardous gases during
industrial processes which are very harmful for the environment, chemical
sensors are required. Chemical sensors based on metal-oxides have, therefore,
been synthesized for detection of various toxic gases produced during industrial
processes that destruct the environment [258]. However, the metal-oxide sensors
suffer from a major drawback in spite of being selective. Sensors based on metal-
oxides generally operate at very high temperature, which is not desired for
detecting hazardous chemicals evolving from industrial processes [259]. In order
to overcome this problem the active layer of sensors have been replaced by
conducting polymers viz., polypyrrole (PPy), polyaniline (PAni), polythiophene
(PTh) and their derivatives since early 1980s [260]. Conducting polymers are
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redox active materials and when doped these materials exhibit changes in their
colour, volume, mass, conductivity, ion permeability and mechanical strength
[126]. Detecting the variations in any one of these physical properties indirectly
allows the detection of the analyte responsible for provoking the physical change
in the conducting polymer. As compared to the commercially available metal-
oxide sensors, conducting polymer based sensors have many improved
characteristics such as high sensitivities and short response times at room
temperature. Another advantage of sensors based on conducting polymers is that
they can easily be synthesized by chemical or electrochemical processes, and their
molecular chain structure can be modified conveniently by copolymerization or
structural derivations [259]. Conducting polymers also have good mechanical
properties, which permit simplistic manufacture of sensors [259]. As a result,
enormous interest has grown amid the scientific community intended for sensors
fabricated from conducting polymers. In the following sub-sections we discuss
briefly about chemical and biosensors based on conducting polymers. A
description of the different types of configurations and sensing principles used for

conducting polymer based sensors has also been presented.
1.5.1 Chemical sensors

Chemical sensors based on conducting polymers have attracted
tremendous interest in the scientific community primarily because of the fact that
they can be easily fabricated and can operate at room temperature. Chemical
sensors based on conducting polymers have been used to detect several types of
chemicals either in gaseous form or even in liquid form at room temperatures
[261-268]. Several synthesis techniques have also been adopted for fabricating
conducting polymer based chemical sensors that include spin-coating, dip-
coating, drop-coating, solution casting and Langmuir-Blodgett techniques [259].
Although the chemical sensors based on conducting polymers exhibit very high
sensitivity and fast response time they suffer from very poor selectivity {269]. The
selectivity of chemical sensors can be, however, improved by several methods.
One such method is the use of ion selective membranes as a layer over the
conducting polymer sensors [270]. The ion selective membrane allows only a

specific analyte to interact with the conducting polymer and produce detectable
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change in its physico-chemical properties. Another alternative is using conducting
polymer based biosensors in which a reactant specific biomolecule is immobilized
in the polymer matrix. Details of biosensors based on conducting polymers have

been discussed in the next section.
1.5.2 Biosensors

The first biosensing device was created by integrating an enzyme into an
electrode [271]; since then, there has been a lot of progress in monitoring and
diagnosing Dbiologically important metabolites such as glucose, hormones,
neurotransmitters, antibodies and antigens for clinical purposes. Biosensors
represent a new trend budding in the clinical diagnostic technology. A biosensor
is a device that comprises of a biological sensing element either intimately
connected to or integrated within a transducer [249, 272]. The sensing element
interacts with the analyte of interest producing a chemical signal that is
transmitted to the transducer, which ultimately transforms the input into an
electrical signal. Enzymes, tissues, bacteria, yeast, antibodies/antigens, liposomes,
organelle etc. are some of the biocomponents that have been used as biochemical
transducers {234, 272, 273]. These recognition biomolecules incorporated within a
biosensor possess tremendous specificity towards a particular analyte but have
some severe problems regarding their stability. These biomolecules are extremely
vulnerable to extreme conditions such as temperature, pH and ionic strength and
generally have short lifetime in solution [274]. This led to the development of the
concept of immobilization of these biomolecules in a suitable matrix; however,
immobilization of biomolecules against the environmental conditions results in
decreased enzyme activity [275, 276]. The activity of immobilized molecules not
only depends upon the surface area, porosity and hydrophilic character of
immobilizing matrix but also upon the reaction conditions and methodology
chosen for immobilization [272].

Conducting polymers have been extensively used as transducers that
integrate the signals produced by biological sensing elements such as enzymes.
Biosensors based on conducting polymers viz., polypyrrole (PPy), polyaniline
(PAni), polythiophene (PTh) have been extensively used for the estimation of

metabolites such as glucose, urea, cholesterol etc. in blood that is of immense
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importance in clinical diagnostics [234, 235, 277-284]. Depending on how the
chemical signal is sensed and transmitted, biosensors can be divided into several
categories: amperometric (measures current), potentiometric (measures potential),
conductometric (measures change in conductivity), optical (measures light
absorbance or emission), calorimetric (measures change in enthalpy), and
piezoelectric (measures mechanical stress).

Conducting polymers offer many important features that make them
potential candidates as electrodes for miniaturized biosensors. Firstly, electro-
deposition of conducting polymer films can be utilized to localize a biologically
active molecule of any geometry and size in the conducting polymer electrodes
which is appropriate for the fabrication of multi-analyte micro-amperometric
biosensors [285]. Secondly, the chemical structures of conducting polymers are
flexible and the electronic and mechanical properties can be modified according to
the requirements. In fact, the polymer itself can be modified to bind protein
molecules [286]. Another advantage offered by conducting polymers is that
electrochemical synthesis allows direct deposition of the polymer on the electrode
surface, while simultaneously trapping the protein molecules [287]. Thus, the
spatial distribution of the immobilized enzymes, the film thickness for the
conducting polymer based electrodes can be modified and the enzyme activity
can be modulated by changing the state of the polymer.

However, the most crucial problem associated with the manufacture of
conducting polymer based biosensors is the stable immobilization of enzymes
without compromising their activity [272]. As such several physical and chemical
techniques have been adopted for the immobilization of enzymes in conducting
polymer matrices. As compared to some of the conventional procedures used to
immobilize enzymes viz., physical adsorption, entrapment, cross-linking and
covalent binding in gels and membranes, electrochemical techniques have been

preferred for immobilizing enzymes in conducting polymer matrices [272].
1.5.3  Sensor configuration and sensing principles

Sensors based upon conducting polymers may have different
configurations and sensing principles. In this section we will briefly discuss about

the most common types of configurations that are widely employed for
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conducting polymer based sensors with a special emphasis on piezoelectric

sensors based on conducting polymers, which forms a major part of the work

carried out in the present thesis.

Conducting polymer based sensors have been used in different
configurations but the principle of sensing an analyte by conducting polymers
depends primarily upon the fact that these polymers are redox active and can
exhibit significant variations in their physico-chemical properties during doping
and de-doping processes. The main sensing principles of these types of sensors
can be summarized as follows [259]:

a) Redox reactions with the analytes.

b) Partial charge transfer reaction with the analytes.

) Catalytic oxidation is also sometimes the mechanism if a catalyst is
incorporated in the conducting polymer matrix.

d) Acid/base reactions.

e) Absorption of the analyte in the conducting polymer matrix can change the
properties of the material and make the analyte detectable.

f) Slwelling of the conducting polymer— upon physical interaction with the
analytes can also changes the properties of the polymer film and thereby
changes the resistivity, mass etc. of the film. |
Figs. 1.14 (a-e) depict the schematic configurations of different types of

conducting polymer based sensors. The most common type of conducting

polymer based sensors is the Chemiresistor, which are resistors with their
electrical resistance sensitive to the chemical environment [288-290]. In
chemiresistors contact is made between one or several pair of inter-digitated
electrodes [291, 292] and the conducting polymer film used to sense the analyte.

The change in the resistivity of the conducting polymer film upon exposure to

different types of chemical or biochemical analytes is detected and the signal

obtained is used to detect the analyte.

Organic thin-film transistors and diodes have also been applied in sensing
field [293, 294]. In general, a thin-film transistors (TFTs) based upon conducting
polymers consist of a active layer of the polymer in contact with two electrodes

(“source” and “drain”), and a third electrode (“gate”) which is separated with the
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active layer by an insulating film. The analyte can be sensed by detecting the
variations in the source-drain current of the device. Diodes fabricated using
conducting polymers are also often used in sensing applications [295]. Exposing
the conducting polymer diodes to chemical species capable of changing the
doping level of the conducting polymer leads to remarkable variations in its
effective barrier height, current density and rectification ratio. Thus in comparison
with chemiresistors, transistors and diodes provide more parameters for

measurements and hence are much more efficient as sensors.
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Figure 1.14: Schematic diagrams of some of the configurations of conducting polymer

Insulator Counter electrode

working electrode

Conducting polymer
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Electronic configuration of conducting polymers can change upon doping
by different chemical agents and can be easily detected by UV-Vis and NIR
spectroscopy [296]. New absorption bands corresponding to the formation of
polarons and bipolarons can be observed in the absorption spectra; whereas some
existing bands might disappear during dedoping. Based upon this principle,
optical sensors with conducting polymers as active layers have also been
developed for sensing different chemical and biomolecules [297-299]. In some
cases fiber optic cables have also been used for detection of analytes at long
distances [300-302]. Surface-plasmon resonance (SPR) is another optical
technology that has been sometimes applied for detection of chemicals in gaseous
forms [303, 304]. In case of a SPR sensor, the minimum in the reflectance curve
shifts upon exposure to the analyte, which indicates the existence of the analytes.
Although the sensitivity of these types of sensors is high but the detecting
procedures are complicated.

Electrochemical sensors using conducting polymer working electrodes
have also been used for detection of chemical and biochemical analytes.
Electrochemical sensors are devices that extract information about sample from
measurement of some electrical parameter. It is easy to categorize them according
to the measured electrical parameter, because the three are linked together by the
Ohm’s Law. In “potentiometric sensors”, the potential difference is measured. If
the parameter of interest is current, then “amperometric sensors” are used and if
we measure resistance or conductance we talk about “conductometric sensors”.
For sensing gases using these type of sensors the general configuration is
somewhat modified and a divided electrochemical cell is used with conducting
polymer/metal/Nafion as the working electrode [305-307]. The supporting
electrolyte usually is an inorganic acid to provide H* ions for ionic conductance in
Nafion film.

However, in the present thesis, we have employed piezoelectric sensors
modified by conducting polymers to sense different analytes. The basic scientific
principles of these types of sensors have been elaborated in the following section

with a state of the art literature survey on the development of piezoelectric

41



Somik Banerjee Ph.D. Thesis, Tezpur University

sensors in general and conducting polymer modified piezoelectric sensors in
particular.
1.5.3.1 Piezoelectric sensors

Piezoelectricity is a phenomenon exhibited by crystals which don’t have a
centre of symmetry. It is a phenomenon in which electric polarization (i.e. charge)
is induced in the material upon the application of a stress. Conversely, it is the
development of an induced strain that is directly proportional to an applied
electric field. Different types of materials have been found to show the
piezoelectric effect which includes crystals such as quartz and Rochelle salt, and
ceramics such as barium fitanate (BaTiOs), PZT etc [308]. However, we will
restrict our discussion to piezoelectric crystal sensors only as these types of
sensors have been used in the present work.

A piezoelectric quartz crystal resonator is a precisely cut slab from a
natural or synthetic crystal of quartz. Piezoelectric crystal sensors are passive
solid-state electronic devices, which can respond to changes in temperature,
pressure, and most importantly, to changes in physical properties at the interface
between the device surface and a foreign fluid or solid. Such changes in physical
properties include variations in interfacial mass density, elasticity, viscosity and
layer thickness. The incorporation of various chemically sensitive layers has
enabled the transition from the microbalance to the mass sensors and resulted in
explosive growth in piezoelectric sensors in recent years. This type of sensor
operates by observation of the propagation of an acoustic wave through the
piezoelectric crystal. The variations in the acoustic wave propagation can be
correlated to the amount of analyte captured at the surface that can be used to
sense the analyte. The frequency and resonant resistance of the piezoelectric
crystal under the influence of the analyte are measured [308]. However, these
parameters are influenced by a large number of parameters as mentioned above.
A selective sensor is obtained when a sensor surface is coated with selectively
interacting thin film. Piezoelectric crystal sensors are generally available in two
configurations: surface acoustic wave (SAW) and quartz crystal microbalance

(QCMB) sensors.
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1.5.3.1.1 SAW sensors

The standard design for a SAW sensor is shown schematically in Fig. 1.15
[308]. This configuration is usually repeated on the same piece of quartz. Hence,
one side can be the reference and the other the sensing element. The second side is
often coated with a polymer, or similar material, showing selectivity toward the
analyte under investigation. The electrodes take the form of IDTs etched on the
surface of the quartz by photolithography technique, out of which one is the
transmitter IDT which transmits the surface acoustic wave (SAW) and the other is
the receiver IDT that receives the signal. Since this device deals with the variation

in surface acoustic waves the name SAW sensors have been given.

N

l/
RF amplifier

Receiver IDT Transmitter IDT

— Piezoelectric substrate —

Figure 1.15: Configuration of a SAW sensor

An input radio frequency (RF) voltage is applied across the transmitter
IDTs, which induce deformations in the piezoelectric substrate. These
deformations give rise to a Rayleigh surface wave confined within one acoustic
wavelength of the surface. The wave traverses the gap between the two arrays of
IDTs and when it reaches the receiver IDTs, the mechanical energy of the wave is
converted back into an output RF voltage. The input and output is connected via
an RF amplifier and when the gain in the loop is greater than unity, the circuit
oscillates. When a mass arising from a coating or gas is adsorbed on the surface,
there is a shift in the SAW device resonant frequency. This phenomenon allows
the SAW device to be used as a gas sensor as the frequency shift is proportional to

the mass shift. Conducting polymers both in bulk and nanostructured forms have
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been used as active layers of SAW sensors for sensing different analytes, which
confers these types of sensors with sensitivity towards a specific analyte [309-311].
1.5.3.1.2  Quartz crystal microbalance sensors

A quartz crystal microbalance (QCM) consisting of a thin quartz disk with
electrodes plated on it and one of its surface coated with a conducting polymer
can be seen in Fig. 1.16 [259]. Internal mechanical stress is produced in a
piezoelectric material upon the application of an external electrical potential. The
oscillating electric potential applied to the QCM induces an acoustic wave that
propagates through the crystal and meets minimum impedance when the
thickness of the device is a multiple of a half wavelength of the acoustic wave. A
QCM is a shear mode device in which the acoustic wave propagates in a direction

perpendicular to the crystal surface [312].

Top view ) Side view
Conducting polymer

Piezoelectric
crystal

Electrodes
Figure 1.16: Configuration of a quartz crystal microbalance sensor device

Deposition of a thin film on the crystal surface decreases the frequency in
proportion to the mass of the film. If the surface of the quartz crystal electrode is
coated by a material capable of interacting with the environment of interest, a
sensor sensitive to this component can be constructed. The performance
characteristics of the QCM sensor such as selectivity, response time and
reversibility depend on the chemical nature and physical properties of the coating
material. The sensitivity of these types of sensors is very high and they can detect
very low concentrations of analyte accurately, since a small change in mass of the
quartz crystal brings about remarkable change in its frequency and resonant
resistance. These types of sensors, once calibrated, can also be used not only to

detect a particular analyte but also to detect the amount of analyte in terms of
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mass change of the quartz crystal oscillator, since this type of device can also act
like a microbalance. Quartz crystals, coated with different coatings including
conducting polymers viz., polypyrrole (PPy), polyaniline (PAni) and their

composites, have been used for determination of various compounds [313-322].

1.6 Scope of the thesis and statement of the thesis

problem

Conducting polymers are recently being considered for different
biomedical applications such as artificial muscles, drug delivery, stimulation of
nerve regeneration, tissue engineering etc. Conducting polymers have been found
to be potential antioxidants. They have also attracted applications as competent
sensing material for various organic vapours, hazardous gases, humidity and
warfare stimulants due to their applicability at room temperature. Conducting
polymer based nanostructured materials offer the advantages of low
dimensionality and enhanced surface to volume ratio that makes them promising
materials in biomedical applications and also as sensors. Polymers are highly
radiation sensitive materials and irradiation can cause useful modifications in the
polymer which cannot be achieved by other means. Irradiation can lead to several
interesting physico-chemical modifications in conducting polymer nanostructures
leading to the enhancement in their performance.

Considering the above mentioned critical review, the present work aspires
to achieve a deeper insight into the synthesis and physicochemical properties of
conducting polymer based nanostructured materials. Although swift heavy ion
(SHI) irradiation has been used as a tool to tune the properties of conducting
polymers, the effects of SHI irradiation upon conducting polymer based
nanostructured materials have not been properly elucidated. One of the prime
focuses of the present work is the detailed investigation of the effects of SHI
irradiation upon the structural, morphological, conformational, optical and charge
transport properties of the conducting polymer based nanostructured materials.
The present work also emphasizes on the application potential of these

nanostructured materials in the field of biomedical science as biocompatible
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antioxidants and in the field of chemical sensors as sensitive active layers for
quartz crystal microbalance sensors.

In order to fulfill the aforesaid objectives the following systems have been
chosen for investigation in the present work:

e Polyaniline (PAni) nanofibers synthesized using interfacial polymerization
technique have been chosen because of ease in synthesis, processibility,
environmental stability and the unique and exciting properties that
polyaniline (PAni) offers as a conducting polymer.

e Another system investigated in the present work viz.,, PAni nanofiber
reinforced PVA nanocomposites have been synthesized by in-situ rapid
mixing polymerization technique that has been developed with a view to
apply these materials in sensing applications.

The above mentioned material systems have been irradiated with 90 MeV
O’* ions using the 15 UD Pelletron accelerator installed at Inter University
Accelerator Centre (IUAC), New Delhi. The materials have been irradiated at
normal beam incidence and at different fluences viz., 3 x 1019, 3 x 10" and 1 x 1012
ions/cm? with a view to investigate the fluence dependent variations in the
physico-chemical properties of the above mentioned materials.

Both the pristine and SHI irradiated materials have been investigated using
sophisticated analytical tools. Electron microscopy has been used to study the
morphology and structural details of the nanostructured materials. X-ray
diffraction studies have been carried out to investigate the degree of crystallinity,
domain length and strain in the nanostructured materials. The conformational
variations in the materials have been studied using vibrational spectroscopy
employing Micro-Raman (4R) and Fourier Transform Infrared (FT-IR)
spectroscopy. UV-Visible spectroscopy has been used to study the optical
properties of the pristine and irradiated samples. Dielectric spectroscopy and ac
conductivity studies have been carried out with a view to study the relaxation
processes and charge transport mechanisms of the samples.

The antioxidant activity and biocompatibility of polyaniline (PAni)
nanofibers have been investigated using specific biochemical assays. Swift heavy

ion irradiation effects on the antioxidant activity and biocompatibility of these

46



Chapter 1: Introduction

materials have also been studied. Quartz crystal microbalance coated with PAni
nanofiber reinforced PVA nanocomposites have been fabricated for sensing
analytes viz., free radicals and hydrochloric acid in solution. Different parameters

associated with these sensors viz., sensitivity, response time and linearity have

also been studied in the present work.
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THEORETICAL ASPECTS

This chapter deals with the mechanisms of formation of polyaniline by chemical oxidative
polymerization and polyaniline nanofibers by interfacial and rapid mixing polymerization
techniques. The chapter also presents an overview of the framework developed to account
for the electronic conduction in conducting polymers. This is followed by the latest
developments regarding the charge transport mechanisms in conducting polymer based
nanostructured materials. Dielectric relaxation in amorphous materials and theoretical
models developed for understanding ion-solid interactions have also been discussed briefly

in this chapter.

2.1 Chemical polymerization

Chemical polymerization has been the most widely used technique for the
synthesis of polyaniline in bulk quantities. In the chemical polymerization
technique, ammonium persulfate, (NH4)25:0s, is generally used as the oxidant
because of its high oxidizing power. This leads to the incorporation of HSO4-
/S0O4? as the dopant anions (A-) in the product. However, other oxidizing agents

like FeCls etc. have also been employed as the chemical oxidant.
2.1.1 Chemical polymerization of polyaniline

Chemical polymerization of aniline is usually performed in acidic
conditions (pH<3). Aniline is normally insoluble in water but in acidic medium
aniline is converted into anilinium ions that are easily soluble in water. The
progression of polymerization reaction in the acidic medium also ensures that
undesired branched products are not formed in the final product [323]. An
oxidant to monomer ratio of less than 1:2 is generally employed primarily because
of the fact that 5;0s?" anion is a two-electron oxidizer (acceptor) and as such

during polymerization each aniline monomer loses two electrons.
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Fig. 2.1 shows a schematic diagram describing the mechanism of formation
of polyaniline (PAni) by the chemical polymerization of aniline in the presence of
ammonium perox;tfdisulphate [(NH4):5,0s] as the oxidant {126]. The chemical
polymerization of aniline upon oxidation by (NH4):S;0s proceeds by the
formation of N- and para-radical cations of aniline as can be seen from the step Iin
Fig. 2.1. This step in which radical cations are formed is the rate determining step.
In the second step, the N- and para-radical cations of aniline couple with each
other. Subsequently, re-aromatization of the dication of p-aminodiphenylamine
(PADPA) takes place. It is then further oxidized to the di-radical di-cation.
Coupling predominantly occurs in the “head to tail” configuration i.e., from N to
para. However, some coupling between ortho and para positions are also
observed, which are responsible for conjugation defects [126].

Step I: Formation of aniline radical cations by oxidation

.+
-e A_

Step II: Radical Coupling
o+ + + +
A A A A
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Step III: Chain propagation

Step IV: Reduction of Pernigraniline salt to Emeraldine salt

KO3 - O

"_ -
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- N N—F + NH,
H H
A

- n

Figure 2.1: Scheme illustrating the various steps (Step 1 to Step 1V) in the Chemical
polymerization of polyaniline

Chemical polymerization varies significantly from electropolymerization
mainly in the subsequent steps (steps IlII and IV): chain propagation and product
formation steps (Fig. 2.1). It has been confirmed from spectroscopic studies, that
the initial polymer product is the fully oxidized pernigraniline salt form of
polyaniline [126]. When all oxidant molecules in the reaction are used up, the
remaining aniline in solution reduces the pernigraniline to the green emeraldine
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salt (Step IV). A systematic change in the colour of the solution can be clearly
observed during the chemical polymerization of aniline, which reflects the
described steps. During the second step, due to the formation of p-
aminodiphenylamine, a pink coloured solution is observed which changes into
deep blue due to the formation of protonated pernigraniline in the third step. In
the final step green emeraldine salt precipitates out that also marks the

completion of the polymerization reaction.
2.1.2  Mechanism of polyaniline nanofiber formation

Chemical oxidative polymerization of aniline in an acidic medium in the
presence of ammonium peroxydisulfate as an oxidant yields particulates of PAni
of irregular shapes. In recent years, the one-dimensional nanofiber form of
polyaniline (PAni) has attracted tremendous interest from the scientific
community because of being a highly processible low dimensional organic
semiconductor. Likewise, several synthesis techniques have been adopted by
scientists around the world to develop a method for the direct conversion of
aniline into polyaniline (PAni) nanofibers [155, 324-328]. It is, however, interesting
to note that although the basic phenomenology of these synthesis techniques are
quite different in their origin, PAni nanofibers obtained by each of these
techniques have a striking similarity in their morphology in spite of having
different diameters. This is an indication of the fact that there is a common
underlying mechanism behind the formation of PAni nanofibers that may depend
upon several factors governing the synthesis procedure.

In the urge for finding the mechanism of PAni nanofiber formation, several
important factors for the direct conversion of aniline into PAni nanofibers have
been identified. One of the most important factors which determine PAni
nanofiber formation from aniline is the induction time [329]. The induction time
for chemical oxidative polymerization of aniline wusing ammonium
peroxydisulfate as oxidant in an acidic medium varies from a few minutes to
hours depending upon concentration, temperature etc. The products formed are
granular polyaniline powders having very little nanoscale morphology. However,
it is possible to transform the structure from granules to nanofibers by altering the

synthetic conditions during the induction period [329]. It has been observed that
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by allowing the reaction to proceed at the interface of an aqueous/organic
biphasic system or by adding a small amount of nanofibers (seeds) of known
composition during the polymerization yields PAni nanofibers [324, 325]. PAni
nanofibers have also been obtained by addition of oligomers of aniline or even by
diluting the reaction mixture by a factor of 20 [326-328]. Another important factor
is the secondary overgrowth of polyaniline in the nanofiber scaffolds. Kaner and
his group observed that at the initial stages of the chemical oxidative
polymerization of aniline, nanofibers are formed; however, the final product
yields irregularly shaped particulates due to secondary growth [329].
Accordingly, they suggested that it is by controlling the secondary overgrowth
that PAni nanofibers can be obtained and thereby presented the idea of interfacial
and rapid mixing polymerization techniques for the synthesis of PAni nanofibers
[330]. It has also been suggested that the presence of a surface such as walls of the
reaction vessel, magnetic stirrer beads can also play an important role in the
formation of PAni nanofibers [331, 332]. Although, all of these factors are very
important for the synthesis of PAni nanofibers but they don’t really give the idea
of a common underlying mechanism for PAni nanofiber formation.

The first step in this direction was taken by Manohar et al. [332] who
proposed a possible mechanism that can be applied for explaining the direct
formation of PAni nanofibers from aniline regardless of the technique employed
for synthesis and termed it a double heterogeneous nucleation process. Fig. 2.2
depicts that PAni nanofiber formation proceeds by a double heterogeneous
nucleation process suggested by Manohar et al. [332]. According to this
mechanism the formation of aniline dimer on surfaces plays a key role in the
formation of PAni nanofiber and that nanofibers are formed by a double
heterogeneous nucleation process. If the surface conditions prefer the formation of
tetramer nanofibers, i.e., favour high concentration of aniline dimer, directional
polymer growth leading to the formation of PAni nanofibers occurs. As shown in
Fig. 2.2, a fully oxidized form of aniline dimer can couple with a fully reduced
form to yield aniline tetramer. The outer surface of an aniline dimer aggregate (or
added insoluble aniline dimer) is oxidized first since it is in contact with the

oxidant in solution. Then redox coupling takes place with reduced (unreacted)
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dimer present in the interior of the aggregate, and the resulting heat of the
reaction brings out fresh unreacted aniline dimer for further reaction with oxidant
in solution. Once formed, however, these nanofibers would seed fresh polymer
growth on their surface, resulting in bulk nanofibers.

NH,
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Trimer Tetramer nanofibers
1
1y
Radial Growth Directional Growth
<
GRANULES NANOFIBERS

Figure 2.2: Double heterogeneous nucleation mechanism of PAni nanofiber formation
according to Manohar and group (Ref [332]).
Granules, on the other hand, are formed by the trimer pathway shown in

Fig. 2.2 when aniline dimer reacts non-directionally with aniline monomer in the
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solution. This occurs when the surface concentration of aniline dimer is low or if
there is no surface available for aniline dimer deposition. The first nucleation
takes place on existing surfaces yielding nascent nanofibers and a second on the
surface of these nascent nanofibers in which the morphology is rapidly
transcribed across multiple length scales to the bulk precipitate of PAni

nanofibers.

2.2 Electronic conduction mechanism in disordered

materials

Electronic conduction mechanism in disordered material systems such as
conducting polymers has been a topic of wide research interests among the
scientific community. As pointed out in section 1.1.2.3 of Chapter 1, the two-fold
coordination in conjugated polymers make these materials susceptible to
structural distortion and in the doped state the most dominant excitations viz.,
solitons, polarons and bipolarons are inherently coupled to the chain distortions
[98, 99]. As a result, the theories explaining non-intrinsic charge transport
mechanisms in conducting polymer are dominated by thermally activated
hopping (or tunneling processes) in which the charge carriers viz., solitons,
polarons or bipolarons hop across (or tunnel through) barriers created by the
presence of isolated states or domains [83, 101-105, 110-114]. In this section, the
primary features of some of the theoretical models developed and followed to
explain the charge transport mechanism in conducting polymers have been
highlighted.

Polyacetylene was the first material to have been recognized as conducting
polymer and as such transport properties of polyacetylene was investigated by
many research groups [333-337]. In case of a single polyacetylene, the elementary
excitations are solitons rather than electron-hole pairs as in 3D metals [338]. It was
a soliton model proposed for polyacetylene by Su, Schrieffer and Heeger (SSH)
that is by far the most successful theoretical model for polyacetylene (CH)x [333].
According to this model, undoped polyacetylene is a semiconductor due to a
commensurate Peierls distortion which doubles the unit cell (dimerization) and

opens a band gap at the Fermi level. The soliton is the boundary between the two
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different senses of dimerization. Each soliton is associated with a localized mid-
gap electronic state. One possible conduction mechanism involves the thermal
liberation of bound charges solitons followed by free charged soliton conduction.
Such a mechanism leads to a simply activated conductivity [Eq. 2.1] similar to
those found in doped semiconductors at low impurity concentrations.

o =0, exp(— é”?) (2.1)

However, the SSH model is purely one-dimensional. In order to generalize
this model in three dimensions Kivelson proposed the intersoliton model {110,
339]. He suggested that motion of a simple soliton discontinuity along a polymer
chain does not lead to charge transport, but an inter-chain soliton hopping
mechanism contributes to the conduction with conductivity varying as a high
power of temperature [339].

Various hopping and tunneling models have also been suggested to
account for the non-intrinsic transport mechanisms in conducting polymers. The
variable range hopping model proposed by Mott has been found to be the most
appropriate to describe charge transport in conducting polymers [112]. The term
variable range hopping signifies the fact that the average hopping distance in case
of conducting polymers is temperature dependent. The overall conductivity

according to the variable range hopping model can be written as:

5(T)=0, exp[— (%” (22)

wherey depends on the dimensionality, d, of the hopping process:

1

=1ra

(2.3)

For hopping in three dimensions (d=3), the exponent has the value of
y = 1/4. For two dimensional (2D) hopping (d=2),y =1/3 and for one-dimensional
(1D) hopping (d=1),y =1/2.

However, in the variable range hopping model proposed by Mott, the
electron-electron interactions were not considered. Efros and Shlovskii pointed
out that the Coulomb interaction between localized electrons creates a soft gap

known as the “Coulomb gap” in the density of states near the vicinity of the Fermi
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level [340]. This assumption leads to a situation where the conductivity is found

to be proportional to T 7 regardless of the dimensionality of the hopping

process.

o« epr:- (%i)%} (2.4)

In all the three dimensions the term T is given by the Eq. 2.5,

2
Tys = ke
Kkg&

(2.5)

where « is a macroscopic dielectric constant, 8 is a numerical constant of the
order of unity (for 3D, 8 =2.8) and ¢ is the localization length.

Ifk, >> A, where A=(e’¢/?)/x¥* is the Coulomb gap (g,being the
unperturbed density of states), the Coulomb effect becomes negligible and a
cross-over from the Efros-Shklovskii (ES) to the Mott VRH hopping is observed.
In case of 3D systems the ES-Mott cross-over temperature can be written as:

2 4
T - 16TES - 5.9¢ goé‘ (26)

cross 2
Ty K kg

where T, is the Mott temperature.

The model of variable range hopping has also been modified to account for
the dependency of conductivity on the conjugation length and chain structure of
polymers. This model of anisotropic variable-range hopping [24, 341] assumes
that the wave-function of the hopping site is not spherically symmetric but rather
ellipsoidal. The short axis of the. ellipsoid is in the order of magnitude of the
distance between neighbouring chains and the long axis is proportional to the
conjugation length. In the presence of conjugated strands the localization length is

apparently given by

conj + a(;l (27)

at=ml

where «;' is the localization length in the absence of conjugation strands and m
represents the number strands, along which the charge carriers 'get a free ride'.
Evidently, m = ;' /l,,.... is large enough and as such the second term in Eq. 2.7

can be neglected and the localisation length in the chain direction becomes
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proportional to the conjugation length. In Mott's VRH, the parameter T,from Eq.
2.2 is related to the localization length via

T, = a®/n(E;) (2.8)
where n(E;) is the density of (localized) states near the Fermi level which
participate in the hopping process. For anisotropic variable-range hopping Eq. 2.8
changes to

T, « alay, /n(Er) (29)

-1
conj

and with o, o< I, from Eq. 2.7, Eq. 2.9 becomes

T, « ailc_olnl- /n(EF) (2.10)
Inserting the value of T, from Eq. 2.10 in Eq. 2.2, we get

o =0, exp{— [MF—)J_ } (2.11)

aj
And for y =1 » (dominance of hops in chain direction), we obtain;

Ino « —(lamj)'ll2 (2.12)

More recently, it has been emphasized by Epstein and co-workers [342,
343] that quasi-1D hopping plays a key role in conducting polymers where
polymer chains traverse disordered regions to connect ‘crystalline islands’.
Charge carriers diffuse along such electrically isolated disordered chains as part
of the conduction path, but would readily localize owing to the 1D nature of the
chains. In such a case, quasi-1D variable-range hopping along the disordered
chains with y =1/2 dominates the overall resistance of the polymer. In another
hopping model Li and co-workers proposed that conductivity results from
anisotropic three dimensional hopping in the network of metallic rods [344].

B. Souillard and his co-workers [345] presented a new mechanism which
induces a thermally activated hopping conductivity law where the parameter y
equal to 3/7 without Coulomb interactions. Considering Anderson strong
localization, they obtained the hopping conductivity for a system, where the

electrons at the Fermi level exhibit superlocalization and predicted the

conductivity relation as follows
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K
o(T) = exp —(ZTQJ > (2.13)

where ¢ denotes the super-localization exponent and D the fractal

dimensionality. This variable-range hopping law is very different from the

famous Mott's law in 3D with y =1/4. In contrast it yields a result not very far
from the exponent 1/2 predicted by Efros and Shklovskii [340] in the case of

Coulomb interactions. No Coulomb interaction is considered in this model so that
this hopping law holds for system with very weak electron-electron interactions.
Like the hopping models, several models have also been developed which
consider tunneling to be the major charge transport mechanism in conducting
polymers. At low temperatures, conductivity in conducting polymers cannot be
associated with hopping mechanisms since at low temperatures there are no
phonons to assist the hopping process. As such in highly doped samples
tunneling between conducting particles is assumed instead of (or in addition to)
phonon-assisted tunneling. Tunneling between large particles differs from
tunneling between individual grains in a way that for large particles there is a
substantial reservoir of accessible states at the Fermi level. Therefore, this process
is independent of the temperature and only determined by the geometrical
parameters of the barriers between the particles. If the particles get smaller and
smaller, a carrier, which has hopped from one particle to another, will create a
potential difference between the two particles. At finite temperatures spontaneous
hops will occur by thermal fluctuations and all particles will be at slightly
different and thermally fluctuating potentials. The detailed analysis shows that
the net tunneling current consists of a temperature-independent part and a
temperature-dependent part [343)]. This concept has been successfully applied by
Philipp et al. to highly doped polyacetylene [346}. Due to the fact that this concept
of tunneling has been limited only to the fibres of the polymer, Pocharsi [347] has
tried to modify the inter-fibrillar contacts and hence the tunneling barriers, but
apparently without any noticeable effect on the conductivity. Therefore, it is more

reasonable to assume that temperature-independent tunneling occurs between
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other domains within the samples (amorphous and crystalline or doped and
undoped regions).

According to calculations by Sheng and Klafter [348] and Sheng [114], if
conduction is by electronic tunneling through non-conducting material separating
mesoscopic metallic “islands’ rather than between localized states, the expression

for the tunneling conductivity approximately is of the form as given in Eq. 2.14:

o =0, exp[— (%)%] (2.14)

which is of the same form as for 1D variable range hopping. Such a picture should
be appropriate for a granular metal in which small metallic grains are surrounded
by non-conducting shells. This model takes into account the charging of
conducting regions (metallic islands) or the random thermal motion of charge
carriers on both side of the tunnel junction. These calculations apply when the
conductivity is limited by the electrostatic charging energy when an electron is
transferred from one island to the next; the inhibition of tunneling when the
thermal energy k,T is less than the charging energy is referred to as a ‘Coulomb
blockade” [340]. If, however, the metallic regions are large enough that the
electrostatic charging energy is much smaller than k,T for accessible
temperatures, tunneling can occur between metallic states of the same energy on
different sides of the barrier without thermal excitation, provided that the wave-
functions overlap.

If the size of the metallic islands is of the order of 1um, a fluctuation
induced tunneling of charge carriers occurs between highly conducting islands. In
such a situation, the random thermal motion of the charge carriers within the
conducting islands induces a randomly alternating voltage across the gap

between the neighboring islands and the temperature dependent conductivity can

be given as follows

o =0, exp[— T’fT ] (2.15)
o

with T,(>100K) being an additional fitting parameter dependent upon the

properties of the potential barriers (insulating islands) between highly conducting
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islands. The potential barriers are also sometimes referred to as the interfibrillar
spaces rather than the insulating islands. The charge transport results from the
tunneling induced by thermal fluctuations, which according to Sheng, can greatly
increase the tunneling current as temperature increases [114, 348]. The Sheng
model fits well to highly doped or heterogeneous systems such as conducting
polymer-polyvinyl chloride composites.

However, the agreement of a vast amount of conducting polymer data with
the hopping laws (Eq. 2.2) over a wide temperature range suggests that once
localized states are formed in the gap by whatever mechanism, conduction takes
place predominantly by the usual variable range hopping processes for lightly or
moderately doped samples [335, 349]. In heavily doped samples, the overlap of
wave-functions means that a metallic picture is likely to be more appropriate, at
least in the ordered regions.

For conducting polymers other than polyacetylene, different solitonic states
have different energies, so solitonic conduction mechanisms are not expected.
However, states appear in the band gap owing to the formation of polarons,
which are basically electrons localized in an electric potential well formed by
lattice deformations. Polarons have both charge and spin. Their motion can
contribute to charge transport. Polarons of opposite spin often pair up to form
bipolarons with zero spin, which can lead to charge transport without spin
transport [101-105]. Inspired by the work of Sheng [114] on granular metals,
Zuppiroli et al. proposed correlated hopping between polaronic clusters as a

mechanism of conduction in disordered conducting polymers {113].

2.2.1 Electronic conduction mechanism in polyaniline and

polyaniline blends

Polyaniline (PAni) is quite different from polyacetylene or for that matter
with any of the conducting polymers in several aspects that have already been
discussed in section 1.1.3 of Chapter 1. The highest conductivity that has been
achieved for PAni till date is about 250 Scm? {350, 351]. The crystallinity of highly
conducting polyaniline is also much less as compared to polyacetylene, with

crystallinity on the order of 50% and domain lengths on the order of 5 nm
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(parallel to the stretching direction) and 3 nm (transverse) [352]. Dielectric
response studies in PAni revealed the presence of three-dimensional mesoscopic
metallic regions [353]. Granular metallicity of PAni samples have been confirmed
using scanning tunneling microscopy [354].

Although the conductivity of polyaniline is much lower as compared to
polyacetylene and it has a structure that is much more complex as compared to
polyacetylene, the overall pattern of temperature dependent conductivity
exhibited by both these materials are quite similar. For low conducting PAni
samples, the conductivities tend to follow the Eq. (2.2) with y =1/2 {350, 355-
357]. However, it has been observed that samples with room temperature
conductivity of approximately 20 Scm™ still shows a crossover to metallic
temperature dependence near 250 K with the entire conductivity well described
by the following equation Eq. (2.19), which is the expression derived for

conduction in heterogeneous polymers [358]:

1/2
A1) = p(1) = iy exp 7= |+ S ep[("%) } 216)

It is difficult to separate the quasi 1D variable range hopping from the 3D
hopping with electron-electron interaction (340], tunneling between macroscopic
metallic islands {114] or the correlated hopping between polaronic clusters {113]
since they are similar mechanisms yielding the same equation. But for low-
conductivity HCl-doped polyaniline with no tendency towards metallic
behaviour, an electric field dependence of the conductivity was obtained that can
be explained by the quasi-1D hopping mechanism {355]. This supports the picture
of metallic crystalline regions linked by disordered regions in which conduction is
by quasi-1D hopping [342].

Polyaniline blends, which are basically dispersions of conducting PAni in
non-conducting plastics, exhibit almost an identical behaviour in the variation of
their conductivity as a function of temperature, except for the fact that the
conductivity always tends to zero at zero temperature [358]. A crossover to
metallic temperature dependence for conductivity is seen even in the blends but
the metallic behaviour is weaker and the crossover temperature is somewhat

higher. The similarity for the heterogeneous polyaniline dispersions lends support
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to the use of the heterogeneous model for the pure polymers as well. For the
dispersions, however, tunneling between mesoscopic metallic islands would be
expected to be an important mechanism contributing to the exp{-(T,/T)"*}

conductivity behaviour.

One intriguing feature of the blends with polyaniline protonated using an
organic acid is that blends with polymethyl(methacrylate) (PMMA) are more
conducting than the unblended polyaniline, which has been attributed to the
reduction of barriers surrounding polyaniline particles during the blending
process [358]. In a similar fashion, the effect of aging-induced disorder on
transport in polyaniline have been reported to be consistent with the
heterogeneous model, the effect of aging being to broaden the barrier regions

around conducting grains [357].
2.2.2  Charge transport in polyaniline based nanostructured

materials

The dependence of electrical conductivity on the diameter of the
conducting polymer nanotubes/wires (prepared by the template method) at room
temperature has been widely reported [359-361]. It has been found that the room-
temperature conductivities of single nanotubes/wires of conducting polyaniline
can increase from 0.1-1 S/cm to about 103 S/cm with the decrease of their outer
diameters from 1500 to 35 nm. The phenomenon has been ascribed to the
enhancement in the alignment of the polymer chains.

Since the electrical properties of conducting polymers are strongly
influenced by the effect of disorder and temperature, three different regimes
(namely, insulating, critical and metallic regimes close to the metal-insulator
transition) have been sorted out based on the extent of disorder and conductivity
dependence on temperature [362]. Long et al. reported temperature dependent
resistivity of a single polyaniline nanotube with average outer and inner
diameters of 120 nm and 80 nm, which falls in the insulating regime of metal-
insulator transition [363, 364]. The tube’s room-temperature conductivity has been
found to be 47 S/cm. It has been observed that the resistivity follows three-
dimensional (3D) Mott-VRH above 66 K, and follows ES-VRH model below 66 K.
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From the view point of electrons, the polymer tube/wire with an outer diameter
of 120 nm is still three dimensional because the localization length of carriers (Lc <
20 nm) is much smaller than the wall thickness or the diameter of the sub-
microtube. However, the crossover temperature (Tcoss ~ 66 K) and the
characteristic ES temperature (Tes ~ 316-780 K) of a single polyaniline
nanotube/wire are much higher than those of a polyaniline pellet or a
polypyrrole film (Tcross < 15 K and Tes ~ 29-56 K), which can be possibly due to
enhanced strong Coulomb interaction in polymer nanotubes/wires at low

temperatures.
2.3 Frequency dependence of conductivity

The electrical conductivity in disordered materials can usually be divided
into a frequency independent dc part and a frequency dependent ac conductivity,
which increases almost linearly with temperature. The behaviour of ac
conductivity in disordered materials whether they are electronic or ionic
conductors have been found to show exactly the same behaviour. Hence, a
universal power law has been formulated by Joncher [365] in order to explain the
frequency dependent conductivity in disordered materials. In case of conducting
polymers as well ac conductivity has been found to vary as a power of frequency.
It has been observed that above a certain threshold frequency the ac contribution
dominates and below it the conductivity is almost frequency independent. The
origin of this frequency dependent conductivity lies in the production of a time
dependent polarization P(t) when a harmonically oscillating electric field is
applied to the material. The dependence of this polarization is related to that of
the field variation as given below:

P(0) = £, x(@)E(@) (217)
where g,is the permittivity of free space. The dielectric susceptibility y(w) in
general can be expressed as a complex quantity;

2(@) = 1(@)~ix, (o) (2.18)

The real and imaginary parts of the complex susceptibility are related by
Kramers-Kronig (Hilbert) transformation
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rle) =2 [ (x)dx (2.19a)
/4 0 X"~
Z» (a)) = __2_9.[ Z; x)dzx (219b)
V4 0 X -0

The components of dielectric susceptibility are related to those of complex
permittivity £(w) = ¢, (w) —i¢, (@), according to the Egs. (2.20a) and (2.20b)

&1(@) =1+ 7,(0) (2.20a)

£,(0) = x,() (2.20b)

The real part of ac conductivity o,(w) can be expressed in terms of the
dielectric loss &, (w) by

0,(w) = g 0¢ , () (2.21a)

The imaginary part of ac conductivity is given by

o,(w) = g 0e (@) (2.21b)

and the loss tangent is defined as

tans = 22 (2.22)
8.1

Considering the Debye model, the relaxation of the polarization P

characterized by a single and fixed relaxation time constant 7 on removal of the

electric field is shown in Eq. (2.23)

a __P 2.23)
dt T
The Eq. (2.23) has a solution of the form
P(t) = P, exp(— i] (2.24)
T

For a continuous distribution of n(z), the real part of the ac conductivity
can be written as

0’7
1+ w22

o,(w)= Tom(r) dr (2.25)

where o is the polarizability of a pair of sites assumed to be independent of 7 .
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Approximately linear frequency dependence observed in amorphous

semiconductors and other disordered systems can be obtained from Eq. (2.25) for
n(r) e % whence

wd(wt)
—_— @
1+ w?c?

o,(w) < I (2.26)

The form of n(z ) required implies that the relaxation time 7 itself must be

an exponential function of a random variable ¢ :

T =1,exp(£); E=W/[kT (2.27)
where 7, is a constant characteristic relaxation time, and where £ has a flat
distribution, n(¢)=constant (i.e. n(r)=n(&)dé/dr <77 ). In practice, n and «

each may be a function ofr, giving rise to slightly sub-linear frequency
dependence [366].

24 Models for frequency dependent ac conduction in

disordered materials

Several theoretical models have been developed for explaining the
universal frequency dependent behavior of conductivity in disordered materials.
The basis of many theories of ac conduction in amorphous semiconductors can be
related to two macroscopic relaxation mechanisms: (a) classical hopping of a
carrier over the potential barrier separating two energetically favorable sites, i.e.
in a double-well potential and (b) phonon-assisted quantum-mechanical
tunneling through the barrier separating two equilibrium positions. In this section
we will briefly discuss the salient features of these models with a special emphasis
on the correlated barrier hopping model that has been found to be the most
appropriate theory to account for the ac conduction in conducting polymers [366].

In all the models it has been assumed that the pair approximation holds
good i.e. the motion of carriers leading to relaxation is contained within a pair of
sites and the dielectric response of a carrier moving between a pair of sites (or of a
dipole) is accurately Debye-like with relaxation time varying exponentially as
function of a random variable, which may be the barrier height, inter-site
separation or a combination of both. As can be seen from Egs. (2.25) and (2.27),

three quantities are very important for the calculation of ac conductivity in
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disordered materials, these are the polarizability «, the distribution function for
relaxation times n(z), and the relaxation time expressed in terms of a relaxation
variable £ .

The equation for polarizability within the pair approximation was first
evaluated by Pollak and Geballe [367] in which the polarizability for two sites
separated in space by R and in energy by A was calculated using the rate
equations for electron transfer and is given by the Eq. (2.28):

e’R* 1 1

a= > : (2.28)
12kT cosh®(A/2kT) 1+iwr

The effective relaxation time 7 that appears in Eq. (2.28) is given by:

= %ro [cosh(a / 2kT)]™ (2.29)

For multiphonon processes i.e. when the energies involved in the

transition, the transition rate may be written as:
1 A, +A,

Ty

230
2kT (230)

where A, > A =0 ie, the energy of site 2 is higher than that of site 1. For lower

energy processes, i.e. single-phonon transitions [368], the transition rate is better
described by Eq. (2.31):
A

o, = y (2.31)
' Blexp(a, /kT)-1]

where, the term B contains details of the interactions involved. Eq. (2.31) gives rise
to exactly the same form for the polarizability as given in Eq. (2.28), but the form

for the effective relaxation time is different, and is given as:

N tanh(&} (2.32)
Ba, \2kT

Among the different tunneling models, the electron tunneling, small and

large polaron tunneling and atomic tunneling models have been employed in
different cases for disordered materials to explain the frequency dependent
conductivity. The idea of “Electron tunneling” was for the first time presented by
Pollak and Geballe for explaining the impurity conduction process in doped
crystalline silicon [367]. This concept has been subsequently adopted by Austin
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and Mott in case of amorphous semiconductors [369]. If electronic relaxation is
responsible for dielectric loss, quantum mechanical tunneling (QMT) is the most
obvious charge transfer mechanism. In case of the “Small polaron tunneling” model
it was assumed that the addition of a charge carrier to a site causes a large degree
of local lattice distortion such that the total energy (electronic + distortion) of the
system is lowered by an amount equal to the polaron energy leading to the
formation of a small polaron [370]. Relaxation due to these small polarons can also
be held responsible for the observed frequency dependent conductivity in
disordered materials. This model predicts that the tunneling distance decreases
more rapidly with increasing frequency than is the case for straight forward QMT
i.e electron tunneling. The primary difference between the “Small polaron model”
and “Large polaron model” is that in the latter it has been assumed that there is an
appreciable overlap of the polaron distortion clouds [371]. Large polarons, i.e.
those for which the spatial extent of the polaron is large compared with the
interatomic spacing, and which are of the dielectric or Fréhlich type are
characteristic of ionic lattices. In such a scenario, the overlap of the potential wells
of neighbouring sites for such polarons because of the long-range nature of the
dominant Coulomb interaction results in the reduction of the polaron hopping
energy [369]. Another mechanism that might be responsible for dielectric
relaxation in amorphous semiconductors is the atomic motion. This led to the
development of the “Atomic tunneling model” [372]. It has been suggested that the
ac conductivity may have a common origin, namely in the two-level systems
believed to be present in at least some glasses [373, 374]. However, two-level
systems (TLS) resulting from tunneling states do not appear to be present in every
amorphous semiconductor, and so even in principle it is unlikely that the ac
conductivity behaviour of all amorphous semiconductors can be explained by a
single universal (atomic) mechanism. Nevertheless, for wide-gap materials
and/or those with a low density of gap states, atomic, rather than electronic
relaxation, may be dominant [371].

The term 'hopping' is reserved for those transfer processes that involve
(classical) thermal activation over the barrier separating two sites, rather than

quantum-mechanical tunneling through the barrier. Thus such a process is
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primarily a high temperature phenomenon. In such cases, the relaxation time is
given by Eq. (2.27) viz., 7 « exp(W/kT) and no explicit dependence on inter-site
separation is generally included. The first application of a pure hopping model to
dielectric relaxation in amorphous semiconductors was made by Pollak and Pike
[375], who assumed that atoms, fully or partially ionized, hopped over the barrier,
of height W, separating two sites, having an energy difference, A. The relaxation
variable in “Atomic hopping model” is obviously W, which in the simplest case is
independent of the inter-site separation R; furthermore, the dipole moment p and
the change in p involved in an atomic transition are not known a priori, and so p

may be set equal to a constant value p,, independent of W and R [371]. A strictly

linear dependence of the ac conductivity on both frequency and temperature (at
low temperatures) is predicted by this model. The linear frequency dependence

(i.e. s = 1) arises because there is no dependence of the hopping distance R_(or the

dipole moment) on frequency ®. However, it is the correlated barrier hopping
model that has been found to be more appropriate for conducting polymers [376-
378). In the next subsection, we present a discussion about the “Correlated barrier
hopping model” and also mark out the basic differences among the correlated
barrier model and other hopping and tunneling models that have been developed

in order to account for the frequency dependent behavior of ac conductivity.

2.41 Correlated barrier hopping (CBH) model
The salient feature of the “Correlated barrier hopping model” is that unlike the

simple hopping model the relaxation variable W is dependent on the inter-site
separation R, and as such the hopping distance is frequency dependent. The
overlapping of the Coulomb wells for neighboring sites at a separation R lowers

the effective barrier from W,, (the value at infinite inter-site separation) to a value

W according to the Eq. (2.33):

62

W=Ww,, - (2.33)

megyR
Although this model was for the first time used by Pike [375], the term

'correlated barrier hopping' (CBH) was coined by Elliot [366]. The relaxation time
in this case is given by the Eq. (2.34):
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o exp(W/kT) (2.34)
cosh(A/2kT)

In the narrow-band limit (A, << kT), and assuming that the centers are

distributed randomly in space, the ac conductivity is given as [366, 371, 375]:
o,(w)= Elzi n’N’gg,0R’ (2.35)

where the hopping distance R ata frequency o is given by:

e2

TEE, [WM -kT ln(;o%ﬂ
0

The frequency dependence in the CBH model (for both limits) is embodied

R

(2.36)

in the @R’ factor and can be expressed in terms of the frequency exponent “s” as
[371]):

6kT
1 23
T W, —kTin(Ywr,) (237)

The parameter “s” in the CBH model is predicted to be both frequency and

temperature-dependent. For small values of W, /kT, “s” increases with

increasing frequency, unlike all the cases considered so far, although for large

values of W,, /kT (>/100), “s” is nearer unity and the increase is so small that “s”

is effectively frequency independent. Eq. (2.37) also predicts that 's' decreases

with increasing temperature, and at low temperatures (i.e. large W, /kT), 's'

decreases approximately linearly from the T = 0 value of unity. The difference
between the Correlated barrier hopping model with the other models have been
elucidated in the Table 2.1, which includes the expressions for the real part of ac
conductivity ¢,(w), the frequency dependence of the hopping distance R_, and
the expression for the frequency exponent that appears in the universal law for
frequency dependent ac conductivity according to Joncher [365].

In case when two electrons hop simultaneously between defects, the
equations given are to be modified. The polarizability has to be multiplied by a
factor of four, the second term in Eq. (2.33) has to be multiplied by a factor of two,
as does Eq. (2.36), and the ac conductivity in the narrow-band limit then becomes:
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o, ()= 1—12- 7> Neg,0RS (2.38)

The hopping length is also different for two-electron transport and is given
by:

2
R = 2e (2.39)

TEE, {WM -kT h{;;—ﬂ
0

However, the functional form for the frequency exponent “s” is the same in

w4

both cases. The temperature dependence of the “s” parameter in the case of CBH
[Eq. (2.37)] arises from the correlation between barrier height and inter-site
separation. The minimum hopping distance R_, , which is a lower bound (cut-

off) to the hopping distance R, for this model is given by:

2
R, =—2¢ (2.40)
negWy

2.5 Modifications in the models for ac conduction

The basic models of ac conduction discussed above have also undergone
several types of modifications and alterations depending upon the variations
encountered in the basic mechanisms. In almost all the models for ac conductivity
discussed in the previous sections, a random distribution has been considered for
spatial distribution of centers between which dielectric relaxation takes place. It
has also been pre-assumed that relaxation occurring by means of classical
hopping of atoms over a barrier within an asymmetric double-well potential has a
random distribution of barrier heights. Furthermore, the possibility of the
involvement of structural inhomogeneities containing the centers responsible for
dielectric relaxation has been neglected. However, these factors can greatly affect
ac conductivity in amorphous semiconductors. Structural defects such as dangling
bonds distributed in the bulk of an amorphous semiconductor can also lead to
electronic relaxation either by tunneling or hopping and in such case the spatial
distribution of centers are not likely to be random. Two instances for which such
non-random spatial distributions can occur are pairing of defects and structural

inhomogeneities.
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Table 2.1: Salient features of the different models for ac conduction in amorphous materials. Differences between the expressions for the real part of ac

conductivity, hopping distance and the frequency exponent “s” are shown in the table

Models Real part of ac conductivity ,0,(w) Hopping distance (R,) Frequency exponent (s)
Electron tunneling Ce?kT 1 1 4
N?*(E,)wR® —In| — P
o (ErJoR, 2a (a)to J In(Yor,)
4,2
Small polaron e kTNz(EF)a)R: 1 In 1) Wy, 1— 4
tunneling 24a 2¢| \wr,) kT In(Ywr,)- W, /kT
L 1 4 4 2 ' 12
arge po aron Zf_ez (kT)Z NZ(EF) a)Rm - L i _ WHO +1dm L _ WHO 8(17'0WH0 _ i 4 + 6WH0r0 /kTIaza) ,
tunneling 12 20kT + Wyer, / R, 48 7,) kT wty ) kT kT R,, (1+Wy,r, /kTR;) )
Atomic tunneling i Np? " A, Frequency independent 1
6 A4, 2kT
Atomic hopping ? NkT a) A, ) Frequency independent 1
6W,A, 2kT
1 2
Correlated barrier 1 7*N2s,0R® 2e 1 6kT
hopping 12 W,, - kT In(l/ w1, )

TEE I:WM —kT ln(;:'_— ):l
0
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Pairing of defects, or more generally clustering of centers, is important for
ac conduction if the hopping or tunneling length is comparable to the pair
separation or cluster size. Thus this effect can influence all electronic transfer
mechanisms, such as QMT or hopping. Likewise the distribution function has
been modified and a new expression for ac conductivity has been developed

which is given in the Eq. (2.41):

W,, —kT m(i)

T,

3
o,(w)= %N gg,wR’ exp, (2.41)

8kT,

The only difference between the Eq. (2.41) with that of the equation for
paired defects in the correlated barrier hopping for the case of randomly
distributed centers [Eq. (2.38)] is the inclusion of the exponential factor. The
frequency exponent “s” arising from Eq. (2.41) can be evaluated in the normal
way to give [371]

6kT . T
WM—kTIn( 1 ) 8T,

T,

s=1- (2.42)

Another modification in the models for classical hopping of atoms over a
barrier within an asymmetric double-well potential has been introduced by Gilroy
and Phillips in which a non-random exponential distribution of barrier heights
rather than the random distribution p(W) =1/W, have been considered as in Eq.
(2.43) [379]):

p(W) = _V%’—o exp(— _;/\VTO) (2.43)
where W, is related to the glass-transition temperature. The real part of the ac
conductivity evaluated using Eq. (2.43) is [379]:

7 pots kT’

ox(@)= 3 AW
0 0

(2.44)

where A, is the width of the site-asymmetry distribution, and 7, is a

characteristic relaxation time. The frequency exponent “s” is superlinear and is

given by:
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s=1+a (2.45)
where a = kT/W, .

Structural inhomogeneities containing the centers responsible for the
dielectric relaxation is also another instance of a non-random spatial distribution
of centres. These might be internal surfaces within the structure of the amorphous
material on which the centers (e.g. dangling bonds) occur, such as voids or
molecular clusters. The departure from a continuous random distribution arises in

this case from a cut-off in the distribution function, corresponding to the size R,

of the inhomogeneity (much smaller than the separation between
inhomogeneities), beyond which the probability of finding a pair of sites at a
distance corresponding to the hopping or tunneling distance becomes negligibly
small. This causes a breakdown in the approximations used previously in the
evaluation of the integrals involved in the expressions for the ac conductivity and
the models have been accordingly modified.

It has been assumed so far that the real and imaginary parts of the ac
conductivity can be obtained from the Debye expression for the polarizability of a

pair of centers, i.e. involving the term (1+iwz,)” . However, departures from the

Debye expression have been observed for many materials [365]. These departures

are often accounted for by assuming a distribution of relaxation times n(r) to be

present. It has been suggested that there is a strong correlation between the
degrees of freedom and relaxation is presumed to take place in a series, rather
than a parallel fashion [380]. Faster degrees of freedom successively constrain
slower ones, thereby naturally generating a wide range of relaxation times. Thus
there is no need to invoke a distribution of relaxation times, as required for
parallel relaxation mechanisms. One model within the general class of
hierarchically constrained models predicts that the temporal decay function
should be of the stretched exponential (Kohlrausch) form [380]

B
q(t) =4, eXP[— (Ti) ] (2.46)

rather than the Debye form g¢(t) =g, exp[—(¢/7,)]. Thus, while a microscopic

understanding of the processes giving rise to the decay function is still not
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available, a much generalized theoretical understanding is beginning to emerge.
Intra-site correlation is also important in governing whether a particular
electronic defect site is singly or doubly occupied: for the case of amorphous
materials, the effective correlation energy is believed to be negative [381], and so
the doubly occupied and unoccupied configurations are energetically more stable
than is the neutral paramagnetic singly occupied state. The effect of inter-site
correlation was first considered by Pollak [382], subsequently by Efros [383] and
more recently by Long [371]. The pair approximation is also invoked in the
discussion of correlation, since it is assumed that the inter-site Coulombic
interaction affects only close neighbors, i.e. pairs of sites; the Coulomb interaction
is screened out for further neighbors, and so the occupation of a given site by an
electron is assumed not to affect appreciably the occupation of such further
neighboring sites. Correlation effects are important at relatively low temperatures,
i.e. when E,, >> kT, where E,, is the inter-site (i.e. intra-pair) correlation energy.
Thus far it has been assumed that the frequency-dependent conductivity
can be evaluated within the pair approximation [367], i.e. that the relaxation is
confined entirely to pairs of sites, and multiple-site participation is excluded. The
pair approximation has been found to be a good approximation at sufficiently
high frequencies. However, the pair approximation must break down at low
frequencies as » — 0, where a percolation path must be established throughout
the sample in the dc limit, if the dc conductivity is due to the same electronic
transport mechanism between localized states as is responsible for the ac
conductivity. Likewise, two approaches have been adopted to calculate the ac
conductivity. The first in which o,(w) is evaluated from the diffusivity of a

random-walk process [384, 385] and the second approach in which the problem is
formulated in terms of a set of Kirchhoff equations for an RC network equivalent

to the hopping/tunneling rates [368].
2.6 Dielectric relaxation in amorphous materials

Dielectric relaxation in solids is one of the most intensely researched topics
in physics and yet there is no satisfactory theoretical understanding of the
relaxation phenomena. Relaxation consists of the recovery of strain on removal of
stress and it implies therefore time dependence, typically under sudden removal
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or sudden application of a steady stress. This is the basis of the time-domain (TD)
measurement [386]. An equivalent and often preferable method is to subject the
material to a harmonically varying stress of an angular frequency wand this
forms the basis of frequency-domain (FD) measurements [365, 387, 388]. Materials
are polarized in ac fields by various polarization mechanisms and their
permittivity, as a measure of the polarization, shows frequency dependence,
namely dielectric relaxation or dielectric dispersion. Dielectric spectroscopy is a
technique that measures permittivity and conductivity as a function of frequency
in a non-invasive way and can provide insights into the structures and electrical
properties of materials at molecular and macroscopic levels.

According to Maxwell’s equations, ¢” is time (or frequency) dependent if a
time dependent process take place within the sample. Resonance phenomena are
due to atomic or molecular vibrations and can be analyzed by optical
spectroscopy. Relaxation phenomena, on the other hand, are related to molecular
fluctuations of dipoles due to molecules or part of them in a potential landscape.
Moreover, drift motion of mobile charge carriers viz., electrons, ions or charged
defects also contribute to the dielectric response. Complex dielectric permittivity
" is defined as:

£ (0) = £'(0) - j&"(@) (247)
where ¢'(w) and £"(w) are, respectively, the real and imaginary parts of complex
permittivity £°. The real part ¢'(w) and the imaginary part £"(w) of complex
permittivity though not always, show dielectric relaxation (or dielectric
dispersion) in which ¢'(w) decreases and g"(w) increases with increasing

frequency. Single dielectric relaxation is characterized by a set of parameters

(called relaxation parameters): £, and ¢, are the low- and the high-frequency
limits of relative permittivity, respectively, A =¢, — ¢, the relaxation intensity (or
the relaxation magnitude), f, the characteristic frequency and 7(=1/27f,) the

relaxation time. The complex plane plot (or the Cole-Cole plot) is also used for
analysis of dielectric relaxation. In the complex plane plot the imaginary part of

the complex permittivity or the loss factor ¢"(w) is plotted against the real part of
the complex permittivity or the relative permittivity ¢'(w), tracing a semicircle if
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the dielectric relaxation has a single relaxation time, viz., the Debye type
relaxation. The complex plane plots, however, often deviate from a semicircle,
which indicates a distribution of relaxation times. The deviation is formulated by
various empirical equations which will be discussed in the sub-section 2.6.2.
2.6.1 Presentation of dielectric data

Dielectric information may be presented in a number of equivalent ways
and it is important to use the most appropriate form of presentation to match the

particular requirement [388]. The following principal dielectric functions may be
defined.

(a) The complex permittivity £'(w) and susceptibility y' (o),
1 (0)=[e"(@)-£,1/&) = x'(0)-1x"(o) (2.48)
where g, =8.854x10™"? F.m1is the permittivity of free space, ¢_is a suitable high-

frequency permittivity and the physical emphasis is on parallel processes
contributing to the real and imaginary components of the polarization.
(b) The electric modulus, which is the reciprocal of £"(®),

1 g'(w)+1e"(w)
e [T+ [P

which emphasizes series processes that may be acting in the material.

M (0) = M'(0) +iM" (o) =

(2.49)

(c) The complex capacitance

C(w)=(A/d)e" (w) (2.50)
which relates to a sample of plz;lnar geometry of area A and thickness d, or some
other appropriate geometrical factor for other geometries. Susceptance is the
quantity corresponding to susceptibility

X' (w)=C'(w)-C, (2.51)

Their use is recommended wherever the geometry of the sample is not well
defined. They both emphasize parallel processes acting in the sample.
(d) The admittance of the sample representing the equivalent parallel conductance
G(w) and capacitance C(w)

Y'(0) =1}V =ioC"(0) = G(w) + ioC(w) (2.52)
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The frequency dependence of these elements arises from the fact that they
represent an equivalent circuit of a system that is not necessarily a parallel
combination of frequency-independent elements.

(e) The impedance of the sample which is the reciprocal of admittance
Z'(w)=V/I=1/Y"() (2.53)

which emphasizes series processes.

These different formalisms are often used to study different relaxation
processes occurring in solids. Electrical relaxation phenomena are usually
analysed in terms of the dielectric permittivity by the relaxation of the electric
displacement vector, D, under the constraint of constant electric field, E. However,
in dielectrics containing mobile charges, it seems convenient to concentrate on the
relaxation of the electric field, E, under the constraint of a constant displacement
vector, D, which leads to the inverse dielectric permittivity and the definition of
electric modulus. An advantage of using the electric modulus to interpret bulk
relaxation properties is that variations in the large values of permittivity and
conductivity at low frequencies are minimized. In this way the familiar difficulties
of electrode nature and contact, space charge injection phenomena and absorbed
impurity conduction effects, which appear to obscure relaxation in the
permittivity presentation, can be resolved or even ignored.

There are several ways of presenting the data and the most common ones
are as follows.

(1) Plots of the real and imaginary components either in logarithmic or in
linear coordinates against frequency, usually on a logarithmic presentation
in view of the very large range of frequencies involved. The log-log form is
particularly useful in representing dielectric functions which are often
power-law functions of frequency:

2 (w) < (o)™ where 0<n <1 (2.54)

in the frequency region above any loss peaks, which is referred to as the

“universal’ law.

(2) Polar plots of the imaginary component against the real component,
typically on a linear presentation, but the logarithmic presentation
introduced by the Chelsea Dielectrics Group can be very useful [365]. The
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usefulness of polar plots is limited mainly to characterization by shape as
Debye, Cole-Cole, Cole-Davidson etc. and also as a means of finding series

combinations of elements in Z plots.
2.6.2 Analysis of Dielectric spectra: Model functions

Dielectric relaxation processes are usually analyzed using model functions.
Starting from the theoretically well founded Debye model, several models have
been suggested to explain the experimentally observed spectra in both the time
and frequency domain. The most important of these approaches are discussed
below:

The Debye function for the frequency dependence of the complex
permittivity ¢”(w) is given by:

Ag

e(w)=¢,+———
1+iwr,

(2.55)

where Ag =¢; ~¢_ is the dielectric relaxation strength with £, = lim &'(w) and

wr<<l

g, =lim¢'(w). The Debye relaxation time r,is related to the position of the

wr>>1

maximum loss by o, =27v, =1/17,. The loss peak is symmetric with a half width
o, of 1.14 decades [389].

In the complex plane plot, a perfect Debye relaxation, i.e. if the dielectric
relaxation has a single relaxation time, is represented by a semicircle. The complex
plane plots, however, often deviate from a semicircle, which indicates a
distribution of relaxation times. The deviation from the ideal Debye behaviour has
been encountered in several experimental results and as such different models
have been formulated by various empirical equations proposed by Cole and Cole
[390], Davidson and Cole [391], Havriliak and Negami [392].

The influence of the distribution of relaxation times, in the permittivity
mode, has been introduced by Cole-Cole [390] to account for the symmetrical
distribution of relaxation times. According to the Cole-Cole formulation, the
frequency dependence of the complex permittivity is given by:

Ag

£ =g +— =
" 1+ (jor)™

(2.56)
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where the parameter o lies between 0 and 1 and describes the symmetrical
distribution of relaxation times. The real and imaginary part of the complex
permittivity for the Cole-Cole equation can be written as Egs. (2.57 a & b):

. A1+ (7)™ cos{n(1-a)/2}]
BT 1+ 2(w7 ) cos{z(1-a)/ 2}+ (w7)®) (2.57a) ‘

. Ag(wr) ) sin{n(1-a)/2}]
T 14 2(07)™ coslr(l-a)/ 2+ (7))

(2.57b)

Davidson and Cole [391], aiming to account for an asymmetric distribution
of relaxation times resulting from a dielectric dispersion within a system,
introduced the parameter B in Debye’s dielectric function. According to this
model, the complex permittivity can be expressed as:

g 4 B8
"1+ jor)?

(2.58)
where f also lies between 0 and 1 and is responsible for the asymmetrical
distribution of relaxation times. The real and imaginary part of complex
impedance in this case is given as:

g' =g, + Ag cos(B6)cos” 6 (2.5%a)

£" = Agsin(f0)cos’ 6 (2.59b)
where 0 = tan™ (w1).

A more general equation for expressing the complex permittivity was
developed by Havriliak and Negami [392]. According to this model, the complex
permittivity is given by:

P ‘A£

[1+(or)™)

(2.60)

where the parameters ¢ and f signify the symmetrical and asymmetrical

distribution of relaxation times, respectively and both lie between 0 and 1. The
real and imaginary components of the complex permittivity in this case are given

by the Egs. (2.61 a & b):
g' =g, +r7*Ag cos(BH) (2.61a)
g" =r P Az sin( ) (2.61b)

where the terms r and 9 can be written as:
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r =[1+ (7)) sin(ar /2)]* +[(0r)*™ cos(ar /2)] (2.62)

(wr )™ cos(an /2)

6 =tan™
1+ (wr)* sin(an /2)

(2.63)

The general nature of the Havriliak-Negami model can be established from
the fact that for =1 and « =0, the Debye Equation [Eq. (2.55)] can be obtained.
The Cole-Cole equations [Eq. (2.56)] can be obtained if =1 and o #0 are
considered. Finally by considering, f#1 and a =0, we get the Davidson-Cole
equation [Eq. (2.58)].

2.7 Theories governing ion-solid interactions

Ion beam processing and analysis of materials are indispensable tools for a
wide variety of applications and technologies. The basic requirement for
performing any study in this field is the availability of energetic ions, which can
be obtained in many ways [393]. Once an energetic ion interacts with matter, it
loses its energy in the matter by two different types of mechanisms: the nuclear
and electronic energy losses that have been discussed in section 1.3 of Chapter 1.
In contrast to the interaction of, e.g. energetic electrons or photons with matter,
the salient feature of ion solid interaction is the extremely high localization of the
energy transferred to the target material. In this way, solids may receive for a very
short time (~10-17 to 10-15 s) within a very tiny volume (~10-17to 10-1¢ cm3) the same
energy density which can be compared to that of an exploding hydrogen bomb,
by the impact of just one energetic heavy ion.

Low energy ion beams have been used in electronics for semiconductor
doping by ion implantation since the 50th century. Heavy ions, on the other hand
have not been commercially used till now, but have been used for studying and
tailoring the properties of different materials. The interaction of a swift heavy ion
with some solid target materials is marked by the formation of latent tracks. Two
phenomenological models have been extensively used for explaining the latent
track formation in solids upon interaction with swift heavy ions: (a) Thermal
spike model and (b) Coulomb explosion model. These two models will be

discussed briefly in the following sub-sections.
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2.71 Thermal-spike model

It was pointed out by Dessauer that the absorption of radiation is a
quantized process obeying statistical laws [394]. As such the localized regions of
the absorbing medium are heated to high temperatures that can cause widespread
changes in materials. This model referred to as the “thermal spike model” has also
been used to explain the track formation mechanism in solids [394]. However, in
radiation chemistry and biology, thermal effects were not predominant and as
such the thermal spike model was largely ignored [395]. It was Seitz [396] who
formulated the modern form of the thermal spike model and showed that it is
indeed a very important mechanism when it comes to radiation related studies in
any branch of science.

In the thermal spike model a heavy-ion track is considered as a linear
energy burst [397] and the temperature distribution resulting from such a burst in

an infinite medium is given by
Q ) -r’
T(r,t)=T, 2.64
(r ) =T+ (m:d4xt &P 4xt (264)

where T is the temperature at the time ¢ after the burst at a radial distance r from
the axis of the track, () is the heat released per unit length, T, is the temperature
of the medium before the burst, ¢, d, and x are, respectively, the heat capacity,

density, and thermal diffusivity of the medium. For calculation purposes Eq.
(2.64) can be simplified to:

T=T, +( 2 ) r? < 4xt (2.65a)
mddxt

T=T, r? > dxt (2.65Db)
and the spike can be considered to have a duration, ¢, given by:

t,=r%/4x (2.65¢)

The thermal spike model also takes into account any alteration in the
temperature distribution caused by the passage of charged particles through a
medium. Thermal spike model also considers the effect of changes in the local

energy density on free radical yield as well as on temperature [398]. Thermal

spikes, in addition to affecting reaction rates, also generate large pressures in the

81



Somik Banerjee Ph.D. Thesis, Tezpur University

rapidly heated material within the spike. These pressures, caused by the tendency
of heated materials to expand, can cause plastic deformation in solids [397] and
explosive growth of vapour bubbles in liquids [399]. The importance of the
thermal spike model has been evaluated by the development of the model to
account for the problem of defining temperature under the non-equilibrium
conditions in the spike, together with the availability of new experimental data
[394]. However, recent studies have shown that the thermal spike mechanism is
less important in the production of tracks by heavy ions in solids than was
thought to be the case [400]. Nevertheless, the thermal spike model represents an
important mechanism for radiation damage, whether we are dealing with heavy
ions or with intense ultrasonic or laser beams since a large fraction of the

absorbed energy is converted into heat.
2.7.2  Coulomb explosion model

The Coulomb explosion model was first suggested by Fleischer ef al..,
which suggested that the resulting repulsion between the transiently ionized
atoms in the solid, called a “Coulomb explosion,” can be the reason for the
production of a latent track in an insulator which may be seen by chemical etching
[401]. This model predicts that a narrow cylinder of densely filled positive ions is
created upon irradiation, which strongly repels one another and are ejected
(Coulomb explosion) into interstitial positions surrounding a depleted core
region. However, for the coulomb explosion model to be valid, the following
criteria were laid down by Fleischer et al. [401].

(1) Tracks may be formed by Coulomb explosion model in materials with low
mechanical strength, low dielectric constant and small inter-atomic
spacing. Since the electrostatic stress has to be larger than the mechanical
strength, which is possible only when

n*> > R = Ezag [10e* (2.66)

(2) Tracks must be atomically continuous which require at least one ionization
per atom. Thus, n>1 is the second criterion for track formation by
Coulomb explosion model.

(8) The third requirement for track formation is that the availability of
electrons for replacing the ejected ones in the material must be low and
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must not be able to replace the ejected electrons within a time frame of less
than ~ 103 sec. Thus for a track to be formed by the Coulomb explosion
model one must have:

n, <en,/a,u, kTt (2.67)
where n, is the number of free electrons in the system, n, is the number of
ionizations per atomic plane, k is the Boltzmann constant and u, is the
electron mobility.

(4) The fourth and the final criterion for the Coulomb explosion model to be
appropriate for explaining track formation in solids is low mobility of the
holes created by the ejection of electrons along the ionized track. Ideally,
the hole mobility ;, must be less than a,’e /tkT for the material in order

to sustain the latent tracks.

However, it has been elucidated by Bringa et al.., that Coulomb explosion
and thermal spike are basically two events that define the early and late aspects of
the ionized tracks produced in some solid targets during the passage of a highly
energetic ion through it [402]. No matter whether a Coulomb explosion has really
taken place in the solid, a thermal spike will eventually occur since at higher
excitation densities the repulsive energy in the track produces a spike [402].
Although these two models have been used extensively to explain track formation

in solids, there is still a lot of debate regarding the applicability of these models.
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Chapter 3

EXPERIMENTAL TECHNIQUES

This chapter primarily deals with the methods and materials used for synthesizing
different types of Polyaniline (PAni) based nanostructured materials. This is followed by
the discussion of the principles and specifications of different analytical techniques
employed for the physico-chemical characterization of the synthesized materials. Various
parameters related to Swift Heavy Ion (SHI) irradiation are mentioned in this chapter.
The biochemical assays wused for investigating the antioxidant activity and
biocompatibility of these materials are also briefly described. Thereafter, the methodology
adopted for the fabrication of quartz crystal microbalance (QCM) sensors modified by

Polyaniline (PAni) based nanostructured materials has been discussed.

3.1. Materials

Monomer aniline (Merck) was used for the synthesis of polyaniline (PAni)
based nanostructured materials. Aniline was distilled under reduced pressure and
stored in dark prior to use. Hydrochloric acid (HCl) and camphor sulfonic acid
(CSA) purchased from Merck were used as dopants. Ammonium peroxydisulfate
(APS) also obtained from Merck was used as the oxidant. For the synthesis of
Polyaniline (PAni) nanofiber reinforced PVA nanocomposites, Polyvinyl alcohol
(PVA) (My = 145000) purchased from Merck was used. Glycerol (Merck) was used
as the plasticizer for the synthesis of PAni nanofiber reinforced PVA
nanocomposites. All other chemicals, solvents and reagents used in the synthesis
and purification process were of analytical grade and used as received without
any further purification. The physical properties of the materials used for the
synthesis of different PAni based nanostructured materials in the present work
are tabulated in Table 3.1.

84



Chapter 3: Experimental Techniques

Table 3.1: Some physical properties of the materials used in synthesis

Physical properties of the monomer

Monomer  Molecular  Molecular Melting Boiling Density Oxidation
structure weight point point at250C  potential

Q) (C) (gm/ml) (Volt)

Aniline @NH 93.13 -6 184 1.022 0.9

Physical properties of dopants, oxidant and plasticizer used in synthesis

Dopants/ Oxidant/ Molecular weight Melting Boiling Density

Plasticizer point point at 250C
(°C) Q)  (gmyml)
Hydrochloric acid (HCI) 36.48 N/A >100 1.20

Camphor sulfonic acid

232.3 ~200 N/A N/A
(C10H1604S) / /

Physical properties of solvents

Solvents Molecular Molecular weight  Melting Boiling Density at
structure point point 25 0C
9 (9 (gmy/ml)

Acetone )(T\ 58.08 -94.9 56.53 0.7925
Methanol H,c—OH 32.04 -97 64.7 0.7918
Ammonium  [NH4],$:0s 228.20 120 N/A 1.98
persulfate
1
Etharol hc—c—on 46.07 114 78 0.789
H
Glycerol  [CsHs(OH)s] 92.09 17.8 290 1.261

3.2. Synthesis of polyaniline nanofibers

Polyaniline (PAni) nanostructures have been synthesized using several
techniques such as well-controlled solution synthesis [326, 327], soft-template
methods such as micellar [403, 404], microemulsion and reverse microemulsion
polymerization [150, 151, 405], hard-template methods [153], template free
methods [146], seeding polymerization [325] interfacial polymerization [155, 324]
and electro-spinning technology [153]. In the present work, we have used
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interfacial polymerization and rapid mixing polymerization techniques for the
synthesis of PAni nanofibers and PAni nanofibers reinforced PVA
nanocomposites, respectively [155, 324, 329, 330]. Interfacial polymerization has
been preferred over other techniques for the synthesis of PAni nanofibers because
this technique is very simple and gives a good yield of high quality PAni
nanofibers without the use of any template.

Polyaniline (PAni) nanofibers doped with dopant acids viz., hydrochloric
acid (HCI) and camphor sulfonic acid (CSA) have been synthesized using the
interfacial polymerization technique [155, 324]. The block diagram for the

synthesis of PAni nanofibers by interfacial polymerization in shown in Fig. 3.1.

An organic solution of aniline An aqueous solution of dopant
(Aniline+CCl and oxidant
4

Heterogeneous biphasic system formed
INTERFACIAL POLYMERIZATION
(Reaction is allowed to stand still for 24 hrs)

PAni nanofibers collected from the aqueous solution

PAni nanofibers are then washed with double distilled
water, methanol, filtered several times and dried

Figure 3.1: Block diagram for the synthesis of polyaniline nanofibers using interfacial
polymerization

It is known from the early years of conducting polymer research that
polyaniline fibrils of ~ 100 nm in diameter can be synthesized “naturally” during
electropolymerization on the surface of the electrodes [144, 166]. Recent works
indicates that uniform polyaniline nanofibers can be obtained without the need
for any template simply by controlling the electrochemical polymerization
kinetics [166]. It has been discovered that the basic morphological unit for
chemically synthesized polyaniline also appears to be nanofibers with diameters

of tens of nm [330]. The secondary overgrowth of polyaniline on the initially
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formed nanofiber scaffolds is responsible for the formation of micron sized
particulates of PAni in the final product [329]. Interfacial polymerization is a
method by which this secondary overgrowth can be restricted and high quality
nanofibers can be obtained.

In interfacial polymerization, a heterogeneous biphasic (organic-aqueous)
system is formed by gently pouring an aqueous solution of the dopant and
oxidant over an organic solution of the monomer or vice-versa depending on the
difference in density between the two phases. However, it is preferred to have the
aqueous phase above the organic phase mainly because of the fact that it is easier
to collect the PAni nanofibers formed during the reaction. Since the as formed
polyaniline product is synthesized in its hydrophilic emeraldine salt form, it
diffuses away from the reactive interface into the aqueous layer. This makes more
reaction sites available at the interface and suppresses lateral overgrowth. In this
way, the nanofibers formed at the interface are collected from the aqueous phase

without severe secondary overgrowth.

3.3. Synthesis of polyaniline nanofiber reinforced PVA

nanocomposites

Polyaniline nanofiber reinforced PVA nanocomposites have been
synthesized using an in-situ rapid mixing polymerization. The block diagram
depicting the synthesis procedure of PAni nanofiber reinforced PVA
nanocomposites films is shown in Fig. 3.2. The process for preparing the PAni
nanofiber reinforced polymer nanocomposite films consists of making an aqueous
solution of the non-conducting polymer (PVA) and a plasticizer. A definite
amount of HCl is added to the solution in order to make its pH less than or equal
to 3 (three). The monomer aniline and oxidant are added simultaneously in the
molar ratio of 2:1 and the obtained solution is rapidly stirred using a magnetic
stirrer. The colour of the clear solution gradually changes to green indicating the
formation of PAni nanofibers. The solution is then heated at around 50°-60° C
(323-333 K) to make the solution viscous, subsequently it is cast into petri-dish
and the solvent is allowed to evaporate slowly giving transparent green films of

the PAni nanofiber reinforced PVA nanocomposite.
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Polyvinly alcohol (PVA) is dissolved in 100 ml DD water at
80°C

Glycerol is added at a definite concentration and the
solution is allowed to cool down to room temperature

Definite amounts of aniline, HCI and oxidant are added to the
solution all at the same time and stirred rapidly for 24 hours

The green coloured solution is then heated to make the
solution viscous and casted into glass plates and petridishes

Figure 3.2: Block diagram for the synthesis of polyaniline nanofiber reinforced PVA

nanocomposites
3.4. Swift Heavy Ion (SHI) irradiation

Swift heavy ion (SHI) irradiation experiments have been carried out in the
Material Science (MS) beam line at Inter University Accelerator Centre (IUAC),
New Delhi under ultrahigh vacuum ~10 Torr. The swift heavy ions having high
energies (> 1 MeV/u) are provided by the 15 UD Pelletron accelerator at IUAC
[406].

The schematic view of the 15 UD Pelletron at IUAC and its different parts
are shown in Fig. 3.3. It is basically a tandem electrostatic Van de Graff type
accelerator, in vertical configuration, which can go upto a maximum terminal
voltage of 16 MV and capable of accelerating any ion from proton to uranium
upto an energy of around 200 MeV depending upon the suitable negative ion
source and the charge state. The pelletron accelerator consists mainly of two parts:
(a) ion source and (b) the accelerating column with many auxiliary parts in
between. In the top portion of the tank there are three different ion sources, viz.,
R.F. source (ALPHATROSS), Source of Negative Ions by Cesium Sputtering
(SNICS) and direct extraction negative ion source (Duoplasmatron), which can
produce different negative ions to be injected in pelletron tank. These three ion

sources working on three different principles can produce almost every type of
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negative ions. Duoplasmatron works on the principle of gas discharge, SNICS

uses surface ionization and R.F. source utilizes high frequency gas discharge.

Injector Deck
Interchangable Injector Magnet
Ion Sources (=
©+ -ve Ion
Ion Accelerating Tube
I lof
| (I Accelerator Tank
High Voltage Terminal e
"
= Charge Stripper
Sulfurhexaflouride —— | ® i
——— Equipotential Rings
e LT
Péllet Chains —+— | /
\ O1— + ve Ion

EI:—_AEIYS" Magnet
D To Switching Magnet

Figure 3.3: Schematic diagram showing the principle of acceleration of ions in a Pelletron
(Courtesy: http;/ www.iuac.res.in/infrastructure/accelerators /pelletron/index.htm)

The negative ions emerging from the ion source are first accelerated to 250
keV by the high voltage deck potential and different optical elements focus and
inject the same into the vertical accelerating tube. The injector magnet does mass
selection by bending the ions by 90° and then injects them into the accelerating
tube. The singly ionized negative ions then follow a vertical downward path and
get accelerated through the accelerating tube path. It consists of a vertical
insulating cylindrical tank of height 26.5 m and diameter 5.5 m, filled with SF;
(Sulphur hexafluoride) at high pressure (> 200 psi) as an insulating gas. In the top
portion of the tank there is an ion source system consisting of a high negative
potential deck, SNICS, vacuum system, power supplies and controls of the ion
source required to produce and inject the negative ions into accelerating tank. The
ion source system is followed by the high voltage accelerating terminal of height
3.18 m and diameter 1.52 m inside the tank. The terminal is connected to the tank
vertically through ceramic titanium tubes called accelerating tubes. A potential
gradient is maintained through these tubes from high voltage to ground, from top
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of the tank to the terminal as well as from the terminal to the bottom of the tank.
The insulating column which supports the high potential terminal consists of
thirty 1 MV modules, 15 on either side of the terminal. The upper portion of the
column is referred to as low energy section and the portion below the terminal as
the high energy section. The shorted section with no potential gradient,
commonly known as the Dead Section, is provided each in the low and high
energy sections for equipment housing. Both are provided with an electron trap
and a sputter ion pump. The low energy dead section (LEDS) is also provided
with an electrostatic quadrupole lens while the high energy dead section (HEDS)
is equipped with a second foil striper assembly. A shorting rod system is also
provided for temporarily shorting selected column modules without entering the
pressure vessel. Two insulating shafts run one from each ground end to the
terminal and are used to drive four 400 cycle per second (cps) generators, which
provide power for the equipments like heater lenses, pumps, foil changer etc.,
housed in the column, dead sections and terminal. The charging of high voltage
terminal to 15 MV is done by using the pelletron charging chains. There are two
independent sub systems with one charging chain in each, so that each chain is
required to supply 100 zA current. Negative ions from the ion source are focussed
by different optical instruments and then injected by the injector magnet into
accelerator with some small energy (>>300 KeV) provided by the negative
potential deck at the ion source. In the terminal, negative ions are stripped off few
electrons by the positive ions which are again accelerated as they proceed towards
the bottom of the tank at the ground potential.

The beam energy gained by the ion in the accelerating tube at the end of
the tube is determined by,

Epn = (g +1YV; (31)
where 7, is the terminal voltage, g is the number of positive charges on the ion
after stripping. These high energy ions were analyzed to the required energy with
the help of 90° bending magnet known as analyzer magnet and directed to the
desired experimental area with the help of switching magnet which can deflect
the beam into any one of the seven beam lines in the beam hall for the

experiments.
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Fig. 3.4 (a, b) shows the Materials Science (MS) beam line and the samples
loaded in a ladder. For ion irradiation, the samples of area lcm X lcm are
mounted on a sample holder (ladder) made up of copper. The ladder in the
Material Science (MS) chamber is rectangular and 24 samples can be loaded with
six samples on each side at a time. After sample loading the ladder is inserted in
the MS vacuum chamber. Vacuum inside the irradiation chamber is maintained
with the help of a rotary and turbo-molecular pump at ~10% torr during
irradiation. All the samples in the present work have been irradiated at normal

beam incidence.

Figure 3.4: Photographs of (a) the high vacuum irradiation chamber in the Materials
Science (MS) beam line at IUAC and (b) sample loaded in the ladder used for irradiating

the samples

3.4.1. Parameters related to lon beam

3.4.1.1. Fluence

One of the most important parameter related to ion beams during swift
heavy ion (SHI) irradiation is the fluence. Fluence(¢) is defined as the total
number of irradiating ions incident per square centimeter (ions/cm?) of the
sample. Fluence of an ion beam depends upon the time of irradiation (f), beam

current and charge state according to following relation:

Fluence (¢)= [Time (t) x Beam current x pnA]/Charge state (3.2)
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Beam currents for ion irradiation experiments are usually taken in the

range of 1-5 nA.

_ 107° Coul.sec™
1.6 x 107 Coul

= 6.25 x 107 particles/sec (3.3)

1 pnA (particle nano-ampere)

3.4.1.2. Count

The fluences during the irradiation have been recorded by using a counter.

Following relation relates the counts and the fluence

Counts= % (3.4)
where ¢ is the fluence, g is the charge state of the ion beam, e is the electronic
charge (1.6 x 101° Coulomb) and S is the scale of the counter.
3.4.1.3. Beam energy

The energy of the accelerated ion beam depends on charge state (g) of the
ion and the terminal voltage Vt according to the relation

E(MeV)=(g+1)V; +V,, (3.5)

For the 15 UD pelletron at Inter University Accelerator Centre, New Delhi,
India, the terminal potential Vr is in the range of 10 MV to 15 MV and injector
potential (Vi) is in the range of 250 to 350 keV. The projected range of O7* ion
beam used in the present work has been calculated using the SRIM-2007 code
(SRIM-Stopping Ranges of Ions in Matter) [407].

Table 3.2: SRIM data for O”* ions in different PAni based nanostructured materials

PAni based Ion Energy Se Sn Projected
nanostructured (MeV) (eV/ A) (eV/ A) Range
materials (um)
PAni nanostructures 4.739E+01 2.673E-02 124.55
PAni nanofiber o7+ 90
reinforced PVA 4490E+01 2.546E-02 131.78
nanocomposites

Table 3.2 gives the incident energy, corresponding electronic energy loss
(Se), nuclear energy loss (Sn) and projected range obtained from SRIM-2007 code
for O7* ion beam in the polyaniline (PAni) based nanostructured materials that are

investigated in the present work.
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3.5. Characterization techniques

3.5.1. Electron microscopy

The tremendous advancement in the field of nanoscience and
nanotechnology can mainly be associated with the development of sophisticated
instruments capable of characterizing the nanomaterials. Electron microscopy is
the most efficient technique for investigating the structural and morphological
details of nanomaterials.
3.5.1.1. Transmission electron microscopy

Transmission electron microscopy (TEM) is the premier tool for
understanding the internal microstructure of materials at the nanometer level.
Electrons have an important advantage over X-rays in that they can be focused
using electromagnetic lenses. One can obtain real-space images of materials with
resolutions on the order of a few tenths to a few nanometers, depending on the
imaging conditions, and simultaneously obtain diffraction information from
specific regions in the images (e.g. small precipitates) as small as 1 nm [408].

Transmission electron microscope (TEM) uses a high voltage electron beam
to create an image. The electrons are emitted by an electron gun, commonly fitted
with a tungsten filament cathode as the electron source. The electron beam is
accelerated by an anode typically at +100 keV (40 to 400 keV) with respect to the
cathode, focused by electrostatic and electromagnetic lenses, and transmitted
through the specimen that is in part transparent to electrons and in part scatters
them out of the beam. When it emerges from the specimen, the electron beam
carries information about the structure of the specimen that is magnified by the
objective lens system of the microscope. The spatial variation in this information
(the “image”) is viewed by projecting the magnified electron image onto a
fluorescent viewing screen coated with a phosphor or scintillator material such as
zinc sulfide. The image can be photographically recorded by exposing a
photographic plate directly to the electron beam, or a high-resolution phosphor
may be coupled by means of a lens optical system or a fibre optic light-guide to
the sensor of a CCD (charge-coupled device) camera. The image detected by the

CCD may be displayed on a monitor or computer. Resolution of the TEM is
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limited primarily by spherical aberration, but hardware correction of spherical
aberration has allowed the production of images with resolution below 0.5 A (50
pm) at magnifications above 50 millions [409].

The TEM studies have been carried out using JEOL JEM 100 CX Il
transmission electron microscope installed at the Sophisticated Analytical
Instrumentation Facility (SAIF), North-Eastern Hill University (NEHU), Shillong,
Meghalaya, India shown in Fig. 3.5 (a). The micrographs have been taken at 100
kV accelerating voltage at different magnifications according to need. The

samples have been prepared on carbon coated copper grids for viewing under

TEM.

Figure 3.5: (a) Transmission electron microscope (JEOL JEM 100 CXII) at SAIF, NEHU,
Shillong and (b) Scanning electron microscope (JEOL JSM 6390 LV) installed at Tezpur

University used for acquiring electron micrographs in the present work.
3.5.1.2. Scanning electron microscopy

The scanning electron microscope (SEM) is one of the most widely used
instruments in materials research laboratories and is common in various forms in
fabrication plants. The SEM study has been carried out using a JEOL JSM 6390 LV
model scanning electron microscopy [shown in Fig. 3.5 (b)] installed at Central

Instrumentation Facility (CIF), Tezpur University, Assam, India to examine the
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surface morphology and porosity. The micrographs have been taken at an
accelerating voltage varying between 5-15 kV and magnification is fixed
according to need from 2000X to 10000X. The samples have been coated with
platinum and placed on carbon tape before viewing.

Scanning electron microscopy is central to microstructural analysis and
therefore important to any investigation relating to the processing, properties, and
behaviour of materials that involve their microstructure. The SEM provides
information relating to topographical features, morphology, phase distribution,
compositional differences, crystal structure, crystal orientation, and the presence
and location of electrical defects [410]. The SEM electron beam is a focused probe
of electrons accelerated to moderately high energy and positioned onto the
sample by electromagnetic fields. The SEM optical column is utilized to ensure
that the incoming electrons are of similar energy and trajectory. These beam
electrons interact with atoms in the specimen by a variety of mechanisms when
they impinge on a point on the surface of the specimen. For inelastic interactions,
energy is transferred to the sample from the beam, while elastic interactions are
defined by a change in trajectory of the beam electrons without loss of energy.
Since electrons normally undergo multiple interactions, the inelastic and elastic
interactions result in the beam electrons spreading out into the material (changing
trajectory from the original focused probe) and losing energy. This simultaneous
energy loss and change in trajectory produces an interaction volume within the
bulk. The signals resulting from these interactions (e.g. electrons and photons)
will each have different depths within the sample from which they can escape due
to their unique physical properties and energies.

Lenses in the SEM are not a part of the image formation system but are
used to demagnify and focus the electron beam onto the sample surface. This
gives rise to two of the major benefits of the SEM: range of magnification and
depth of field in the image which allows surfaces at different distances from the
lens to appear in focus, and provide three dimensional information [410].

The interaction of high energy electrons with the sample results in the
generation of Backscattered electrons (BSEs) and Secondary Electrons (SEs). BSEs

are electrons from the incident probe that undergo elastic interactions with the
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sample, change trajectory, and escape the sample. These make up the majority of
electrons emitted from the specimen at high beam voltage and their average
energy is much higher than that of the SEs. The intensity of the BSE signal is a
function of the average atomic number (Z) of the specimen, with heavier elements
(higher Z samples) producing more BSEs. The BSE intensity and trajectory are
also dependent upon the angle of incidence between the beam and the specimen
surface. The topography or physical features of the surface are then imaged by
using these properties of the BSE signal to generate BSE topographic images.
Secondary electrons (SEs) of low energy (typically 2 to 5 eV), on the other hand,
are due to inelastic interactions and are influenced more by surface properties
than by atomic number. The SE is emitted from an outer shell of a specimen atom
upon impact of the incident electron beam. The depth from which SEs escape the
specimen is generally between 5 and 50 nm due to their low energy. Secondary
electrons are generated by both the beam entering the specimen and BSEs as they
escape the specimen; however, SE generation is concentrated around the initial
probe diameter. Secondary electron intensity is a function of the surface
orientation with respect to the beam and the SE detector and hence produces an

image of the specimen morphology [410].
3.5.2. Powder X-ray diffraction (XRD)

X-ray scattering and spectroscopy methods can provide a wealth of
information concerning the physical and electronic structure of crystalline and
non-crystalline materials in a variety of external conditions and environments. X-
ray powder diffraction is one of the most widely used probes for crystal structure
determination. This technique is based on the scattering of X-rays by crystals
governed by the Bragg’s law. Powder X-ray diffraction is used to determine the
atomic structure of crystalline, semi-crystalline and amorphous materials without
the need for large (~100 gm) single crystals. X-ray diffraction patterns give
information about crystal structure parameters like crystallite size (domain length
in case of semi-crystalline polymers), d-spacing, diffraction planes, structure,
phase and lattice constants. In addition to the crystal structure, XRD is applied for
various other purposes such as chemical analysis, stress, strain, particle size

measurements, phase equilibrium, determination of orientation for single crystals
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or the ensemble of orientations in a polycrystalline or polymeric aggregate, order-
disorder transformation etc. The intensities and angles of the diffracted X-ray
beams are related to the atomic arrangement of the crystal. In case of polymeric
materials, XRD is used to determine the proportions of the crystalline and
amorphous phases in terms of the degree of crystallinity. X-ray diffraction is also
used to determine the domain length in case of polymers. Polymers are semi-
crystalline materials. Their crystallinity is attributed to chain folding or to the
formation of single or double helices, for at least part of their chain length [411].
This local range of order in polymer chains is referred to as the domain length (L)
and can be in the range of angstroms (A). The X-ray diffraction patterns for the
polyaniline (PAni) based nanostructured materials reported in the present work
have been recorded using a Rigaku Miniflex diffractometer with Cu K, radiation
(A = 1.5406 A) shown in Fig. 3.6. The angular range spread over the region
between 10° and 70° in 26, in steps of 0.05°. The X-ray diffraction patterns have
been used to determine the d-spacings, domain length (L), strain (g), and the
degree of crystallinity. The methodology adopted for the quantitative estimation
of these structural details of the PAni based nanostructured materials specifically

the d-spacings, domain length (L), strain (g) and the degree of crystallinity are

discussed in the next two subsections (Sections 3.5.2.1 and 3.5.2.2).

Figure 3.6: Rigaku Miniflex X-ray diffractometer installed at the Department of Physics,

Tezpur University
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3.5.2.1. Calculation of d-spacing, domain length (L) and strain (¢)

The d-spacings have been deduced from the angular position 26 of the
observed peaks in the X-ray diffraction patterns of the PAni based nanostructured
materials, according to the Bragg’s formula

A =2dsinf (3.6)

Line broadening in the X-ray diffraction patterns may be attributed to two
major factors: the size and strain components. The former depends on the size of
coherent domains (or incoherently diffracting domains), which is not limited to
the grains but may include effects of stacking and twin faults and sub-grain
structures (small-angle boundaries, for instance); and the latter is caused by any
lattice imperfection (dislocations and different point defects) [412]. The theory is
quite general and has been successfully applied to all forms of materials,
including oxides and polymers [413].

In the present work, the domain length (L) and strain (¢) of the PAni based
nanostructured materials have been calculated using a single line approximation
technique employing Voigt function [414]. The measures of dispersion used in
earlier studies of crystal imperfections by means of diffraction broadening have
been the width of the line profile at half the maximum intensity (FWHM, 2w) and
the integral breadth (). However, uncertainties arising from the correction of the
instrumental broadened in the profile have led to the introduction of the Fourier
and variance methods [415]. These methods allow a detailed and accurate analysis
of imperfections to be undertaken, but are solely dependent on the quality of the
data, necessary expertise and computing facilities that are available to analyse the
data.

A limitation in the use of the FWHM or integral breadth is the need to
ascribe an analytical function to the line profiles. Earlier workers have assumed
that they are Cauchy (Lorentzian) or Gaussian in form, but it has been
demonstrated later on [416] that a closer approximation is given by the
convolution of these curves, namely the Voigt function. The Voigt function has
been adopted by many groups for an analysis of diffraction broadening based on
the integral breadth of a single line and the approach has also been used to obtain

the domain size and strain in deformed tungsten [414 and refs. therein]. An
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explicit equation for the Voigt function has been introduced by Langford in 1978
[417], which shows that the breadths of the Cauchy and Gaussian components can
easily be found from the ratio of the FWHM of the broadened profile to its
integral breadth (2w/p). Later on Keijser et al. [414] reported that graphical
methods or interpolation from tables can be avoided by using empirical formulae
and thus the required calculations can be simplified greatly. While it is always
desirable to use data from several reflections whenever practicable, the method
can be used in single-line analysis.

The measured line profile h is the convolution of the standard profile g
with the structurally broadened profile f. Assuming, h, f and g to be Voigt
functions [417], we get,

he =8c® fc and hg = g; ® fc 3.7)
where subscripts C and G denote the Cauchy and Gaussian components of the

respective Voigt profiles. From Eq. (3.7) it follows that the integral breadths of f.
and f., are given by

BL = B - B and (BL)* =(Bg)* - (BE)’ (3-8)

The constituent Cauchy and Gaussian components can be obtained from
the ratio 2w/p for the h and g profiles. However, to avoid graphical methods or
interpolation from tables, an empirical formula has been given as [414]:

Be = (2, + 0,0 + 2,0%) B (3.9)

and
5 \V2
Be= {bo + blz((o - ;) +bp+ bz(pﬂﬂ (3-10)

where ¢ = 2%, a, =2.0207, a, =-0.4803, a, =-1.7756, b, =0.6420, b , =1.4187,

b, =-2.2043 and b, =1.8706.

The maximum error introduced by Egs. (3.9) and (3.10) is about 1%, and in
the majority of cases the error is much less than this. In order to separate size and
strain effects, it has been assumed that the size and strain profiles have a Voigtian
profile. If two or more reflections are available, size and strain effects can be

determined from the variation of 8/ and g/ with hkl [417]. However, in a single-
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line analysis it is assumed that the Cauchy component of the f profile is solely due
to crystallite size (domain length in case of polymers) and that the Gaussian
contribution arises from strain [418]. In a single-line analysis the apparent
crystallite or domain length (L) is given by [414]:

A
= 3.11
BL cosb (3.11)
and the strain (¢) is given as
f
= Be (3.12)
4tan @

where S is measured on a 26 scale and, if K, radiation is used, 4 and 6 are the

wavelength and angular position of the @, component.
3.5.2.2. Degree of crystallinity

Domain length (L) is a measure of the local range of order (ordering in a
single polymer chain) of a polymer whereas the overall ordering in the polymer
samples are generally described in terms of the degree of crystallinity. The degree
of crystallinity gives quite a good estimation of the amount of crystalline phase
present in a polymer sample. A typical X-ray diffractogram for a polymeric
material consist of a broad amorphous hump superimposed with some sharp
peaks as shown in the Fig. 3.7 (a). The total area under the diffractogram is the
sum of the crystalline peaks and broad amorphous hump.

If a typical X-ray diffractogram has two crystalline peaks with areas K1 and
K> superimposed on a broad amorphous hump with an area K3 as shown in Fig.
3.9 (b), then the degree of crystallinity (x ) of the polymer will be

= ac(K; +K,)
ac(K; +K,)+a,K,

(3.13)

where a.anda, are proportionality constants for the crystalline and amorphous
phases, respectively. Assuming a.=a, for reasonable accuracy in polymers, the

Eq. (3.13) for the degree of crystallinity may be written as
K, +K, K

K=——1 22 o (3.14)
K, +K,+K, K,

In order to express the degree of crystallinity in the form of percentage, the
above Eq. (3.14) can be modified as
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e RaitKe 000 = K L1009 (3.15)
K, +K, +K, K

where K is the sum of the areas of all the crystalline peaks in the diffractogram

and K, is the total area under the diffractogram. In the present work the area has

been calculated by dividing the X-ray diffractogram into minute square grids
(0.5x 0.5 mm?) and counting the number of grids. The degree of crystallinity of a
polymer is affected by the secondary valence bonds that can be formed, the
structure of the polymer chain (range of order), the physical treatment and the

molecular weight of the polymer.
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Figure 3.7: (a) Typical X-ray diffractogram of a semi-crystalline polymer and (b) XRD

patterns showing the superposition of crystalline peaks and an amorphous hump.
3.6.3. FTIR spectroscopy

Infrared spectroscopy has been a workhorse technique for analysis of
materials in the laboratory for over seventy years. Fourier Transform Infrared
Spectroscopy (FTIR) is a powerful analytical tool for characterizing and
identifying organic molecules, chemical bonds (functional groups) and the
molecular structure of organic compounds. Fig. 3.8 describes the layout of a

simple FTIR spectrometer. The key modules of a FTIR spectrometer are the
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source, the Michelson interferometer and the detector. To use the FTIR
instrument, the IR radiation from a continuous source is directed onto the sample
of interest and the intensity is measured using an infrared detector. The
Michelson interferometer provides the means for the spectrometer to measure all
optical frequencies simultaneously. The interferometer modulates the intensity of

the individual frequencies of radiation before the detector picks up the signal.

Beamsplitter

v Mirror

IR Source Mirror
. )

il
Optical Path

.
Sample

-
-<

A\ 7

Sample Compartment

Figure 3.8: Layout of a simple FTIR spectrometer

Part of the infrared radiation is absorbed by the sample and the rest is
transmitted. The wavelength of infrared radiation absorbed is characteristic of
stretching/bending vibrational modes of a chemical bond. The most useful range
for identification of the compounds is the near and mid-infrared region as most of
the molecular vibrations lie in these frequency regions. The resulting spectrum
represents the molecular absorption and transmission, creating a molecular
fingerprint of the sample with absorption peaks which correspond to the
frequencies of vibrations between the bonds of the atoms making up the material.

Because each material is a unique combination of atoms, no two compounds
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produce exactly similar infrared spectra. Therefore, infrared spectroscopy can
result in a positive identification (qualitative analysis) of different kind of
materials. A single vibrational energy change is accompanied by a number of
rotational energy changes, consequently vibrational spectra appear as bands
rather than as discrete lines. Band positions are presented as wave numbers (in
cm?). Band intensities are expressed either as transmittance ‘T’, the ratio of the
radiant power transmitted by the sample or the absorbance ‘A’, logarithm to the
base 10 of the reciprocal of the transmittance, A = logio(1/T). Determination of
frequencies, at which the sample absorbs IR radiation, allows the identification of
the sample’s chemical make-up, since functional groups are known to absorb
radiation at specific frequencies. In addition, the size of the peaks in the spectrum
is a direct indication of the amount of material present. With modern software
algorithms, infrared is an excellent tool for quantitative analysis.

The FTIR spectroscopy study of the polyaniline (PAni) based
nanostructured materials have been conducted for understanding the bond
structure, compositional and doping studies of the conducting polymers. The
FTIR spectra have been recorded using a Perkin Elmer spectrum 100
spectrophotometer installed at Tezpur University, Assam, India.

3.5.4. Ultraviolet-Visible (UV-Vis) spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy is one of the more ubiquitous
analytical and characterization techniques in materials science. Ultraviolet and
visible photons are energetic enough to promote valence electrons to higher
energy states in molecules and materials. UV-Vis absorption spectroscopy
provides key information about the electronic transitions and hence the electronic
structure of the material. There is a linear relationship between absorbance and
absorber concentration, which makes UV-Vis spectroscopy especially attractive
for making quantitative measurements. Ultraviolet-visible absorption
spectroscopy involves the absorption of ultraviolet/ visible light (wavelengths (1)
between 190 and 900 nm) by a molecule raising electrons from a ground/lower
electronic state to an excited/higher electronic state.

In organic molecules and polymers, the UV-Vis spectrum can help in

identifying chromophores and the extent of electronic delocalization [419].
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information about oxidation states, electronic structure, and metal-ligand
interactions. For solid materials, the UV-Vis spectrum can measure the band gap
and identify any localized excitations or impurities [410].

There are several types of electronic transitions possible in a molecule
including: o to o* (alkanes), 0 to 7* (carbonyl compounds), 7 to 7* (alkenes,
carbonyl compounds, alkynes, azo compounds), # to ¢ (oxygen, nitrogen, sulphur
and halogen compounds) and 5 to 7% (carbonyl compounds). Transitions from the
highest occupied molecular orbital (HOMO) to the lowest occupied molecular
orbital (LUMO) require the least amount of energy and are, therefore, usually the
most important. Some electronic transitions are “forbidden” by certain selection
rules.

UV-Vis  spectroscopy studies of the polyaniline (PAni) based
nanostructured materials have been carried out for the study of optical absorption
characteristics and hence the energy band structure using a Shimadzu model UV-
2450 spectrophotometer as shown in the Fig. 3.9 (a). Pristine and irradiated PAni
nanofibers have been dispersed in milli-Q water in a quartz cuvette before taking
UV-Vis measurements. The UV-Vis spectra of the PAni nanofibers reinforced

nanocomposites films over glass substrates have been acquired after subtraction

of glass background.

Figure 3.9: Photographs of (a) UV-Visible spectrophotometer (ShimadzuldlV-2450)
installed at Departinent of Physics, Tezpur University and (b) The Renishaw in-Via
Raman microscope installed at [UAC, New Delhi.
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3.5.4.1. Calculation of optical band-gap

The optical absorption coefficient (o) has been calculated from the
absorbance (A) using Egs. (3.16 and 3.17) after correction for reflection:

I =1, exp(-ax) (3.16)

Eq. (3.16)) may be written as

, - 2308 log( 1 J ) [2.303] M (317)
x I, x

where x is the thickness of the sample; and A is the absorbance

If we consider d to be the thickness of the quartz cuvette used for the UV-
Vis experiments then the equation for the absorption co-efficient [Eq. (3.17)] may
be modified as:

a= 2.303(%) (3.18)

The optical band gap may be evaluated for the values of the absorption

coefficient using the following relation:
A,(hv-E_ )"
(04 =ZC{l =Z—-——l( gl) (319)
. hv
where the value of E, and m, correspond to the energy and the nature of the

particular optical transition with absorption coefficient «,.

For allowed direct, allowed indirect, forbidden direct and forbidden

indirect transitions, the value of m, corresponds to 1/2, 2, 3/2 and 3, respectively

[421]. In an allowed direct transition the electron is simply transferred vertically
from the top of the valence band to the bottom of the conduction band, without a
change in momentum (wave vector). On the other hand, in materials having an
indirect band gap, a transition from the valence to the conduction band must

always be associated with a phonon of the right magnitude of crystal momentum.
3.5.5. Micro-Raman (uR) spectroscopy

In the present work, the micro-Raman (uR) spectra of the polyaniline
(PAni) based nanostructured materials have been acquired using a Renishaw in-
Via Raman microscope with Ar ion laser and excitation wavelength of 514.5 nm.

The power has been varied from 0.5-1.0 mW and exposure time from 10-20 s
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according to the requirement of the sample analysed. Fig. 3.9 (b) shows the
Raman microscope installed at Inter University Accelerator Centre (IUAC), New
Delhi.

Raman spectroscopy is based on the inelastic scattering of light by matter
and is capable of probing the structure of gases, liquids, and solids, both
amorphous and crystalline. In addition to its applicability to all states of matter,
Raman spectroscopy has a number of other advantages. It can be used to analyze
tiny quantities of material (e.g., particles that are ~1 mm on edge), as well as
samples exposed to a variety of conditions such as high temperature and high
pressure and samples embedded in other phases, so long as the surrounding
media are optically transparent [410].

Raman scattering results from incident radiation induced transitions in the
atoms/molecules of the scattering medium. The transition can be rotational,
vibrational, electronic, or a combination (but first-order Raman scattering involves
only a single incident photon). In a Raman experiment, the sample is irradiated
with monochromatic radiation. If the sample is transparent, most of the light is
transmitted, a small fraction is elastically (Rayleigh) scattered, and a very small
fraction is inelastically (Raman) scattered. The inelastically scattered light is
collected and dispersed, and the results are presented as a Raman spectrum,
which plots the intensity of the inelastically scattered light as a function of the
shift in wavenumber of the radiation. Each peak in the spectrum corresponds to
one or more vibrational modes of the solid. Total number of peaks in the Raman
spectrum is related to the number of symmetry- allowed, Raman active modes.
Some of the modes may be degenerate and some may have Raman intensities that
are too low to be measured, in spite of their symmetry allowed nature.
Consequently, the number of peaks in the Raman spectrum will be less than or
equal to the number of Raman active modes. The practical usefulness of Raman
spectroscopy resides largely in the fact that the Raman spectrum serves as a
fingerprint of the scattering material.

The challenge for the so-called nanotechnologies is to achieve perfect
control of nanoscale related properties. This obviously requires correlating the

parameters of the synthesis process (self assembly, microlithography, sol-gel,
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polymer curing, electrochemical deposition, laser ablation) with the resulting
nanostructure. Not all conventional techniques are suitable for that purpose but
Raman Spectroscopy (RS) has proven to be quite useful for that purpose. For quite
a long time this technique has mainly been devoted to fundamental research, but
instrumental progress (laser miniaturization, CCD detection, notch filters and
data processing softwares) have rendered it a general characterization method.
Not only can it provide basic phase identification but subtle spectra alterations
can be used to assess nano-scale structural changes and characterize

micromechanical behaviour [410].
3.5.6. Current-Voltage (I-V) characteristics

The accurate determination of a material’s conductivity is critical for
understanding material composition or device performance. The method used to
determine conductivity depends on whether the material is a bulk sample or a
thin film. Two-point measurement using an inexpensive ohmmeter is perhaps the
simplest approach for the measurement of conductivity in case of bulk samples,
although its accuracy is limited and fairly large samples are required. A current-
voltage (I-V) characteristic is a relationship, typically represented as a chart or
graph, between an electric current and a corresponding voltage, or potential
difference. The conductivity or resistivity of a bulk sample is based on accurate
measurement of both resistance and the sample dimensions. The resistance is the
ratio of the voltage measured across the sample to the current driven through the
sample or of the voltage applied across the sample to the measured current.

For a homogeneous bar of length, L, and uniform cross-section, A, the

resistance, R, is related to the resistivity, p, by

R=PL/, (3.20)

I-V characteristic curves are used to model the behavior of electronic
devices such as bipolar junction transistors (BJTs), heterojunction bipolar
transistors (HBTSs), junction field effect transistors (JFETs) and various kinds of
diodes such as Zener, rectifying, Schottky, laser, light emitting diodes etc. I-V
characteristics of the samples investigated in the present thesis have been studied

using a Keithley 2400-C source meter interfaced with a PC using a GPIB port as
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shown in the Fig. 3.10 (a). The 1-V characteristic curves acquired using 2-point
probe has been used to determine the resistivity and the conductivity of the

samples of a particular thickness and length.

(a)

o jene e

3 ~

=
»
-
»
==
.
- &
-
-
]

Figure 3.10: Photographs of (a) Keithley 2400-C source meter and (b) HIOKI 3532-50
LCR HiTESTER installed at Materials Research Laboratory, Department of Physics,

Tezpur University
3.5.7. Dielectric relaxation spectroscopy

Dielectric relaxation spectroscopy has been widely employed to investigate
the charge transport mechanism and relaxation phenomenon in conducting
polymers [422, 423]. The overall electric behaviour can be studied by employing
different formulations such as the complex impedance Z°, complex permittivity
¢  and complex modulus M as discussed in the next subsections. In the present
work, a Hioki 3532-50 LCR meter connected with stainless steel circular electrodes
(radius=0.5 cm) [Fig. 3.10 (b)] has been used to acquire the data for complex
impedance (Z), phase angle (), capacitance (C), and other parameters have
been calculated from the acquired data using different transformation equations.

In general, the ac electric response is a superposition of the dielectric
response of the bound charges (dipoles) along with the hopping of the localized
charge carriers and to the response produced by the molecular structure
deformations due to the diffusion of charge carriers [422]. Different types of
polarization mechanisms can co-exist in the same material. Besides the
conductivity and dipolar polarization, there are electrode effects, interfacial effects
and space charge relaxations. The correct interpretation of the experiments is

obtained by verifying the reliability and physical grounding of the model by
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which the fitting procedure is carried out. The dielectric function &” is used to
study the polarization mechanisms, whereas the complex impedance Z* and the
electric modulus M’ usually are used to describe the conductivity relaxation
mechanisms of the materials [424].
3.5.7.1. Permittivity formalism

The real (¢') and imaginary (¢") part of the complex permittivity (") is
calculated from the measured values of the capacitance (C) and the loss tangent
(tan$ ) using the Egs. 3.21 and 3.22, respectively.

& = CdJe, A (3.21)

e"=¢'tand (3.22)
where C is the measured capacitance, 4 is the thickness of the sample, A is the area

of the pellet and, ¢, is the permittivity of free space.
3.5.7.2. Impedance formalism

The real (Z') and imaginary part (Z") of the complex impedance (Z") can
be written as:

Z' =|Z|cos(g) (3.23)

and Z"=|Z|sin(g) (3.24)

n

Z and |Z)=Z7+ 22 .

’

where, phase angle ¢ = tan™

- The real (Z') and imaginary part (Z") of the complex impedance (Z") has
been calculated according to the Egs. (3.23) and (3.24) using the measured values
of |Z| and phase angle (¢ ) over the frequency range of 50 Hz -5 MHz acquired by
the HIOKI LCR meter.
3.5.7.3. Modulus formalism

Complex electric modulus or inverse complex permittivity (M") is defined
by the equation,

M' B 1 B 1 B £i2 ) 8"
T T T S ERY "2 +] 12 ”2
£ £ —]8 £ +E& g +€

=M+ M’ (3-25)

where j=+~1 and M' and M" are the real and the imaginary part of complex

modulus (M"), respectively, which have been calculated by transforming the data
obtained for the real and imaginary parts of permittivity using the Eq. (3.25).
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3.5.8. AC conductivity measurements

The variation in AC conductivity of the PAni based nanostructured
materials as a function of frequency and temperature have been derived using the

measured values of the conductance G(w)according to the Eq. (3.26). The values

of conductance have been acquired using the HIOKI LCR meter [Fig. 3.10 (b)].
o(0) = G(a)).% (3.26)
where d is the thickness and A is the cross-sectional area of the sample.

3.6. Positron Annihilation lifetime spectroscopy

The sensitivity of positrons to lattice defects, particularly vacancy-type
defects, in condensed medium has made it possible to use it extensively as an
atomic level probe to study defects in a wide variety of solids including polymers
[425, 426]. Positron annihilation lifetime (PAL) measurements at room
temperature were carried out at Variable Electron Cyclotron Centre (VECC),
Kolkata, India. A 4 1 Ci 2Na positron source was used as the positron source and
was sandwiched between two identical thick films of PAni nanofiber reinforced
PVA nanocomposites. The sandwich was then placed in between two ultra fast
BaF; scintillators (2.5 cm diameter and 2.5 cm thick) coupled to two XP2020Q
photomultiplier tubes. These scintillation counters grafted into a slow-fast
coincidence assembly constituted the PAL coincidence spectrometer. A time
resolution of 190 ps was achieved in this setup. Not less than 0.5 million total
coincidence counts were recorded in each of the spectra. The lifetime data were

analyzed by using the computer program PATFIT-88.
3.7. Antioxidant activity assay

The antioxidant assays of the material were performed both with respect to
time and concentration of the samples following the method of Serpen et al. [427].
0.2-0.8 mg of the material was applied to 3.0 ml of 100 uM DPPH solution in
HPLC grade MeOH. The reaction mixture was vortexed for 30 secs and incubated
in the dark for 15 min, after which the wavelength scanning was performed using
the Shimadzu 2450 UV-Vis spectrophotometer [Fig. 3.9 (a)]. In order to study the

time dependence of the antioxidant activity the maximum concentration of each
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sample was applied to the 3 ml DPPH solution and the spectra were recorded
with 5 min interval from t = 0 to 30 min. The DPPH degradation was calculated
using the formula:

_ (Ag - Ag)

B

% of DPPH scavenging x 100 (3-27)

where A, is the absorption of the blank and A; is the absorption of the sample.

3.8. Haemolysis prevention assay

The haemolysis prevention activity was studied following the procedure of
Miki et al. [428]. Blood was collected from a slaughter house ethically maintained
by Tezpur local district administration (Assam, India) using 1/10th volume of
3.8% sodium citrate out of the total blood volume. Blood was then centrifuged in
a 50 ml centrifuge tube using an MPW centrifuge at 3000 rpm for 5 min. The
supernatant containing platelet-poor plasma was discarded and the pellet
containing RBC was suspended in 10 volumes of phosphate buffer saline (PBS) of
pH 7.4. The process was repeated two more times to completely remove the buffy
coat of RBC. Finally the cells were suspended in PBS to get a uniform suspension
of cells. The polyaniline nanofiber samples were suspended in PBS at a
concentration of 5 mg/ml and sonicated for 10 min. From the suspension 20 zl of
material was pipetted out into the test tubes. H>O> was added to get 100 uM
concentrations in 3 ml. After allowing the reaction to occur for 5 min, the tubes
were subjected to 3 ml blood and incubated for 1 h at 37° C. After incubation, the
samples were centrifuged at 3000 rpm for 5 min to pellet out RBC cells. The
supernatants were carefully separated using a 1 ml micropipette and used for
absorption studies at 540 nm. The percentage of haemolysis prevention was
calculated using the relation as follows:

A, -A

% of haemolysis prevention = 3 x 100 (3.28)

B

where A, is the absorption of the blank and A; is the absorption of the sample.

3.9. Characterization of QCM based chemical sensors

The characterization of the PAni nanofiber reinforced PVA nanocomposite

modified Quartz crystal microbalance (QCM) sensors have been carried out using
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a QCM set-up. Fig. 3.12 shows the photograph of the experimental set up of a
QCM 200 Quartz crystal microbalance oscillator interfaced with a PC using RS-
232 port for on-line data acquisition. The inset of the figure shows a 5 MHz AT-cut

quartz crystal coated with gold electrodes.

Figure 3.11: Experimental set-up of the Quartz crystal microbalance (QCM) interfaced

with a PC. The inset shows a gold coated quartz crystal oscillator.
3.9.1. Response time of the sensor

Sensors do not change output state immediately when an input parameter
change occurs. Rather, it will change to the new state over a period of time, called
the response time. The response time can be defined as the time required for a
sensor output to change from its previous state to a final settled value within a
tolerance band of the correct new value. This concept is somewhat different from
the notion of the time constant of the system. This term can be defined in a
manner similar to that for a capacitor charging through a resistance and is usually
less than the response time. The response time of the sensor has been determined
using the response characteristic curves for the sensor for different concentration

of the analytes.
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3.9.2. Linearity of the sensor

The linearity of a sensor is an expression of the extent to which the actual
measured curve of a sensor departs from the ideal curve. Linearity is often
specified in terms of percentage of nonlinearity, which is defined as:

Nonlinearity (%) = —DW‘—“I‘Bl x 100 (3.28)
where
Nonlinearity (%) is the percentage of nonlinearity
Din(max) is the maximum input deviation
INgs. is the maximum, full-scale input

The static nonlinearity defined by Eq. (3.28) is often subject to
environmental factors, including temperature, vibration, acoustic noise level, and
humidity. It is important to know under what conditions the specification is valid

and departures from those conditions may not yield linear changes of linearity.
3.9.3. Sensitivity of the sensor

Definitions of sensitivity fall into two contrasting categories. In some fields,
sensitivity is the ratio of response to cause. Hence increasing sensitivity is denoted
by a progressively larger number. In other fields, sensitivity is the ratio of cause to
response. Hence increasing sensitivity is denoted by a progressively smaller
number.

Sensitivity is often defined as the ratio of the magnitude of response to the
magnitude of the quantity measured. Another definition is taken as the minimum
input signal required to produce a specified output signal having a specified
signal-to noise ratio. In general, the sensitivity of the sensor is commonly defined
as the slope of the output characteristic curve (dy/dx) or, more generally, the

minimum input of physical parameter that will create a detectable output change.
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Chapter 4

POLYANILINE NANOFIBERS:
SYNTHESIS, SHI IRRADIATION AND
CHARACTERIZATION

This chapter deals with the synthesis of Polyaniline (PAni) nanofibers by
interfacial polymerization technique and their characterization. A systematic study on the
structure-property relationship of PAni nanostructures has been accomplished by means
of sophisticated characterization techniques and forms a major portion of this chapter.
Morphological, structural and conformational modifications in PAni nanofibers upon

swift heavy ion (SHI) irradiation have also been discussed.

4.1. Introduction

Recently, one dimensional (1D) nanostructures such as nanofibers,
nanowires, nanorods, nanobelts, and nanotubes have attracted considerable
attention of the scientific community owing to their unique applications in
mesoscopic physics and fabrication of nanoscale devices. 1D nanostructures are
ideal systems for investigating the dependence of electrical, thermal and
mechanical properties on quantum confinement and dimensionality. 1D
conducting polymer nanostructures deserve a special mention mainly because
they combine the advantages of organic conductors with low dimensionality.
Polyaniline (PAni) is one of the most extensively studied organic conducting
polymers because of its ease of synthesis, environmental stability, ease of doping
and good processibility. It has been observed that conventional polyaniline
synthesis produces particulate products with irregular shapes. As such many
methods have been developed to shape polyaniline into nanostructures by either

introducing “structural templates” such as nanoporous membranes and micelles
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to the polymerization reaction [146-148, 150, 153, 155, 324] or by post-synthetic
polymer fiber processing technologies such as electrospinning [152]. However, it
has been very difficult to obtain pure, small diameter polyaniline nanofibers (<
100 nm) in desirable quantities. R. B. Kaner and his group discovered that the
basic morphological unit for polyaniline are nanofibers with diameters of tens of
nanometers [330]. It has been observed that in the early stages of the
polymerization reaction these nanofibers are naturally formed and are much
smaller in diameter than most of the templated or electrospun fibers. In
conventional polymerization, overgrowth of polyaniline on these nanofiber
scaffolds leads to the final irregularly shaped micron sized particulates. In order
to separate nanofiber formation from secondary overgrowth two basic approaches
viz., interfacial polymerization and rapid mixing polymerization have been
developed. In interfacial polymerization, the polymerization reaction is placed in
a heterogeneous biphasic system, where the polymerization occurs only at the
interface [324, 329]. Since the polyaniline product is synthesized in its hydrophilic
emeraldine salt form, it diffuses away from the reactive interface into the water
layer. This makes more reaction sites available at the interface and avoids further
overgrowth. In this way, the nanofibers formed at the interface are collected in the
water layer without severe secondary overgrowth. In rapid mixing
polymerization approach, the polymerization is made to stop as soon as the
nanofibers are formed by rapidly mixing the monomer and initiator solutions
[329]. When the reaction starts, the initiator molecules are consumed rapidly
during polymerization and depleted after nanofiber formation. Therefore, the
overgrowth of polyaniline is suppressed due to lack of initiator molecules. It has
been observed that these nanostructures not only augment the existing properties
of the bulk material but also give rise to some novel properties leading to new and
exciting applications. Polyaniline nanofibers have been used for a wide range of
applications. Chemical sensors fabricated using PAni nanofibers have shown
remarkable enhancement in sensitivity and response time [155]. Polyaniline
nanofiber based nanocomposites have found applications in novel non-volatile
molecular memory device [158]. Such polyaniline based memory devices (PAni-
MEM) have switching times in the order of nanoseconds, high on/off ratios and
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low manufacturing costs, making them very promising for faster and less
expensive data storage media as compared to the currently available flash
memories. The nanoscale structure of polyaniline nanofibers produces enhanced
polymer functionalities; their polymeric nature also yields new nanoscale
physicochemical phenomena that have not been observed in inorganic
nanostructured materials [159]. Flash welding is such a phenomenon that has
been observed in PAni nanofibers, when they are exposed to light (such as a
camera flash) [159]. The high photo-thermal conversion efficiency converts most
of the absorbed energy into heat. In PAni nanofibers, the heat generated through
photo-thermal processes is confined within the individual nanofibers since PAni
is a poor heat conductor. It has been suggested by Kaner and his group that under
flash irradiation, polyaniline nanofibers instantly “melt” to form a smooth and
continuous film from an originally random network of nanofibers and leads to
many exciting potential applications such as creation of a free-standing
asymmetric membrane from a nanofiber powder film, industrial separations, for
imprinting patterns into nanofiber films by using a photo-mask and for welding
PAni to another polymer such as polystyrene or even Teflon
(polytetrafluoroethylene) leading to the formation of polymer-polymer
nanocomposites [159].

Irradiation of conducting polymers by swift heavy ions (SHI) brings about
remarkable and unprecedented variations in the physico-chemical properties of
the polymer as discussed earlier in section 1.3 of Chapter 1. However, effects of
SHI irradiation on nanostructures of conducting polymers have not been reported
earlier. In this study a sincere effort has been made for a systematic study of PAni
nanofibers and the physico-chemical modifications in PAni nanofibers upon swift
heavy ion (SHI) irradiation. In this chapter, the synthesis of PAni nanofibers using
interfacial polymerization has been discussed in details. Characterization by
Transmission electron microscopy (TEM), X-ray diffraction (XRD), Fourier
Transform Infrared (FTIR) spectroscopy, Micro-Raman (uR) spectroscopy, UV-
Visible spectroscopy, Two probe I-V measurements, Dielectric spectroscopy and

AC conductivity measurements have been carried out on PAni nanofibers before
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and after irradiation with 90 MeV O7* ions and the results thereof are presented

and analyzed in this chapter.
4.2. Synthesis of polyaniline nanofibers

Polyaniline (PAni) nanofibers have been synthesized using the interfacial
polymerization technique as described in section 3.2 of chapter 3 [155, 324]. The
monomer aniline (p.a. Merck) has been distilled under reduced pressure and kept
in darkness at room temperature prior to use. All other chemicals used are
analytical grade reagents purchased from Merck and used as received without
any further purification. Carbon tetrachloride (CCls) has been used as the organic
solvent to dissolve aniline. Ammonium peroxydisulfate (APS) is used as the
oxidant while hydrochloric acid (HCl) and camphor sulfonic acid (CSA) have
been used as dopant acids. The interfacial polymerization reaction has been
performed in 30 ml glass vials (Fig 4.1). Aniline (1M) has been dissolved in 10 ml
of CCly. Ammonium peroxydisulfate (0.25 M) and the dopant acid (1M) are
dissolved in 10 ml of double distilled water. The interface for polymerization is
formed by pouring the aqueous solution of the oxidant and the dopant acid very
carefully and slowly over the organic solution of the monomer aniline in CCls.
The molar ratio of aniline to ammonium peroxydisulfate has been maintained at
4:1. The synthesized PAni nanofibers have then been washed with HPLC grade

methanol and filtered several times before further studies.
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Figure 4.1: Snapshots of the various stages of PAni nanofiber formation at various times
(a) t=0, (b) t =5min, (c) t =10 min, (d) t = 15 min, (e) t = 20 min and (f) t = 30 min.

The purified PAni nanofibers have been dispersed uniformly in a 2% PVA

solution for casting thin films (thickness~50 ym) on glass slides of area 1 cm? for
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irradiation purpose. Small amount of PVA acts as a matrix and does not affect the
properties of the PAni nanofibers. Thin films of the nanofibers have been
irradiated with 90 MeV O7* ions with a mean projected range (~ 120 ym) much
larger than the thickness of the films. The irradiation fluence has been varied from
3x10%° to 1x10'2 ions cm™2 using the 15UD Pelletron accelerator at the Inter
University Accelerator Centre (IUAC), New Delhi. The vacuum inside the
irradiation chamber has been maintained with the help of rotary and

turbomolecular pumps at ~10-¢ Torr during irradiation. All the samples have been

irradiated at normal beam incidence.

4.3. Characterization of pristine and SHI irradiated
polyaniline nanofibers

4.3.1. Transmission Electron microscopy

Figures 4.2 (a) & (b) show the transmission electron micrographs of
polyaniline (PAni) nanofibers doped with 1M hydrochloric acid (HCI) [Fig. 4.2
(a)] and 1M camphor sulfonic acid (CSA) [Fig. 4.2 (b)]. Interfacial polymerization
is a technique wherein the secondary overgrowth is restricted resulting in pure

nanofibers as evident from the TEM micrographs.

P e

(b

Figure 4.2: Transmission electron micrographs of PAni nanofibers doped with (a) 1M HCI
and (b) IM CSA

It is also observed that the nature of the dopant acid plays an important

role in determining the diameter of the polyaniline nanofibers. The distribution of
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diameters of the HCl and CSA doped PAni nanofibers are shown in the Figs 4.3
(@) and (b). The diameter distribution of the PAni nanofibers have been
determined from the TEM micrographs. The bars shown in the Figs. 4.3 (a) and (b)
represent the number of PAni nanofibers with the corresponding diameters
shown on the abscissa as determined from the TEM micrographs. The distribution
of diameters of the PAni nanofibers have been fitted with a Gaussian distribution
function using Origin 8.5 software which calculates the average diameter of the
distribution. The average diameter of the PAni nanofibers doped with HCI is
28.42 nm, whereas that for the nanofibers doped with CSA is 46.63 nm, indicating
that less secondary growth takes place in HCl-doped PAni nanofibers.
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Figure 4.3: Diameter distribution of PAni nanofibers doped with (a) IM HCl and (b) 1M
CSA.

Swift heavy ions interacting with materials are known to leave a damage
trail known as the “Latent track” [400]. Track formation in polymers, have been
investigated by TEM experiments [429] but track formation mechanism in
polymers is poorly understood. Two phenomenological models are generally
used to describe the formation of tracks and the conversion mechanism of the
energy of the excited electrons into the kinetic energy of the target atoms in
materials. The Coulomb-explosion model is based on the assumption that the
intense ionization and excitation along the ion path leads to an unstable zone in
which atoms are ejected into the non-excited part of the solid by Coulomb
explosion [402]. In the thermal-spike model, the energy deposited by the ion leads
to a transient temperature increase and the cylindrical volume around the ion

path melts due to electron-phonon coupling, which is subsequently quenched by
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thermal conduction [430, 431]. The effects of swift heavy ions (SHI) on the
structural and morphological features of PAni nanofibers have been investigated
using Transmission electron microscopy (TEM). Figures 4.4 (a)-(d) and 4.5 (a)-(d)
are the transmission electron micrographs of the pristine and 90 MeV O7* ion
irradiated PAni nanofibers doped with HCI and CSA, respectively. The TEM
micrographs reveal a continuous decrease in the length as well as the diameter of

the PAni nanofibers with increasing ion fluence.

F R ' g';h ‘ ;.~ ' e ’ “
nih - ) / SRS < 100 nm \
Figure 4.4: Transmission electron micrographs of HCI doped polyaniline nanofibers (a)

before irradiation; and after irradiation with 90 MeV O’* ions at fluences (b) 3 x 10'°, (c)
3 x 10" and (d) 1 x 102 ions cm™2.
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.

VA

Figure 4.5: Transmission electron micrographs of CSA doped polyaniline nanofibers (n)
before irradiation; and after irradiation with 90 MeV O7* ions at fluences (b) 3 x 109, (c)
3 x 10" and (d) 1 x 102 ions cm~2.

The diameter distributions of the pristine and irradiated PAni nanofibers
doped with HCl and CSA have been determined from the TEM micrographs and
are presented in Figs. 4.6 (a)-(d) and Figs. 4.7 (a)-(d). The average diameters of the
pristine and 90 MeV O7* ion irradiated PAni nanofibers have been determined in
the same way as mentioned earlier. It is observed from the Gaussian fitting of the
diameter distribution that with the increase in irradiation fluence the average

diameter of the HCI doped PAni nanofiber decreases from 29.35 nm to about 9.45
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nm, whereas for the CSA doped PAni nanofibers the average diameter decreases
monotonically from 50 nm to 11.38 nm with increasing irradiation fluence.
Conjugated (conducting) polymers are organic materials that conduct
when doped. Depending upon the degree of doping, the carrier concentration in
conducting polymers is comparable to that of semiconductors/metals; the carrier
mobility, however, is very low (~10* cm? V! s1) as compared to that of
semiconductors/metals (~102-10° cm? V-1 s71). Therefore, in conjugated polymers
the charge neutrality cannot be re-established upon SHI irradiation on the
timescale of lattice vibrations (10-1% s), as is required in thermal spike model,

which is used to explain the SHI irradiation effects on semiconductors/metals.
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Figure 4.6: Diameter distribution of HCl doped polyaniline nanofibers (a) before
irradiation; and after irradiation with 90 MeV O”* ions at fluences (b) 3 x 109, (c) 3 x
10" and (d) 1 x 102 ions cm™2.
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Figure 4.7: Distribution of diameters for the CSA doped polyaniline nanofibers (a) before
irradiation; and after irvadiation with 90 MeV O7* ions at fluence (b) 3 x 1010, (c)
3 x 10" and (d) 1 x 10'2 ions cm2.

According to the Coulomb explosion model, a highly ionized zone of active
chemical species, cations, anions, radicals and electrons is created along the ion
track on the timescale of ~10712 s. Since the charge neutrality cannot be re-
established by mobile charge carriers on this timescale, the electrostatic
interactions among these active species cause violent bond stretching; segmental
motion in the polymer chains; and a rapid expansion of the material in the
charged domain, resulting in the formation of shock waves. These shock waves
generated in the material are responsible for the creation of tremendous strain
leading to fragmentation. Keeping this in view, Coulomb explosion seems to be
more appropriate model for explaining the observed fragmentation of PAni
nanofibers upon SHI irradiation. However, there are no reports of Coulomb
explosion occurring in materials except for alkali halides. On the other hand,
Thermal-spike model has been successfully used for analysing the evolution of
latent tracks in insulating polymers such as PVdF [432] and Polycarbonate [433].
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Even if Coulomb explosion occurs in conducting polymers, it will inevitably be
followed by a thermal spike due to local temperature rise. Formation of Latent
tracks is a salient feature of interaction of swift heavy ions (SHls) with materials
but in case of conducting polymers it seems to be physically complicated to
correlate the track formation mechanism with any particular one of the
established models. However, in order to explain the fragmentation of PAni
nanofibers upon SHI irradiation, it can certainly be assumed that upon SHI
irradiation the PAni nanofibers are amorphized within the core of the tracks,
which leads to their fragmentation. As the ion fluence increases, the tracks overlap
and fragmentation increases leading to a reduction in the size of the PAni
nanofibers as evident from the TEM micrographs.

4.3.2. X-ray diffraction analysis

Figure 4.8 (a) shows the X-ray diffraction patterns of polyaniline bulk, CSA
doped PAni nanofibers and the HCl-doped PAni nanofiber samples over the 20
range from 100 to 600. Polyaniline exists in two different crystalline forms
depending upon the method of preparation, namely Emeraldine salt I (ES I) and
Emeraldine salt II (ES II). The ES I form can be indexed with a pseudo-
orthorhombic cell with lattice parameters a = 4.3 A,b=59A,¢c=96Aand V=
245 A3 [130]. All the main reflections observed in the X-ray pattern of bulk
polyaniline at 26 = 15.50, 200, 25.59, 27.60 and 30.29 resemble the ES I crystalline
form. However, in the case of the HCl and CSA doped PAni nanofibers, only the
(100) and (110) reflections are observed. The (100) and (110) reflection peaks
which are observed at 26 = 200 and 25.59 for the PAni bulk exhibits a shift towards
lower 260 values and is clearly evident from the Fig. 4.8 (a). The absence of other
reflections in the PAni nanofibers can be interpreted as the absence of
corresponding planes as a result of particle size reduction.

Fig. 4.8 (b) shows the comparison of the most intense (110) reflection peak
of polyaniline for polyaniline bulk, CSA doped PAni nanofiber and the HCI-
doped PAni nanofiber samples. Broadening of the (110) reflection peak as particle
size decreases is evident from Fig. 4.8 (b). It is also observed that the (110)
reflection for the PAni nanofiber doped with HCl [Fig. 4.8(b)] shows a shift in the

peak position towards lower 20 values.
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Figure 4.8: (a) X-ray diffraction patterns of polyaniline (PAni) bulk, CSA doped PAni
nanofibers and HCI doped PAni nanofibers within 20 ranging from 100 to 6(0° and (b)
Comparison of the (110) reflection peak for polyaniline (PAni) bulk, CSA doped PAni
nanofibers and HCI doped PAni nanofibers

The origin of line broadening in the X-ray diffraction pattern has been
analyzed using a single-line approximation method employing Voigt function
[414] as described in details in section 3.5.2.1 of Chapter 3. A well-annealed Cu
powder sample was used for the correction of instrumental broadening. The
contribution of crystallite size (referred to as domain length or the range of order
(L) in the case of polymers) and strain towards line broadening has been
separately calculated and is given in Table 4.1. The domain length and the strain
have been calculated according to the Egs. 3.11 and 3.12 as given in section 3.5.2.1
of Chapter 3. Table 4.1 also includes the values of the d spacings deduced from the
angular positions 20 of the observed reflections using Bragg's formula.

The domain length for (110) reflection in the case of ES I varies from 20 to
70 A, depending upon the CI/N ratio [130]. In the case of polyaniline (PAni) bulk it
has been found to be 39.86 A which decreases to 19.80 A [Table 4.1] for the HCI
doped PAni nanofibers. Since the CI/N ratio has been kept constant for all the
samples, the decrease in the domain length can be interpreted as a result of the
reduction in particle size. The contribution of strain in the observed x-ray line
broadening is also given in Table 4.1. As observed from Table 4.1 the strain
corresponding to the (110) reflection increases from polyaniline bulk to the HCl
doped PAni nanofiber. Thus, the broadening of the most intense (110) reflection
can be attributed to the decrease in the domain length along with the increasing
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strain in the samples. The increase in the strain component as the particle size
varies from sub-micron range for the PAni bulk to the nanometer range for the
PAni nanofibers indicates that reduction in particle size leads to an enhancement
in lattice imperfections such as dislocations and point defects.

Table 4.1: (hkl) pseudo-orthorhombic indexation, d spacing, domain length (L) and strain
of polyaniline (PAni) bulk, CSA doped PAni nanofiber and HCI doped PAni nanofiber

Sample (hkl)a d, A Intensity L, A  Strain (¢) (%)

Polyaniline bulk (010) 5.824 Weak — —
(100) 4.349 Strong — —

{(110)} 3.495 Very strong 39.86 0.78

{(111)} 3.275 Very weak — —_—

(020) 2.957 Very weak — —

CSA doped (100) 4.655 Strong — —
PAni nanofiber {(110)} 3.495 Very strong 32.55 1.17
HCI doped (100) 4.362 Weak — —
PAni nanofiber {(110)} 3.552 Very strong 19.80 1.9

a (hkl) means a set of reflections with permutations of the sign of the indices (they are equivalent in
an orthorhombic symmetry, but not in a triclinic one).

Furthermore, the increase in the d spacing from 3.495 to 3.552 A, in the case
of HCI doped PAni nanofibers, suggests an increase in the angle at which the
chains tilt with respect to the (4, b) basal plane of polyaniline [130]. The x-ray
patterns thus reveal that the conformation of the PAni backbone chain in the case
of the HCl doped PAni nanofibers is different than that of the other samples.

X-ray diffraction patterns of the pristine and irradiated PAni nanofibers
doped with HCl and CSA are shown in Figs. 4.9 (a) and (b). The x-ray spectra
reveals that the peak due to the (100) reflection centered at 26 = 200 is the most
prominent peak. This peak is ascribed to the parallel periodicity of PAni. The
(110) reflection peak centered at 25.50 attributed to the perpendicular periodicity
of PAni is of very low intensity. The fact that the PAni nanofibers have been
dispersed in a 2% PVA matrix before irradiation might have induced this effect.

However, the peaks at 20° and around 250 are the signature of the ES I crystalline
structure of PAni.
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Figure 4.9: X-ray diffraction patterns of pristine and irradiated polyaniline nanofibers
doped with (a) HCl and (b) CSA

Figure 410 (a) and (b) reveals the changes in the most intense (100)
reflection peak for the HCl doped and CSA doped PAni nanofibers, respectively
as a function of increasing ion fluence. Full width at half maxima (FWHM) of the
(100) peak for both the samples (PAni nanofibers doped with HCI and CSA) is
observed to increase as the irradiation fluence is increased. The observed increase
in the FWHM in the XRD patterns with increasing fluence has been analyzed by
employing the single-line approximation method [414] in order to separate the
contributions of the crystallite size (referred to as domain length or the range of

order (L) in case of polymers) and the strain towards the line broadening,.
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Figure 4.10: X-ray diffraction patterns of the pristine and irradiated PAni nanofibers
doped with (a) HCI and (b) CSA showing the most intense (100) peak of PAni.

The variations in d-spacings, domain length (L), strain (¢) and normalized

integral intensity (I/Ip) of the HCl and CSA doped PAni nanofibers with the
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increase in irradiation fluence are shown in Fig. 4.11 (a)-(d). The increase in d-
spacing from 4.31 A t04.38 A for the CSA doped PAni nanofibers and from 4.28 A
to 4.36 A for the HCI doped PAni nanofibers [Fig. 4.11 (a)] with increasing ion

fluence indicates an increase in the angle at which the chains tilt with respect to

the (a, b) basal plane of polyaniline.
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Figure 4.11: Variation of d-spacing, domain length (L), strain (g) and normalized integral
intensity (I/lo) of PAni nanofibers as a function of irradiation fluence.

Furthermore, the increase in the d-spacings may also be interpreted as a
reduction in 7-stacking and a corresponding decrease in the Cl/N ratio [130]. The
primary phenomena associated with the interaction of ion beam and polymers are
cross-linking, chain scission and emission of atoms, molecules and molecular
fragments. Thus, a variation in the Cl/N ratio of the PAni nanofibers upon SHI
irradiation is very much a possibility. It is observed that domain length (L)
decreases with increasing fluence [Fig. 4.11 (b)] for both the CSA doped and HCl

doped PAni nanofibers, which reveals a decrease in the local range of order in the
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polymer chains. The decrease in domain length may be attributed to the
fragmentation of the PAni nanofibers upon SHI irradiation as is observed from
the TEM micrographs [Fig. 4.4 and 4.5] combined with a decrease in the CI/N
ratio or in other words the degree of doping in the PAni nanofibers upon SHI
irradiation. ﬁus, the x-ray diffraction analysis suggests that PAni nanofibers may
be dedoped upon SHI irradiation. )

The increase in the strain in the material with increasing irradiation fluence
[Fig. 4.11 (c)] may be attributed to the creation of dislocations and point defects
due to the tremendous amount of electronic energy deposition in the material. In
order to analyze the degree of amorphization, the x-ray patterns of all the samples
have been fitted with Lorentz function by fixing the most intense (100) peak’s
position and FWHM. The integral intensities I (area) of the diffraction peak of
PAni nanofibers irradiated with different ion fluence have been extracted and
normalized with respect to the unirradiated integral intensity (Ig). The decrease in
the normalized integral intensity (I/Ip) with the increase in fluence [Fig. 4.11 (d)]
implies that PAni nanofibers are amorphized upon SHI irradiation, which
corroborates with the proposed reason for the observed fragmentation of PAni

nanofibers upon SHI irradiation.
4.3.3. Vibrational Spectroscopy

4.3.3.1. Fourier Transform Infrared (FTIR) Spectroscopy

Figures 4.12 (a) and (b) show the FTIR spectra of the pristine and irradiated
PAni nanofibers doped with HCl and CSA, respectively. The vibrational band
around 3400 cm-! is attributed to the N-H stretching vibrations while that at 1650
cm'! is a signature of the N-H bending vibration of polyaniline (PAni). The strong
band observed at 1140 cm? and the band at 1200 cm?! are due to the C-C
stretching and C-C twisting of the alkyl chain [411]. The C-Cl stretching vibration
observed around 600 cm-1 confirms the fact that the PAni nanofibers are in doped
states. The peaks at 1400 and 1460 cm are assigned to the C=C stretching
vibrations of the benzenoid and quinoid units of PAni, respectively. The peak at
660 cm! is assigned to the C-H out of plane deformations. It has been observed
that the prominent vibrational bands of PAni nanofibers decrease in intensity

upon SHI irradiation.
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Figure 4.12: FTIR spectra of pristine and irradiated (a) HCI doped and (b) CSA doped
PAni nanofibers.
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Figure 4.13: Lorentzian deconvolution of the FTIR spectra within 1360-1520 cm'! for (a)
pristine HCI doped PAni nanofibers and those irradiated at a fluence of (b) 3 x 107, (c) 3

x 10" and (d) 1 x 102 ions cm™2.
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The variations in the band widths and band shifts have been studied
quantitatively by deconvoluting the FTIR spectra of the pristine and 90 MeV O7*
ion beam irradiated PAni nanofibers using Lorentzian oscillation curves
corresponding to the IR-active modes of PAni nanofibers, in the range of 500-4000
cm . Each FTIR spectra has been normalized with respect to the maximum value
prior to deconvolution. The deconvolution of the vibrational peaks for the
benzenoid and quinoid structures for the pristine and irradiated HCl and CSA
doped PAni nanofibers are shown in the Figs. 413 (a-d) and 4.14 (a-d),
respectively. The detailed position, intensity and band widths of the deconvoluted
peaks are listed in Table 4.2. Although there is a negligible change in the peak
positions, the intensity and band widths show remarkable variations with the

increase in the irradiation fluence.
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Figure 4.14: Lorentzian deconvolution of the FTIR spectra within 1360-~1520 cm'! for (a)
pristine CSA doped PAni nanofibers and those irradiated at a fluence of (b) 3 x 107°, (c) 3
x 101" gnd (d) 1 x 102 jons cm™2.
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Table 4.2: Position, Intensity and FWHMs of the prominent FTIR peaks of pristine and 90 MeV O’* ion beam irradiated PAni nanofibers doped

with HCl and CSA
Lorentzian deconvolution of the FTIR peaks for pristine and irradiated samples at different fluences
Peak Designation Samples
(cm?) of the peaks Position Intensity FWHM
Pristine 3x101° 3x10" 3x10'2 Pristine 3x10° 3el101 1x1012 Pristine 3x1010 3x101  1x1012
C-H out of Sla 603.3 6029 603.4 6029 23.8 13.5 12.7 10.2 30.2 33.9 345 36.71
600 plane
deformation S2b 603.1 6057 6030 601.7 16.7 15.0 12.0 5.0 27.1 30.0 31.7 40.68
C-Hin S1 11224  1121.0 11198 11224 494 31.5 29.9 26.3 99.5 1023 1065  109.29
1122 plane
deformation S2 11216 11192 11186 1119.6 345 31.5 27.5 12.9 89.8 98.7 1058 108.11
C=C S1 1401.0 1401.0 14013 14019 19.2 121 10.1 9.7 245 249 255 27.20
stretching
1400  vibration of
benzenoid S2 1400.7  1400.9 14009 1401.3 13.1 123 9.3 42 243 24.5 254 26.22
ring
C=C S1 14599  1459.2 1460.6 1458.9 3.9 49 7.2 7.8 67.8 484 45.0 4497
stretching
1460  vibration of S2 14593  1458.8 14582 14579 1.7 52 54 7.8 101.1 64.4 54.8 44.42
quinoid ring
1670  Due to N-H S1 1669.0 1666.9 1669.6 1668.4 239 18.4 15.1 9.3 27.9 28.6 349 40.25
stretching S2 1669.1  1669.0 16684 1669.7 23.8 15.4 14.9 6.0 24. 27.2 284 29.7
vibration of S1 32779 32964 32864 3279.8 55.1 36.7 251 22.3 7311 9111 9409  945.98
3350  polyaniline S2 32873 32863 32718 32735 35.1 253 24.6 9.0 703.7 7140 7182  879.69

“ 81 stands for the HCI doped PAni nanofibers and b S2 stands for the CSA doped PAni nanofibers
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The decrease in the intensity of almost all the prominent peaks in the FTIR
spectra indicates that the interaction of the highly energetic ion beams with the
PAni nanofibers induces chain scissions that increases with increasing ion fluence
leading to a reduction in the crystalline nature and induces fragmentation of the
PAni nanofibers upon ion beam treatment. The FTIR results corroborates with the
X-ray diffraction and TEM results.

4.3.3.2. Micro-Raman (pR) spectroscopy

The micro-Raman (1R) spectra of the PAni nanofibers doped with CSA and
HCI, respectively obtained with an Ar ion laser of 0.5 mW power and 514.5 nm
excitation are presented in the Figs. 4.15 (a, b). In the 1R spectra, the C-H benzene
deformation modes at 1182.63 cm™! indicate the presence of quinoid rings. The
band at 1248.11 cm™! can be assigned to the C-N stretching mode of the polaronic
units. The absorption band at 1375.28 cm™! corresponds to the C-N** stretching
modes of the delocalized polaronic charge carrier, which indicates that the PAni
nanofibers are in doped ES I form. The band at 1328.51 cm™! is a characteristic of
the semiquinone radical cation. The bands at 1451.30 and 1417.18 cm™! correspond
to the C=N stretching mode of the quinoid units. The absorption peak at 1528.78
cm~! corresponds to the N-H bending deformation band of protonated amine.
The C=C deformation bands of the benzenoid ring positioned at 1601.75 cm™! are

characteristic of the semiquinone rings.

Intensity (a.u.)

300 600 900 1200 1500 1800
Raman shift (cm™)

Figure 4.15: MicroRaman (uR) spectra of PAni nanofibers doped with (a) CSA and (b)
HCL.

133



Somik Banerjee Ph.D. Thesis, Tezpur University

It is well known that the Raman bands of PAni at wavenumbers higher
than 1000 cm™ are sensitive to its oxidation and protonation state, but it is
difficult to correlate any change with the crystallinity or morphology aspects
[434]. Colomban et al. [435] demonstrated that the Raman spectrum of PAni at low
wavenumbers is sensible to the kind of crystallinity arrangement of PAni. The
shift of the bands at 444.56, 525.17 and 594.71 cm™ in CSA doped PAni nanofibers
[Fig. 4.15(a)] to 448.23, 533.22 and 606.87 cm1, respectively, in HCl doped PAni
nanofibers [Fig. 4.15(b)] indicate a change in the crystallinity arrangement. Cochet
et al. [436, 437], in an extensive study on the influence of the conformational
changes over the vibrational spectra of PAni, showed that mainly the bands at
about 200-500 cm™! are very sensitive to the conformational changes. The shift of
the bands to higher wavenumbers indicates the increase of the torsion angles of
the Crng-N-Cring segments [436, 437]. Thus, the shifts of the bands in the range
between 300 and 600 cm-, as in the case of the HCl doped PAni nanofibers, are
due to the conformational changes in the PAni backbone. This increase in the
torsion angles is due to the loss of the i stacking among the PAni rings, leading to
the reduction of crystallinity of the HCl doped PAni nanofibers, which is
corroborated by the XRD results. The uR spectra and the x-ray diffraction patterns
confirm that the PAni nanofibers doped with HCl and CSA are not only different
in terms of particle size but also in terms of their structural conformation.

Figure 4.16 (a) and (b) shows the micro-Raman (uR) spectra of the pristine
and 90 MeV O7* ion irradiated PAni nanofibers doped with HCl and CSA,
respectively within the range of 1200-1650 cm1. The insets of Fig. 4.16 (a) and (b)
show the Raman active modes of the pristine and irradiated PAni nanofibers
doped with HCI and CSA, respectively in the range of 300~700 cm-!. It is observed
that all the Raman active modes in the material decrease in intensity with
increasing irradiation fluence. The decrease in the intensity of the Raman active
modes in the low wave number region indicate changes in the crystallinity
arrangement of the PAni nanofibers upon SHI irradiation, specifically increase of
the torsion angles of the Crng—N-Crng segments [435-437]. This increase in the
torsion angles is due to the loss of 7-stacking among the PAni rings, leading to
amorphization of the nanofibers, which is also supported by the XRD results. The
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results indicate that the electronic interaction between the electron rich C-N site
in the aromatic rings of PAni chains and the ion beam might have induced
distortion of the polymeric chains leading to conformational modifications of the
PAni nanofibers. In order to perform a quantitative analysis of the SHI induced
conformational modifications and peak shifts in the xR spectra of PAni nanofibers
upon SHI irradiation the xR spectra of PAni nanofibers doped with HCl and CSA
have been deconvoluted by using Lorentzian oscillation curves corresponding to
the PAni nanofiber Raman modes, in the range of 1200-1650 cm™'. In order to
compare the deconvoluted peaks quantitatively, each micro-Raman spectra of the
pristine and irradiated PAni nanofiber samples has been normalized with respect

to the maximum value.
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Figure 4.16: Micro-Raman spectra of pristine and irradiated PAni nanofibers doped with
(a) HCl and (b) CSA in the range 1200-1650 cm-'. Inset shows the micro-Raman spectra
of the pristine and irradiated PAni nanofibers doped with (a) HCI and (b) CSA at lower
wavelength (300-700 cm?).

Figs. 4.17 (a)-(d) show the deconvoluted Raman spectra of the pristine and
90 MeV O7* ion irradiated HCl doped PAni nanofibers with a fluence of 3 x 1019,
3 x 10" and 1 x 102 ions cm~2, respectively. The variations in the position, line
widths (FWHM) and intensity of the prominent peaks along with their
assignments to different Raman active vibrational modes in the PAni nanofibers
have been tabulated in the Table 4.3. On the other hand, the deconvoluted Raman
spectra of the pristine and 90 MeV O7* ion irradiated CSA doped PAni nanofibers
with a fluence of 3 x 100 jons cm™2, 3 x 10!! ions cm™2 and 1 x 10!2 ions cm™?,

respectively are shown in Figs. 4.18 (a)-(d). The details of the positions, FWHM
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and intensity of the deconvoluted Raman active modes are presented in the Table

4.4.

(a) Pristine » (b) Fluence: 3x 10"

Raman intensity (a.u.)
Raman intensity (a.u.)

' A
1200 1350 1500 1650 1200 1350 1500 1650

. -1
Raman shift (cm™) Raman shift (cm™)
(c) Fluence: 3x10" (d) Fluence: 1 x 10"

b

o

Raman intensity (a.u.)
Raman intensity (a.u.)
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Figure 4.17: Lorentzian deconvolution of micro-Raman spectra of HCI doped polyaniline
nanofibers (a) before irradiation; and after irradiation with 90 MeV O7* ions at fluences
(b) 3 x 1079, (c) 3 x 10" and (d) 1 x 10'? ions cm™2.

It is clearly evident from the Table 4.3 and 4.4 that the interaction of swift
heavy ions (SHIs) brings about remarkable changes in the position, intensity and
FWHM of the Raman peaks observed in the wavenumber range within 1200 cm-!
to 1650 cm!. The Raman peak for the C-N stretching of the polaronic units at 1245
cm-! shift from 1245.3 to 1247.2 cm™ and from 1241.6 to 1243.7 cm! for the PAni
nanofibers doped with HCl and CSA, respectively. The intensity of the peak at
1245 cm! for both the HCI and CSA doped PAni nanofibers after SHI irradiation
decreases to about 4 times the value for the pristine sample. On the other hand,
the FWHMs of the peak at 1245 cm! for the HCI and CSA doped PAni nanofibers
show a gradual increase. The Raman bands at 1325, 1344 and 1375 cm! attributed

to the C-N** stretching modes of the delocalized polaronic charge carrier also
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exhibits noticeable variations in position, intensity and FWHM with the increase

in irradiation fluence. All the peaks corresponding to the C-N** stretching of the

delocalized polaronic charge carrier shifts to higher wave numbers and broaden

while the intensity of the peaks decreases. The variations in the Raman active

modes corresponding to the polaronic charge carriers indicate that interaction of

SHIs with the doped PAni nanofibers may have induced a transition from doped

to dedoped states in the PAni nanofibers. Thus, both Raman and FTIR spectral

analysis reveal chain-scissioning and de-doping events to be dominant in PAni

nanofibers upon irradiation with the highly energetic oxygen ions.
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Figure 4.18: Lorentzian deconvolution of micro-Raman spectra of CSA doped polyaniline

nanofibers (a) before irradiation; and after irradiation with 90 MeV O’ ions at fluences

(b) 3 x 1019, (c) 3 x 10" and (d) 1 % 102 ions cm2.
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Table 4.3: Deconvolution of the micro-Raman (uR) peaks for pristine and 90 MeV O7* ion irradiated PAni nanofibers doped with HCl at

different fluences.
Peaks  Description Decomposition of the Raman peaks for pristine and irradiated samples at different fluences
(cm?) of the
vibrations Position Intensity FWHM
Pristine 3x109 3x101! 1x102 Pristine 3x101°° 3x10" 1x102 Pristine 3x10° 3x101 1x1012
C-N
stretching
1245 mode of 12453 12459 1246.0 1247.2 318.52 21745  155.12 77.43 25.89 26.73 31.13 37.56
polaronic
units
1325 C-N-+ 13225 13237 13240 13254 337.03 28158 134.05 73.54 14.90 17.14 19.98 22.23
stretching

modes of the
1344 delocalized 13424 1342.6 13429 13429 428.08 31298  203.69 119.67 13.63 23.45 29.80 37.02
polaronic
charge
1375 carrier 1375.8 1376.3 1376.9 1379.6 432.64 408.45  291.73 193.01 54.27 59.12 61.68 65.47

N-H bending
deformation
1527 of 1526.4 1527.2 1529.9 1530.1 12151 1031.34 639.29  453.90 32.45 34.32 42.35 45.70
protonated
amine
1595 Symmetric  1601.8 1602.5 1602.6 1603.1 1038.92 77235  519.86 279.72 16.43 21.52 25.61 28.33
C=C
1626 stretching 1625.3 1628.5 1632.2 1633.4 57.61 10452 291.83 384.91 15.01 19.64 2214 25.50




Table 4.4: Deconvolution of the micro-Raman (4R) peaks for pristine and 90 MeV O7* ion irradiated PAni nanofibers doped with CSA

at different fluences.

Peaks  Description Decomposition of the Raman peaks for pristine and irradiated samples at different fluences
(cm?) of the Position Intensity FWHM
vibrations Ppristine 3x10° 3x108 1x102 Pristine 3x10° 3x101 1x1022 Pristine 3x10° 3x101 1x102
C-N
stretching
1245 mode of 1241.6 12423 12435 12437 706.99  621.00 24269 167.84 23.31 25.02 25.18 25.24
polaronic
units
1325 C-N-+ 13221 13224 1323.0 1324.2 352.03 27558 14005 93.734 13.08 15.68 17.61 21.11
stretching
modes of the )
1344 delocalized 13414 13416 13429 13429 398.68 28041 16153  106.54 16.16 24.77 26.96 30.51
polaronic
charge
1375 carrier 13758 1376.8 1376.3  1379.6 43264 39845 22357  179.06 35.81 42.31 43.43 44.75
N-H bending
deformation
1527 of 15274 15280 15299  1530.1 1050.1  831.02 502.04  466.90 33.45 34.82 41.40 44.79
protonated
amine
1595 Symmetric  1600.8  1600.2  1601.5  1602.9 12280 87274 49928  450.34 18.68 22.62 24.23 24.84
C=C
1626 stretching 16243  1628.1 16321 16329 97.56 12485 283.65  353.85 16.01 19.73 20.19 23.30
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4.3.3.3. SHI induced benzenoid to quinoid transformation in
polyaniline nanofibers

The most significant variation in the vibrational spectra of the HCI and
CSA doped PAni nanofibers can be observed in the C=C stretching vibration
mode of the para di-substituted benzene (benzenoid) and quinone di-imine
(quinoid) structures. The deconvoluted sub-peaks representing the C=C
stretching of two kinds of resonant structures: the benzenoid and the quinoid ring
in the FTIR spectra within the range 1360-1530 cm! for the pristine and irradiated
PAni nanofibers doped with HCl and CSA, respectively are shown in the Fig. 4.19
(a) and (b). The intensity of the peak at 1400 cm™ due to the C=C stretching of the
benzenoid ring for the HCl doped PAni nanofibers irradiated at the fluence of 1 x
102 jons/cm? decreases as compared to that for the pristine, while in case of the
CSA doped PAni nanofibers the intensity of the peak decreases almost to 3 times
than that of the pristine. The FWHMs for the HCI doped and CSA doped PAni
nanofibers increases by 2.69 cm and 1.85 cm!, respectively with increasing ion
fluence. On the other hand, the peak at 1460 cm! due to the C=C stretching of the
quinoid ring intensifies for both the HCl and CSA doped PAni nanofibers upon
SHI irradiation as observed from the Table 4.2. This suggests that there is a partial

transformation from the benzenoid to the quinoid structure in the PAni chains

upon SHI irradiation.
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Figure 4.19: Comparison of the deconvoluted sub peaks representing the C=C stretching
vibration of the benzenoid and quinoid rings of pristine and 90 MeV O”* ion irradiated

PAni nanofibers doped with (a) HCI and (b) CSA.
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In the micro-Raman (uR) spectra of both the HCl and CSA doped PAni
nanofibers after SHI irradiation it has been observed that the symmetric C=C
stretching peak at 1595 cm! can be deconvoluted into two sub-peaks, which can
be clearly observed from the Fig. 4.20 (a) and (b). The sub-peaks indicate two
kinds of resonant structures: the main peak is due to the benzenoid structure and
the shoulder peak is due to the quinoid structure of the PAni nanofibers. In case
of the HCl doped PAni nanofibers, the main peak of the symmetric C=C
stretching mode is up-shifted from 1601.8 to 1603.1 cm™ and the intensity is found
to decrease from 1038.92 to 279.72 upon irradiation [Table 4.3]. The shoulder peak
of the symmetric C=C stretching mode also shows an up-shift from 1625.3 to
1633.4 cm? and is intensified more than 6 times from 57.61 to 384.91 upon
irradiation [Table 4.3]. The FWHMs of both the main and shoulder of the HCl
doped PAni nanofibers increases to 11.9 cm? and 10.49 cm’!, respectively upon

SHI irradiation.
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Figure 4.20: A comparison of the decomposed sub-peaks corresponding to the symmetrical
C=C stretching modes of the pristine PAni nanofiber and that irradiated with a fluence of
1x102 ions/cm? for (a) HCI doped PAni nanofibers and (b) CSA doped PAni nanofibers.
Similar variations in the position, intensity and FWHM have also been
observed for the CSA doped PAni nanofibers as is evident from Fig. 4.20 (b) and
Table 4.4. The main peak of the symmetric C=C stretching mode is up-shifted
from 1600.8 to 1602.9 cm™ and the intensity decreases from 1228 to 450.34. The
shoulder peak of the symmetric C=C stretching mode is up-shifted from 1624.3 to

1632.9 cm™! and intensifies more than 3 times. This is again an indication of the
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fact that there is a transformation from benzenoid to quinoid structure in the PAni
chains upon SHI irradiation.

The fact that there is a transition from the benzenoid to the quinoid
structure in the PAni chains is further corroborated by the decrease in the
intensity of the peaks corresponding to the N-H stretching at 1670 cm™! as can be
observed from the Figs. 4.21 (a)-(b). The intensity of the N-H stretching peak at
1670 cm™ decreases from 23.9 to 9.3 for the HCI doped PAni nanofiber whereas
from 23.8 to 6.0 for the CSA doped PAni nanofibers [Table 4.2]. A similar
decrement in the intensity is also observed for the N-H stretching peak centered at
3300 cm-1. The band is also found to broaden with increasing ion fluence and the
band width increases by 214.83 cm™ for the HCl doped PAni nanofibers and by
175.95 cm! for the CSA doped PAni nanofibers.
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Figure 4.21: Comparison of the N-H stretching band at 1670 cm" for the pristine and 90
MeV O7*ion irradiated PAni nanofibers doped with (a) HCI and (b) CSA.

Both the FTIR and the Raman spectra point out to the fact that the
intercyclic rings of the PAni nanofibers become distorted upon SHI irradiation;
the proportion of the para di-substituted benzene rings (benzenoid) decreases,
while there is a corresponding increase in that of the quinone di-imine rings
(quinoid) upon SHI irradiation. The distortion of PAni chains may influence their
m-conjugation length, which is associated with 7-electron delocalization, resulting
in the reduced coplanarity of the aromatic ring. The observed up-shifting of the
symmetric C=C stretching mode is due to the shortening of 7-conjugation length
(i.e., 7m-electron delocalization) of PAni nanofibers upon SHI irradiation. This

implies that SHI irradiation induces defects and distortions in the PAni main
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chains, resulting in reduced coplanarity of the aromatic ring and 7z-conjugation
length [438].

It is, however, interesting to note that both FTIR and Raman spectra of
PAni exhibit peaks which bear the signatures of para di-substituted benzene
(benzenoid) and the quinone di-imine (quinoid) structures although generally
FTIR and Raman active modes are mutually exclusive. Inelastic light scattering
from condensed matter is due to fluctuations of the dielectric susceptibility which,
in turn, is related to the spectrum of dynamic excitations of the system. In crystals,
momentum conservation during the scattering event only allows zone-center
phonons to be Raman-active while acoustic modes are inactive. Structure disorder
such as stacking fault induces the Brillouin zone folding; hence, some optical
phonons become active [435]. These restrictions are removed in amorphous solids,
and all modes could be active. Essentially it is the local disorder of amorphous
materials which leads to the electrical and mechanical fluctuations. These
fluctuations destroy the symmetry rules which account for the acoustic modes
giving rise to Raman scattering.

Doping induces very intense Infra-Red (IR) bands, which was ascribed to
mysterious Raman active modes; however, it was shown later that the new modes
arise from the breakdown of the electrical symmetry by the removal or injection of
charges [439]. The intensity of the IR modes is due to the very large charge fluxes
and a longer conjugation length. The modes with high IR intensity tend to have
the highest electron phonon coupling. The vibrations giving rise to the maximum
electron-phonon coupling are also the ones responsible for the highest Raman
intensity modes in the undoped conjugated materials [435-440]. Only in the case
of conjugated molecules terminated by a donor (D) and acceptor (A) groups
forming a D-7-A system, the intra-molecular charge transfer creates a strong link
between IR and Raman active modes. In the present case, the most prominent
features in the Raman spectrum are also strongly active in the IR [440].

Raman scattering is a resonant process, so that the spectral line shapes
change with varying excitation energy. This depicts that the similarity between
the FTIR and Raman spectra taken at visible excitation is purely accidental.

However, the apparent similarity between the Raman and IR spectra, in
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particular, the presence of two main peaks representing the same structures in
PAni nanofibers can be explained as follows: Raman spectrum at a given
excitation energy weights those configurations resonant with that energy. Thus
Raman spectra excited with lower IR photons resonate with the most delocalized
sp? phases, with the lowest gap. Therefore, it can be assumed that the IR spectra
and the Raman spectra excited in limit of low energy will probe the same sp?
structures. Thus, the transformation of the para di-substituted benzene
(benzenoid) structure to the quinone di-imine (quinoid) structure in PAni
nanofibers upon SHI irradiation can be probed by FTIR as well as Raman
spectroscopy.

4.3.4. UV-Visible (UV-Vis) absorption spectroscopy

Figures 4.22 (a, b) show the absorption spectra of the pristine and
irradiated PAni nanofibers doped with HCI and CSA, respectively plotted in the
wavelength range 200-900 nm. The pristine sample shows three prominent peaks
which are the signature of PAni in the emeraldine salt form. In case of conducting
polymers, there are always two distinct defect bands within the band gap, arising
from a destabilization of the highest occupied band (HOMO), which leads to the
lower defect band and a stabilization of the lowest unoccupied band (LUMO)
leading to the highest defect band [27]. Stafstrém et al. [121] have suggested that
unlike other conducting polymers, in case of PAni the doubly charged spinless
bipolarons become unstable on a polyemeraldine chain resulting in the formation
of two polarons, which separates to yield a polaron lattice. The fact that the Pauli
susceptibility increases linearly with the degree of protonation in PAni confirms
the existence of a polaron lattice in PAni. Thus, in PAni, instead of two bands, a
single broad polaron band appears deep in the gap, which is also supported by
band structure calculations [121].

The absorption peak occurring at A = 290 nm can be attributed to the 77"
band transition. There are two visible region bands, one at around A = 440 nm and
the other, a broad peak centered on A = 800 nm. The peak at 440 nm is ascribed to
the transitions between the n and polaron bands, and the second peak centered at
800 nm is due to the polaron-z" band transitions. It is observed that with the
increase in irradiation fluence, the peak at 290 nm is further blue-shifted. The blue
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shift observed in the UV-Visible spectra [Fig 4.22 (a) and (b)] may be attributed to
the reduction in particle size of the PAni nanofibers, which has been clearly

observed from TEM micrographs [section 4.2].
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Figure 4.22: UV-Visible spectra of pristine and irradiated PAni nanofibers doped with (a)
HCl and (b) CSA.

4.34.1. Optical band-gap

The optical absorption coefficient () has been determined from the
absorption spectra using Eq. (4.1). After correction for reflection, the absorption
coefficient («) has been calculated from the absorbance (A), using the relation:

I =1, exp(—ox) (4.1)
The Eq. (4.1) may be written as

e 2.303 log[ 1 ] _ {2.303} A (4.2)
x I, X

where, x is the thickness of the sample;
e 2.303(%} (43)

where, A is the absorbance d is the thickness of the quartz cuvette used for the
UV-Vis experiments.
The optical band gap may be evaluated for the values of the absorption
coefficient using the following relation [Eq. (4.4)]:
A;(hv~E )™

a=Fa -y MO (44)

i
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where, the value of E, and m; correspond to the energy and the nature of the
particular optical transition with absorption coefficient @. For allowed direct,
allowed indirect, forbidden direct and forbidden indirect transitions, the value of
m; corresponds to 1/2, 2, 3/2 and 3, respectively [421]. In an allowed direct
transition the electron is simply transferred vertically from the top of the valence
band to the bottom of the conduction band, without a change in momentum
(wave vector). On the other hand, in materials having an indirect band gap, the
bottom of the conduction band does not correspond to zero crystal momentum
and a transition from the valence to the conduction band must always be
associated with a phonon of the right magnitude of crystal momentum. In the
present work, since we are dealing with nanostructures viz., PAni nanofibers, we
have attempted to determine the value of m; without pre-assuming the nature of
the optical transition in the PAni nanofibers.

Now, the Eq. (4.4) can be written as

dlIn(chv)]  m
d(hv)  (hv—E)

(4.5)

for a particular value of m; and Eg (say m; = m and Eg = E). The plot of d [In
(ahv)]/d (hv) vs. hv will show a discontinuity at a particular value hv = E where a
possible optical transition might have occurred corresponding to a particular
band-gap E = Eg;.

8
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Figure 4.23: Plots of d [In (chv)]/d (hv) vs. hv for the pristine HCI and CSA doped PAni

nanofibers.
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Fig. 4.23 shows the plot of d [In (ehv)]/d (hv) vs. hv for the pristine HCI and
CSA doped PAni nanofibers. It is observed that there are three discontinuities
corresponding to three possible optical transitions (at E = Eg1, E = Eg and E = Eg3)
in both the pristine PAni nanofibers doped with HCI and CSA. In case of HCI
doped PAni nanofibers the transitions have been observed at 2.64, 3.61 and 4.08
eV, while for the CSA doped PAni nanofibers the three discontinuities where the
possible optical transition might have occurred are at 2.62, 3.49 and 4.02 eV.
However, the Fig. 4.23 does not give us any idea about the nature of the optical

transition as to whether it is direct or indirect.
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Figure 4.24: (a) Linear fit of In (ahv) vs. In (hv-E) where E = Eg1 and (b) Linear fit of In
(chv) vs. In (hv-E) where E = Eg and (c) Linear fit of In (ahv) vs. In (hv-E) where E =
Egs for both the HCI and CSA doped PAni nanofibers.

The nature of the optical transitions can be evaluated by determining the
value of m associated with each transition. In order to get the m values
corresponding to the three optical transitions at 2.64, 3.61 and 4.08 eV for HCl
doped PAni nanofibers and 2.62, 3.49 and 4.02 eV for the CSA doped PAni
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nanofibers, we plot In (¢1v) as a function of In (hv - E), where E = Eg, Eg2 and Eg3
for the three types of optical transitions as shown in Figs. 4.24 (a-c). The slopes of
the plots have been determined by performing a linear fitting of the experimental
data. It has been observed that for all the three types of optical transitions at E =
Eq1, E = Eg» and E = Egs for the HCl and CSA doped PAni nanofibers the slope is
quite near to 0.5. This confirms that the three types of optical transitions in both
the HCI and CSA doped PAni nanofibers are of allowed direct nature.

The direct optical band gap of the pristine HCl and CSA doped PAni
nanofiber samples have also been determined by plotting («hv)? against the
photon energy (hv). The relation between the optical absorption coefficient («) for
a direct transition and the photon energy (hv) was given by Fahrenbruch and
Bude [Eq. (4.6)] [441]:

ahv = A(hv—E,) " (4.6)

where, A is a constant, h is Planck’s constant, v is the frequency of the radiation

and Eg is the optical energy gap for direct transition.
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Figure 4.25: (chv)? vs. hv plots for the pristine PAni nanofibers doped with HCl and
CSA.

The plot of (alv)? versus photon energy (/iv) for the pristine HCl and CSA
doped PAni nanofibers has been presented in Fig. 4.25. The value of the optical
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energy gap E, is determined from the intersection of the extrapolated line with the
photon energy axis (at a = 0). The direct optical band gap of the pristine sample is
found to be 4.23 eV and 4.00 eV for the PAni nanofibers doped with HCIl and
CSA, respectively, which is similar to the values (Eg) obtained from the
d[In(chv)]/d(hv) vs. hv plots for the same samples. Extrapolating two straight line
portions of the plots to & = 0, one can get two more activation energies viz., 2.31
eV and 2.98 eV for the PAni nanofibers doped with HCI and 2.41 eV and 3.31 eV,
corresponding to the doping induced polaron defect levels present within the
band gap in the samples, which also correspond to the energies (E;; and Ej) of the
other two discontinuities observed in Fig. 4.23.

The direct optical band gap for the irradiated samples have been
determined directly from the plot of (ahv)? versus photon energy (hv), since the
optical transitions in PAni nanofibers have been found to be of the allowed direct
nature. Figs. 4.26 (a) and (b) show the (ahv)? vs. hv plots for the HCI and CSA
doped PAni nanofibers, respectively, irradiated at a fluence of 3 x 1010, 3 x 10!
and 1 x 10'? ions/cm?. The optical band gaps (E,;) determined from these plots
have been tabulated in Table 4.5.
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Figure 4.26: (chv)? vs. hv plots for the irradiated PAni nanofibers (a) doped with HCl and
(b) doped with CSA.

It is observed that the optical band gap increases with increasing
irradiation fluence. This increase in the direct optical band gap values can be
attributed to two factors: (a) the fragmentation of the PAni nanofibers upon SHI
irradiation, and (b) a decrease in the extent of conjugation which suggests that the

adjacent phenyl rings of the polymer have larger torsion angles with respect to the
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plane of the nitrogen atoms [13]. This result is corroborated by the FTIR results,
which show that there is a benzenoid to quinoid transition in the PAni nanofibers
upon SHI irradiation that is an evidence of the decrease in the conjugation length
of PAni nanofibers. It has also been observed from the (ahv)? vs. (hv) plots of the
irradiated PAni nanofibers doped with HCl [Fig. 4.26 (a)], that the defect level
observed at 2.31 eV for the pristine material cannot be detected for the irradiated
samples. This suggests that the defect must have annealed out upon SHI
irradiation.

SHI irradiation can anneal out defects as well as create defects within the
forbidden energy gap of materials depending upon the nature of the material
irradiated and the ion beam parameters such as fluence, energy and charge state
of the ion. The defect level at 2.98 eV observed in the (ahv)? vs. (hv) plot for the
pristine PAni nanofiber is found to shift to about 3.38 eV and remains almost
similar for the samples irradiated at different fluences. However, both the defect
levels in the CSA doped PAni nanofiber samples still continue to exist at almost
the same positions (~ 2.41 eV and ~3.31 eV) even after irradiation. In fact, the
defect levels in CSA doped PAni nanofibers become more prominent upon SHI
irradiation, which is an indication of an increase in the density of states in the
defect levels. The reason as to why the defect level at 2.41 eV still persists after
SHI irradiation in the CSA doped PAni nanofibers is not clear. One might assume
that the parameters of the ion beam being exactly same for both the samples, the
observed phenomenon as discussed above has to do with the property of the
dopant CSA, which is quite different from HCl since CSA has a long side chain
and is much bulkier than HCL
4.3.4.2. Urbach’s tail

In case of non-crystalline materials there can be dense localized energy
states, near the valence (HOMO) and conduction (LUMO) band edges, known as
“Urbach energy bands”. The absorption coefficient below the fundamental
absorption edge for the non-crystalline materials show an exponential
dependence on the photon energy (hv) which follows the Urbach formula given
by Eq. 4.7 [442]:
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a(v)=a, exp( I;;j 4.7)

where « is a constant, E,, is an energy which is interpreted as the width of the tail
of localized states in the forbidden band gap, v is the frequency of radiation and h
is Planck’s constant. This region is attributed to the electronic transition between a
localized band tail and an extended band. The origin of E, is considered as
thermal vibrations in the lattice [443]. The above relation has been first proposed
by Urbach [442] to describe the absorption edge in alkali halide crystals. This
relation has also been found to be applicable for amorphous materials.

Figures 4.27 (a) and (b) show the logarithm of the absorption coefficient «
plotted as a function of the photon energy (hv) for the pristine and irradiated HCl
and CSA doped PAni nanofibers. The values of the Urbach energies (E.) for the
pristine and irradiated PAni nanofibers doped with HCl and CSA have been
calculated by taking the reciprocal of the slopes of the linear portion of these

curves and are listed in Table 4.5.
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Figure 4.27: Plot of In o vs. hv for the pristine and irradiated PAni nanofibers (a) doped
with HCI and (b) doped with CSA. The reciprocal of the slopes of the linear portion of

these curves have been used to calculate the Urbach’s energy.
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Table 4.5: Optical band gap (Eop/Eg3), defect levels (Eg1 and Egz) and Urbach tail width
(eV) of PAni nanofibers

Fluence Egp (Eg) (€V) Eg (eV) Ez (eV) Urbach energy (eV)

S1a S§2» S1a  S2p  S1a  S2b  S]a S2b

Pristine 4.08 402 298 331 231 241 3.01+£022 2.23+0.09

3x1010 4.66 437 337 345 — 244  2.09+0.05 1.82 £ 0.04
3x101 531 450 338 332 - 245 1.81+0.03 1.34 £0.02
1x1012 559 481 338 331 — 242 0.95+10.09 0.65+0.17

a 51 stands for PAni nanofibers doped with HCI
b 52 stands for PAni nanofibers doped with CSA
Values of Eopt, Eg2 and Egz have errors upto +5%.

According to Cody’s model the Urbach tail width (¢) can be written as:

(T, X)=

Ky6  Kyb [ 1 ]+ K,6X @)

26, o, |exp(@/T)-1| 20,
where, Kp is the Boltzmann constant, X is a dimensionless parameter called

structural disorder parameter and @ is related to the Debye temperature (6,) by
6, ~46/3. The second term in the Eq. (4.8) represents the contribution of electron-

phonon and exciton-phonon interactions and the third term originates due to the
mean square deviation of the atoms from a perfectly ordered lattice due to
structural disorder. In the present work, since all the optical absorption spectra
have been recorded at room temperature, the decrease in the Urbach tail width in
PAni nanofibers upon SHI irradiation is supposed to be only due to the decrease
in structural disorder.

The optical band gap calculated using UV-Vis spectroscopy is actually less
than the actual band gap of the material. It is due to the band tailing that we are
only able to measure the apparent band gap and not the actual one. It is observed
that the Urbach’s tail width decreases with increasing ion fluence, which indicates
that the localized states due to disorder are annealed out upon SHI irradiation.
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This leads to the further separation of the valence and the conduction band edges
and hence the band gap of the material increases. Similar type of annealing out of
disorders and subsequent increase in the band gap has been reported earlier [444].
However, the increase in band gap may be a combined effect of the decrease in
the Urbach tail width and the quantum confinement effect, which has been
discussed in the following section (Section 4.3.5.3.).

4.3.4.3. Quantum confinement effect

Another probable reason for the increase in the band gap upon SHI
irradiation is the reduction in the fiber diameter upon SHI irradiation, which is
clearly evident from the TEM micrographs [Figs. 4.2 (a-d) and Figs. 4.3 (a-d)].
Thus, it may be assumed that the obser)ved increase in the band gap is a
consequence of the existence of quantum confinement effect.

According to the theoretical treatment for this small fiber size, the electron
and hole wave functions are individually confined. The gap energy, E, is inversely
proportional to the square of the particle radius, R, as follows [445]:
h’n?
2uR?
where E; is the bulk band gap of PAni nanofibers, # = h/2x, h is Planck’s constant,

E=E, +

(4.9)

and p is the reduced mass of electrons and holes (~0.08 my).

It is observed from the Table 4.5 that the absorption edge energy increases
as the irradiation fluence is increased. On the other hand, it is clearly evident from
the TEM micrographs and the size distribution curves described in the section
4.3.1 that the diameter as well as the length of both the HCl and CSA doped PAni
nanofibers decreases with increasing ion fluence. If the absorption edge energy
and the inverse of the square of the average particle radius of the pristine as well
as irradiated PAni nanofibers exhibit a linear relationship, then one can associate
the observed increase in the optical band gap with the quantum confinement
effect. fig. 4.28 shows the absorption edge energy as a function of the inverse of
the square of the average particle radius. A linear relationship confirms the
quantum size effect in PAni nanofibers leading to the enhancement of the optical

band gap upon SHI irradiation. The corresponding bulk band-gap energy
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obtained by interpolating the straight line at 1/R?=0 is found to be 3.89 for the
HCI doped PAni nanofibers whereas for the CSA doped is 3.96 eV.

6.0

o HCI doped PAni nanofibers
o CSA doped PAni nanofibers

5.5

4.0

0.00 0.01 0.02 0.03 0.04
1/R’ (nm™)

Figure 4.28: Band-gap versus the inverse of the square of the radius of the pristine and

irradiated nanofibers illustrating the quantum confinement effect in PAni nanofibers.
4.3.5. Dielectric relaxation spectroscopy

Dielectric relaxation spectroscopy has been done for the pristine and
irradiated HCl and CSA doped PAni nanofibers in order to understand the
variations in the dielectric and conductivity relaxation processes in PAni
nanofibers upon interaction with highly energetic ions. Dielectric relaxation
spectroscopy has been widely employed to investigate the charge transport and
relaxation phenomena in conducting polymers [422-424]. In general, the ac electric
response is a superposition of the dielectric response of the bound charges
(dipoles) along with the hopping of the localized charge carriers and the response
produced by the molecular structure deformations due to the diffusion of charge
carriers. The overall electric behaviour can be understood by employing different

formulations such as the complex impedance (Z"), complex permittivity (&)
and complex modulus (M"). The experimental data acquired in the present work

is presented in different formalisms viz.,, the permittivity formalism, the
impedance formalism and the electric modulus formalism to investigate different

relaxation processes taking place in the pristine and SHI irradiated HCl and CSA
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doped PAni nanofibers. The dielectric function (¢") has been used to study the
polarization mechanisms, whereas the complex impedance (Z") and the electric

modulus (M") have been used to describe the conductivity relaxation
mechanisms of the materials.
4.3.5.1. Permittivity formalism

Figures 4.29 (a, b) depicts the overall frequency dependence of the real part
(¢") of the dielectric function (¢" =¢'—je") for the HCI and CSA doped PAni
nanofibers, respectively within the temperature range of 303-373 K. The real part
(&) of the dielectric function (¢") has been calculated from the measured values
of capacitance using the formula:

g'=Cdfg A (4.10)
where, C is the measured capacitance of the sample, d is the thickness of the
sample, A is the area of the pellet and ¢ is the permittivity of free space.
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Figure 4.29: Frequency dependent variation of the real part (&') of the complex

permittivity (¢”) for the PAni nanofiber doped with (a) HCI and (b) CSA within the
temperature range of 303-373 K.

The frequency and temperature dependent variation in the imaginary part
(¢") of the complex dielectric function (¢°) for the PAni nanofibers doped with
HCI and CSA are shown in the Figs. 4.30 (a, b). The imaginary part (¢") of the

complex impedance has been measured as:

g"=¢g'tand (4.11)
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where tang is the loss factor that can be measured using the Hioki LCR meter

and values of (¢') can be obtained according to the Eq. (4.10) by measuring the

capacitance (C) using the LCR meter and the sample dimensions d and A.
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Figure 4.30: Frequency dependent variation of the imaginary part (¢") of the complex

permittivity (¢°) for the PAni nanofiber doped with (a) HCI and (b) CSA in the
temperature range of 303-373 K.

It is observed in Figs. 4.29 (a, b) and 4.30 (a, b) that the values of (¢') and
(¢") increase with increasing temperature in the low frequency (LF) region of the
permittivity spectra. At frequencies (~10 kHz), a dielectric like relaxation can be
recognized in the (¢") spectra, which is more prominent in case of the HCI doped
PAni nanofibers. The ¢" spectra of the HCl and CSA doped PAni nanofibers have
been fitted to the following equation:
Ag'sin(Py)

£ = Aw™ +- _— 4.12)
[l +2(w1,)" ™ sin(ra / 2) + ((010)2(1_”)]
where
1-a /
S (o7,)" cos(ra/2) (413)

1+ (wr,)"™ sin(za /2)
where A (=a/¢, ) and s are curve-fitting parameters and (= 27f) is the angular

frequency. The first term of Eq. (4.12) describes the contribution of the dc
conductivity to the ¢" losses. The second term of the Eq. (4.12), is the Havriliak-
Negami (H-N) empirical relation. Parameters «(0<a<1) and pB(0<p<1)

depict the symmetric and asymmetric deviation from simple relaxation time,

respectively. The H-N equations coincide with the respective Debye equations for

156



Chapter 4: Polyaniline Nanofibers: Synthesis, SHI irradiation Characterization and Applications

real and imaginary part of the complex dielectric function (¢") when « =0 and

B=1.
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Figure 4.31: The imaginary part ¢" of the dielectric function (&) vs. frequency for the
PAni nanofibers doped with (a) HCIl and (b) CSA at 373 K. The solid line is the best fit of
Eqg. (4.12) to the experimental data. The dotted line (.....) shows the contribution of dc
conductivity and the dashed line (- - -) line shows the contribution of H-N function to the
dielectric losses g " .

The best fit of Eq. (4.12) on a representative diagram of log £" versus log o
concerning the HCl and CSA doped PAni nanofibers at 303 K are presented in
Figs. 4.31 (a) and (b), respectively. The contributions of the dc conductivity and of
the H-N function to the dielectric losses ¢" can be clearly marked from the same
figure. The average values of the parameters o and [ as obtained from the best
fits of the experimental data are « =0.245 and [ =0.834 for the HCl doped PAni
nanofibers and « =0.345 and f=0.657 for the CSA doped PAni nanofibers. It is
evident that the values of the fitting parameters « and f lie between 0 and 1,
which indicates that the relaxation is non-Debye type and there is a distribution of
relaxation times.

The strong low frequency (LF) dispersion for &' and ¢" is a characteristic
of materials in which charge carrier hopping is the dominating conduction
mechanism [446]. In the LF region, the ¢" spectra exhibit no loss peaks even at
higher temperatures and increase almost linearly with decreasing frequency due
to the increased contribution of dc conductivity. At low temperatures and at a

frequency around 10* Hz, a change in slope is observed in ¢" spectra [Figs. 4.30
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)

(@) & (b)]. In conducting polymers there are no permanent dipoles. However,
there is strong charge (polaron) trapping and its localized (short range) motion
under the application of an external electric field serves as an “effective” electric
dipole [447-449]. The dielectric relaxation in presence of such an alternating
electric field is a result of charge hopping among available localized sites {365].
Polarons and bipolarons formed during doping are the relevant charge species for
PAni nanofibers. At low frequencies such charge hopping could extend
throughout the sample in the absence of strong pinning leading to a continuous
current. Increasing temperature has the effect of mobilizing the polymer chains,
reducing pinning and leading to larger number of charges participating in the
relaxation process for a given frequency. With increasing temperature the ¢”
spectra for both the HCl and CSA doped nanofibers exhibit almost linear
behaviour with frequency and no relaxation mechanism can be noticed. This may
be attributed to shorter time constants associated with increased chain movement.
However, it must be stated that increased chain movement does not imply
efficient charge transport as there is a concomitant reduction in polymer
conjugation at higher temperatures increasing the barrier potentials for charge
transport. At higher temperatures, the change in slope due to dielectric relaxation
is not observed as the contribution of dc conductivity is higher. Since the polymer
under investigation is non-polar, the observed relaxation in Figs. 4.30 (a, b) is not
associated with a structural relaxation and a dynamic glass transition (i.e., the « -
relaxation) [450]. This relaxation process has, therefore, been assigned to the
hopping and/or oscillations of charges around fixed pinning centers.

Figure 4.32 (a-d) depict a comparison of the real part (¢') of complex

permittivity (¢") as a function of temperature for the pristine and 90 MeV O7* ion

irradiated HCI doped PAni nanofibers at different frequencies. It is observed that
¢' for the pristine and irradiated PAni nanofibers increases with the increase in
temperature at any particular frequency and follows almost a similar trend for the
pristine as well as the irradiated smaples. At low temperatures, the rate of
increase in ¢’ with temperature is smaller; however above 343 K (70° C) the rate
of increase in ¢' is enhanced. It can be clearly observed that the real part of the

complex permittivity or the dielectric constant of the HCl doped PAni nanofibers
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at a particular frequency and temperature decreases as the irradiation fluence

increases. Similar results have also been obtained for the pristine and irradiated

CSA doped PAni nanofibers.
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Figure 4.32: Variation of the real part (&') of the complex permittivity (¢") as a function
of temperature fro the pristine and 90 MeV O7* ion irradiated PAni nanofibers doped with
HCI at frequencies of (a) 50 Hz, (b) 1 kHz, (c) 10 kHz and (d) 1 MHz.

It has been reported that the dielectric constant of polyaniline is
proportional to the square of the crystalline domain coherence length and
increases with increase in crystallinity of the macroscopic metallic domains [353].
The noticeable decrease in dielectric constant of both the HCl and CSA doped
PAni nanofibers upon SHI irradiation can thus be ascribed to the decrease in
crystallinity of the PAni nanofibers upon SHI irradiation. As discussed in section
4.3.2, X-ray investigations of the pristine and SHI irradiated PAni nanofibers show
that the domain length and overall the degree of crystallinity of the PAni
nanofibers decreases upon SHI irradiation. The dielectric relaxation in the

irradiated PAni nanofibers shows almost similar behaviour to that of the
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unirradiated sample, however, the contribution of the dc conductivity to the Eq.
(4.12) defining the relaxation process in PAni nanofibers decreases with increasing
irradiation fluence and the contribution of the H-N term becomes more
prominent.

4.3.5.2. Impedance formalism

Fig. 4.33 (a-b) displays the variation of the real part (Z') of the complex
impedance (Z") for the HCl and CSA doped PAni nanofibers as a function of

frequency at different temperatures. Fig. 4.34 (a-b) shows the variation of the
imaginary part (Z") of the complex impedance (Z") of the HCl and the CSA

doped PAni nanofibers as a function of frequency at different temperatures.
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Figure 4.33: Variation of real part (Z') of complex impedance (Z") of PAni nanofibers
doped with (a) HCl and (b) CSA
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It is observed that the real part (Z') of the complex impedance (Z)

decreases with the increase in frequency as well as temperature for both the HCl
and CSA doped PAni nanofibers. The conductivity relaxation mechanisms in the
HCl and CSA doped PAni nanofibers have been studied by considering the
variations of the imaginary part (Z") of the complex impedance(Z") as a function

of frequency and temperature. Two relaxation mechanisms corresponding to a
weak peak at high frequency and a probable strong peak at low frequency are
observed. However, the phenomenon is not prominent at higher temperatures.
(Z") versus log @ can be fitted to a sum of two Cole-Cole equations [390]:

2 AZ: (w7, )" cos(za, 2)|

z"= |
ST+ 2{or ) sinlras /2)+ (w7 J

(4.14)

where, AZ' is the contribution of each conductivity relaxation mechanism to the
real part of the complex impedance, AZ! =R;. w is the angular frequency, «,is a
parameter correlated with the mean width of the curve of each mechanism and
obtains values of 0 <« <1. The conductivity mechanism is described by a single

relaxation time in case of o =1, while when « >0, this mechanism is described

by symmetrical distribution of relaxation times. The parameter 7, (=1/2xf)

describes the mean relaxation time of each conductivity relaxation mechanism
and corresponds to the frequency of maximum Z" value. Figs. 4.35 (a, b) depict
the respective fitting of Eq. (4.14) to the experimental Z" data for the HCI and
CSA doped PAni nanofibers, respectively acquired at 303 K.

Figs. 4.35 (a, b) also show the simulated curves depicting the contribution
of two conductivity relaxation mechanisms having different relaxation times as
obtained from the fitting parameters. The occurrence of two relaxation peaks in
the Z"spectra is not caused by any crystalline structure in the PAni nanofibers as
the PAni nanofibers are mostly amorphous as is evident from the x-ray diffraction
analysis presented in the section 4.3.2. The appearance of two relaxation peaks
may be considered to be due to the two-phase structure in the PAni nanofibers.
The lower frequency peak can be attributed to the phase of oxidized repeat units
(quinoid) and the higher frequency peak to the phase of reduced repeat units
(benzenoid) of PAni nanofibers [451, 452]. A comprehensive decrease in the value
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of impedance has been observed with the increase in temperature, which may be
attributed to increasing charge transfer between the two phases of the PAni

nanofibers, since the charge transfer is a thermally activated process.
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Figure 4.35: The imaginary part Z" of the complex impedance (Z") as a function of
frequency for PAni nanofibers doped with (a) HCI and (b) CSA at 303 K. The solid line
(—) is the best fit according to Eq. (4.14). The dot lines (....) and the dashed lines (-—--)
show the contribution of the two conductivity relaxation mechanisms toZ" .

The variation of the real part (Z') of the complex impedance (Z") for the
irradiated PAni nanofibers doped with HCI and CSA are shown in the Figs. 4.36
(a, b), respectively. The inset in the figures show the variation of real part of the
complex impedance of the pristine HCl and CSA doped PAni nanofibers at 303 K

for a better comparative view.
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Figure 4.36: Variation of real part (Z') of complex impedance (Z") of 90 MeV O7* ion
irradiated PAni nanofibers doped with (a) HCI and (b) CSA. Inset shows the real part of
complex impedance for the HCI and CSA doped PAni nanofibers at 303 K.
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Figs. 4.37 (a, b) show the variation of the imaginary (Z") part of the

complex impedance for the 90 MeV O7* ion irradiated PAni nanofibers doped
with HCl and CSA, respectively. The inset shows the imaginary part of the
complex impedance of the pristine HCI and CSA doped PAni nanofibers at 303 K.
It can be clearly observed that in the SHI irradiated samples only one relaxation
peak with a high value of impedance is observed at low frequency. The
experimental data for the imaginary part of the complex impedance for the
irradiated samples have thus been fitted to a single Cole-Cole equation
resembling Eq. (4.14) but with the summation sign removed. This result is quite
significant as it once again confirms that SHI irradiation leads to the
transformation of the benzenoid units in the PAni nanofibers into quinoid units,
which shows a peak at low frequency. The peak due to the benzenoid unit at
higher frequency and with a low value of impedance as can be observed from the
inset of the Figs. 4.37 (a, b) is no longer observed in the SHI irradiated PAni
nanofibers indicating a transformation from the benzenoid to quinoid structure as

has also been observed from the vibrational spectroscopy analysis.
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Figure 4.37: Variation of imaginary part (Z") of complex impedance (Z") of 90 MeV O7*
ion irradiated PAni nanofibers doped with (a) HCl and (b) CSA. Inset shows the

imaginary part of complex impedance for the HCI and CSA doped PAni nanofibers at 303
K. The solid lines are fit of the experimental data to a single Cole-Cole equation.

4.3.5.3. Electric modulus formalism
The term electrical conductivity relaxation (ECR) is often used to describe
the frequency-dependent movement of charge carriers. The analysis of

conductivity relaxation in HCl and CSA doped PAni nanofibers have been
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undertaken in the complex electric modulus formalism M". Figs. 4.38 (a, b) show
the variation of the real part (M')of the complex modulus (M") obtained by
transforming the data of the complex permittivity for the HCl and CSA doped
PAni nanofibers as a function of frequency at different temperatures ranging from
303-373 K according to the Eq. (2.86) in section 2.6.2 in Chapter 2. It is evident
from the Figs. 4.38 (a, b) that the influence of electrode polarization is effectively
suppressed for the electric modulus data since highly capacitive phenomena are

suppressed in the M" formalism.
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Figure 4.38: Frequency dependence of the real part M’ part of the electric modulus

function M" at different temperatures for PAni nanofibers doped with (a) HCI and (b)
CBA.

The generalization introduced by Havriliak and Negami [392, 424], in the

permittivity mode can also be expressed in terms of M' and M" as:

[M¢B” +(M, — Mg)cos yp]B”

M =M_Msx—— - 5 (4.15)

MiBY +2B" (M, — Mg)M, cosyp + (M, — My)
M, — M;)si B’

M = MM x LM = Ms)singol - (4.16)

M3B” +2B" (M, — M¢)Mg cosyp + (M, — My)
where
o 2
B=[1+2(a)f)l"“ sin7+(a)r)2“‘“)] (4.17)

and ¢ is given in Eq. (4.13). For y=1and« =0, the corresponding Debye
equations are obtained, for y =1 and « # 0 the Cole-Cole equations and for y # 1

and « =0, the Davidson-Cole equations for M' and M" are obtained.

164



Chapter 4: Polyaniline Nanofibers: Synthesis, SHI irradiation Characterization and Applications

Figs. 4.39 (a, b) show the variation in the imaginary part M" of the
complex electric modulus (M") for the HCl and CSA doped PAni nanofibers as a
function of frequency at different temperatures. The solid lines are the best fits of
the experimental data according to the Eq. (4.16). The average values of the
parameters & and y as obtained from the best fits of the M" spectra at different
temperatures are a = 0.292, y =0.714 for the PAni nanofiber doped with HCl and
o =0.312, y =0.809 for the PAni nanofiber doped with CSA.
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Figure 4.39: Frequency dependence of the real part M" part of the electric modulus

function M" at different temperatures for PAni nanofibers doped with (a) HCI and (b)
CSA. The solid lines represent the best fits of the experimental data to Eq. (4.16) at

different temperatures.

It is observed from the Fig. 4.38 (a, b), that M'(w) shows a dispersion
tending toward M_, i.e. the asymptotic value of M'(w) at higher frequencies

approaches to zero at low frequencies, indicating that the electrode polarization
makes a negligibly low contribution to M'(w) and may be ignored when the
permittivity data are expressed in this form. Figs. 4.39 (a, b) show the frequency
dependence of the imaginary part of electric modulus M" of the PAni nanofibers.
In Fig. 4.39 (a), a peak is observed which shifts to higher frequencies with
increasing temperature. However, in case of the PAni nanofibers doped with CSA
the peak is not observed and might evolve if the measurement is done at
frequencies higher than those in the present work. Although the physical meaning
of this type of representation is still not fully understood [453, 454], the M’

formalism is frequently used in the analysis of dielectric data in relation to
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conductivity effects [455]. The peak frequency o, in the M" versus logw

spectra is an indication of a transition from short range to long range mobility at
decreasing frequency along conductivity paths [456]. The low frequency side of
the peak represents the range of frequencies in which charge carriers can move
over long distances. The high frequency side of the M" peak represents the range
of frequencies in which charge carriers are spatially confined to their potential

wells and can only make localized motion within the wells. The increase in M'(w)
and the subsequent development of peaks in the M"(w) plot is a characteristic

behaviour of dielectric dispersion [457].
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Figure 4.40: Temperature dependence of the most probable relaxation frequency obtained
from the modulus formalism for PAni nanofibers doped with (a) HCI and (b) CSA. The
solid line represents the best fit according to Eq. (4.18).

The peak angular frequency @ . is the characteristic frequency of the

conductivity relaxation and defines the most probable conductivity relaxation

time by @ 7,, =1. The values of »_,_ have been calculated by taking the inverse

max max

of the corresponding values of 7, as obtained from the best fits of the

experimental M" data. The most probable relaxation time obeys the Arhenius

relation given by:

O pax = O exp[ kEHT J (4.18)

B
where o, is the pre-exponential factor, k, is the Boltzmann’s constant, T is the

absolute temperature, and E, is the activation energy. Figs. 4.40 (a, b) show plots

of log w, versus 10° /T for the HCl and CSA doped PAni nanofibers. The
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activation energy E, calculated from the best fit to the data points according to Eq.

(4.18) are 0.24 eV for the HCl doped PAni nanofibers and 0.30 eV for the CSA
doped PAni nanofibers.

Figs. 4.41 (a, b) show the plot of M” measured at different temperatures
ranging from 303-373 K, in which each frequency is scaled by the peak frequency

"

o, and M"is scaled by the magnitude of the peak M? . It can be observed that

max max
almost all the curves at different temperatures overlap on a single master curve,
which is an indication of the fact that the dynamic processes occurring at different
frequencies exhibit the same activation energy, so that a distribution of activation
energies should not be considered as the origin of non exponential response [365].

However, a little deviation is observed for temperatures higher than 353 K, which

may be attributed to the temperature induced modifications in the PAni

nanofibers.
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Figure 4.41: Scaling behaviour of M" at various temperatures for PAni nanofibers doped

with (1) HCI and (b) CSA

The variation in the imaginary part M" of the complex modulus function
M" of the HCl and CSA doped PAni nanofibers upon irradiation with 90 MeV
O7* ions at different fluences are shown in the Figs. 4.42 (a, b). The experimental

data points have been fitted with the Eq. 4.16. The parameters «, y and

relaxation time r have been determined from the best fits and are tabulated in

Table 4.6. It has been observed that the values of the parameters « and y for the

pristine as well as the irradiated PAni nanofibers lie between 0 and 1. This is an

indication of the fact that relaxation in the pristine as well as the irradiated PAni
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nanofibers is of the non-Debye type and that there is a distribution of relaxation

times. The relaxation time, however, increases with increasing fluence.
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Figure 4.42: Variation of M" for the pristine and 90 MeV O”* ion irradiated PAni
nanofibers doped with (a) HCI and (b) CSA as a function of frequency. Solid lines are the
best fits to the experimental points according to the Eq. (4.16).

Table 4.6: Best fit parameters for M" spectra at 303 K for the pristine and irradiated PAni
nanofibers doped with HCIl and CSA [Figs. 4.42 (a, b)]

Fluence a 14 7 (secs)
(ions/cm?) S1 S2 S1 S2 S1 S2
0 (Pristine) 0.282 0.318 0.709 0.812 6.03 x 10-6 2.83 x 108
3 x 1010 0.309 0.362 0.692 0.803 7.23 x 107 3.45x 108
3 x 101 0.292 0.388 0.717 0.752 7.89 x 107 5.35 x 108
1x 1012 0.351 0.417 0.613 0.825 6.15 x 108 8.91 x 108

4.3.6. AC conductivity and charge transport mechanism

Figs. 4.43 (a, b) show the variations in ac conductivity as a function of
frequency at different temperatures for the HCl and CSA doped PAni nanofibers,

respectively. The ac conductivity o(®w) of the PAni nanofibers over the entire

frequency and temperature range has been calculated using the measured values

of conductance G(w)according to the Eq. 3.30 mentioned in the section 3.5.9 in

Chapter 3. The ac conductivity of amorphous semiconductors and disordered
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systems, in general, exhibit a universal behaviour and follow a power law with
frequency [365] according to the Eq. 4.19 as:

o(w)y=0, +Aw’ (4.19)
where s is the frequency exponent and o, is the frequency independent dc

conductivity.
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Figure 4.43: Variation of ac conductivity o(w) as a function of frequency and
temperature (303-373 K) for PAni nanofibers doped with (a) HCI and (b) CSA. Solid lines
are the best fits to the experimental data according to the Eq. (4.19).

The experimental data of ac conductivity acquired for the HCl and CSA
doped PAni nanofibers as a function of frequency and temperature have been
fitted to the Eq. (4.19). Solid lines in the Fig. 4.43 (a, b) are the best fits of the
experimental values to the Eq. (4.19). The values of dc conductivity and the
exponent “s” have been determined from the best fits. In general, the ac

conductivity of disordered semiconductor and polymeric materials exhibits a

common phenomenon characterized by a transition above a critical frequency -

from a frequency independent plateau in the low frequency region to a dispersive
high frequency region [365]. Free charges available in the system contribute to the
first trend observed in the curve whereas the frequency dependent conductivity is
due to trapped charges, which are activated at higher frequencies. However, it can
be observed from the Figs. 4.43 (a, b) that the experimental data in the lower
frequency region especially for the CSA doped PAni nanofibers does not fit
perfectly to the Eq. (4.19). This may be ascribed to electrode polarization effects

often observed during dielectric measurements. However, the values of dc
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conductivity obtained from the best fits indicate that the conductivity of the PAni
nanofibers increases with increasing temperature. This can be attributed to the
fact that with increasing temperature the polymer chains mobilize and pinning is
reduced. Thus charge transport may become easier as more and more charges can

take part in conduction.
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Figure 4.44: Frequency dependent ac conductivity of the pristine and irradiated PAni
nanofibers doped with (a) HCI and (b) CSA

Figs. 4.44 (a, b) show the variation in the ac conductivity for the pristine
and SHI irradiated PAni nanofibers doped with HCl and CSA, respectively. The
experimental curves have been once again fitted with the Eq. (4.19) and the values
of dc conductivity and the frequency exponent “s” have been determined. It has
been observed that the deviation from the ideal curve according to the Eq. (4.19)
in the low frequency region is greater for the irradiated samples than that for the
pristine PAni nanofibers, which may be attributed to increased electrode
polarization effects. The increase in the electrode polarization may be due to the
decrease in the dc conductivity. The temperature dependent variation in the
frequency exponent “s” as obtained from the best fits of the experimental data for
the pristine and irradiated HCIl and CSA doped PAni nanofibers are shown in the
Figs. 4.45 (a, b). The exact nature of charge transport is obtained experimentally
from the temperature variation of the frequency exponent “s” [366]. It is evident
from the Figs. 4.45 (a, b) that the s-parameter for the pristine as well as the
irradiated PAni nanofibers doped with HCl and CSA varies inversely with

temperature. This behaviour observed for both the pristine and irradiated PAni

nanofibers can be explained by the correlated barrier hopping model for charge
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transport [366]. Thus, one can assume that the charge transport mechanism in
PAni nanofibers remains unaltered upon SHI irradiation though the frequency
independent dc conductivity decreases with the increase in irradiation fluence as
observed in Figs. 4.44 (a, b).

Figs. 445 (a, b) show the variation of the frequency exponent “s”
determined from the best fits of the ac conductivity data for the pristine and the

SHI irradiated PAni nanofibers doped with HCl and CSA as a function of

temperature.
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Figure 4.45: Variation in the frequency exponent “s” as a function of temperature for
PAni nanofibers doped with (a) HCI and (b) CSA.

The temperature dependence of “s” according to the correlated barrier
hoping model is given by:

§=1— OkT _ (4.20)
W,, —kTIn[l/or, |

where IV,, is the polaron binding energy and 7, is the characteristic relaxation
time. For large values of W,, = kT ; Eq. (4.20) may be written as

_6kT
Wi

1-s (4.21)

The values of W,, for the pristine and SHI irradiated PAni nanofibers at

303 K and 100 Hz calculated using the values of “s” determined from the best fits
of the experimental data of ac conductivity are shown in Table 4.7. It can be

clearly seen from the Table 4.7 that the value of W,, lies between 0.30-0.80

indicating that single polarons, and not bipolarons are the major charge carriers in

the PAni nanofibers since the value for W,, must be almost four times higher for
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bipolaronic transport [366]. Thus, it is not only the mechanism of charge transport
but also the nature of charge carriers in PAni nanofibers that are not altered upon
irradiation with 90 MeV O7* ions.

The values of the hopping distance R, calculated according to the

correlated barrier hopping model using the Eq. (4.22) at the same frequency and
temperature for the pristine and irradiated PAni nanofibers doped with HCl and
CSA are also presented in Table 4.7:

eZ

R, = (4.22)
negy[Wy — kT ln[i—j

T,

The expression for ac conductivity o(w) according to the correlated barrier

hopping model is given by the relation:
a(®)= %7{31\] g RS (4.23)

where N = kTN(E;)and N(E,)is the density of states at the Fermi level. Table 4.7
also shows the values of N(E;) for the pristine and irradiated PAni nanofibers at
100 Hz and 303 K calculated by putting the experimental values of o(w) and ¢

for the particular frequency and temperature in the Eq. (4.23).

Table 4.7: Values of polaron binding energy (W,,), hopping distance (R ) and density of

states N(E) calculated using the correlated barrier hopping model.

Fluence W,, (eV) R, (A) N(E,)102¢ eV1.cm3
(ions/cm?) 51 S2b S1a S2b S1a S2b
0 (Pristine) 0.3 0.26 2.16 2.71 1.24 0.95
3 x 1010 0.47 0.28 1.52 2.05 2.92 1.53
3 x101n 0.56 0.33 1.02 1.47 4.35 2.92
1x1012 0.75 047 0.65 0.76 6.76 413

It is due to the disorder in conducting polymers that they exhibit a finite
density of states at the Fermi level (E, ) thereby facilitating hopping in conducting

polymers [335]. The increase in the density of states with increasing irradiation
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fluence corresponds to a decrease in delocalization of the electronic states
impeding hopping charge transport upon SHI irradiation.
4.4. Summary

Polyaniline (PAni) nanofibers doped with hydrochloric acid (HCl) and

camphor sulfonic acid (CSA) have been successfully synthesized using interfacial
polymerization and irradiated with 90 MeV O7* ions at different fluences and the
physico-chemical modifications in the nanofibers have been investigated
employing different characterization techniques. Transmission electron
microscopy of the pristine and irradiated PAni nanofibers reveals fragmentation
of the PAni nanofibers. It has been observed that upon SHI irradiation the average
diameter of the PAni nanofibers decreases from 2935 to 9.45 nm for the
nanofibers doped with HCI and from 50 nm to 11.38 nm for the nanofibers doped
with CSA. XRD analysis shows that as the irradiation fluence increases, the
crystalline domain size decreases while the strain increases. The decrease in the
integral intensity (area) for the (100) reflection peak with increasing fluence
suggests that the PAni nanofibers are amorphized. Enhancement in the strain in
the material may be attributed to the creation of dislocations and defects in the
material upon SHI irradiation. The increase in d-spacing imiicates an increase in
the Cring~N-Cring tilt angle with respect to the (4, b) basal plane of PAni. This has
been associated with the reduction in 7-stacking among the PAni chains and de-
doping of the doping states of PAni nanofibers upon SHI irradiation. De-doping
and amorphization of PAni nanofibers have been confirmed by micro-Raman (uR)
spectroscopy. Vibrational spectra of the pristine and SHI irradiated PAni
nanofibers investigated using FTIR and uR spectroscopic techniques brings out a
very significant result ie., a benzenoid to quinoid transition in the PAni
nanofibers upon SHI irradiation. The benzenoid to quinoid transition leads to a
decrease in the 7-conjugation length. It has been observed that PAni nanofibers
exhibit three allowed direct transitions at ~ 2.64, 3.61 and 4.08 eV for HCI doped
and at ~ 2.62, 3.49 and 4.02 eV for the CSA doped PAni nanofibers. The slight
variations in the energies of the allowed optical transitions has been attributed to
different fiber diameters in case of the two types of PAni nanofibers (HCl doped ~
30 nm and CSA doped ~ 50 nm). The optical band gap determined from the
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(ahv)* against photon energy hv plot is consistent with the energy
discontinuities observed in the plot of d[In(ahv)]/d(hv) vs. hv, where the

possible optical transition might take place. Upon irradiation an increase in the
optical band gap is observed which has been attributed to the fragmentation of
the PAni nanofibers upon SHI irradiation and also a decrease in the extent of
conjugation which suggests that the adjacent phenyl rings of the polymer have
larger torsion angles with respect to the plane of the nitrogen atoms, which is also
corroborated by the xR and FTIR results that indicate a partial benzenoid to
quinoid transition resulting in reduction in 7-conjugation. The structural
disorders have been found to anneal out as a result of SHI irradiation as
confirmed by the decreasing value of Urbach tail width with increasing ion
fluence that enhances the band gap. Dielectric spectroscopy of PAni nanofibers
reveals that relaxation in PAni nanofibers is of the non Debye type and there is a
distribution of relaxation times. The disappearance of the peak due to benzenoid
units of PAni nanofibers in the impedance spectra as a result of SHI irradiation
also indicates a benzenoid to quinoid transition in the PAni nanofibers upon SHI
irradiation. Existence of a master curve in the modulus spectra reveals that the
dynamic processes occurring at different frequencies exhibit the same activation
energy. These results indicate that there is an increased coupling among the
localized short range dipolar motion in the PAni nanofibers. The decrease of the s-
parameter with increasing temperature for the pristine and SHI irradiated PAni
nanofibers suggests that correlated barrier hopping (CBH) is the dominant charge
transport mechanism. Low values of polaron binding energy (0.30-0.80 eV)
calculated using the experimental values of the frequency exponent s confirms the
existence of single polarons as the major charge carriers in both the pristine and
SHI irradiated PAni nanofibers. Although there is little variation in the charge
transport mechanism and the nature of charge carriers in the PAni nanofibers
upon SHI irradiation but there is a significant decrease in the conductivity of the
PAni nanofibers upon SHI irradiation. The increase in the density of states in
PAni nanofibers with increasing irradiation fluence reveals a decrease in

delocalization, which is responsible for the observed decrease in the conductivity.
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Chapter 5

POLYANILINE NANOFIBER REINFORCED
PVA NANOCOMPOSITES: SYNTHESIS, SHI
TRRADIATION AND CHARACTERIZATION

This chapter describes the details of the synthesis of polyaniline (PAni) nanofiber
reinforced polyvinyl alcohol (PVA) nanocomposites employing in-situ rapid mixing
polymerization technique and the effect of SHI irradiation on the physico-chemical
properties of the nanocomposites. Modifications in the morphology, conformation and the
charge transport properties of the nanocomposites have been investigated and analyzed
using sophisticated characterization tools. The discussions of the results obtained

constitute the core of this chapter.

5.1. Introduction

Modernization of existing technologies requires new materials. The
movement towards nanodimensions in many areas of technology during the past
few decades have aroused tremendous interest in nanostructured materials.
Future progress in such fields of technology as actuators, microelectronics,
sensors, biosensors, drug delivery systems, chemical and biochemical engineering
depends greatly on the development of the available knowledge on
nanostructured materials. Conducting polymers have been in the forefront of
research and development for the last three decades and have found application
in diverse areas of research [38-49]. Conducting polymer based nanostructured
materials offer the advantage of being low dimensional organic conductors and
has often been more efficient in certain applications where surface to volume ratio

plays an important role [155].
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Nanocomposites of intrinsically conducting polymers (ICPs) are materials
that utilize conjugated polymers and at least one secondary component in the
nano-dimension that can be inorganic, organic materials or biologically active
species. The goal is to produce a composite material that has distinct properties
not observed in the individual components. A special class of these
nanocomposites viz., the Organic in Organic (O-O) nanocomposites have the
advantages of better processibility, light weight, low cost and environmental
stability. Carbon nanotubes reinforced polymer composites, carbon fiber
reinforced polymer composites are examples of nanocomposites belonging to this
class of materials [218, 225]. This class of nanocomposites have potential for being
used as biomaterials. These materials possess much higher stiffness and
mechanical strength and as such are more desirable for device applications.

Conducting polymer nanostructures generally have poor film formability
and it is only under special circumstances that we can obtain a stable film of PAni
nanofibers [155]. The lack of film formability and the requirement of a film
substrate restrict the application of these nanostructures in certain specific
applications such as actuators and sensors where a stable free standing film is
often a primary requirement. As such it seems that developing nanocomposites of
conducting polymer nanostructures with other insulating polymers having good
mechanical strength can lead us to the realization of some device applications,
which otherwise may not be possible with the pristine nanostructures of
conducting polymers. In this chapter of the thesis, we present a synthesis
technique based on rapid mixing polymerization [148] to synthesize
nanocomposites of conducting polymer nanostructures in general and PAni
nanofibers in particular with an insulating but mechanically strong water soluble
polymer to yield free standing (self supporting) films of PAni nanofiber
reinforced polymer nanocomposites. The advantage of this technique is that the
synthesis is carried out in a single pot and the polymerization takes place in-situ,
which reduces the risk of phase separation as is generally observed when
conducting polymer nanostructures are mixed with another polymer ex-situ. In
the following sections and sub-sections we present a detailed discussion of the

advantages and limitations of the synthesis technique and the results obtained
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after the characterization of the pristine and SHI irradiated PAni nanofiber

reinforced PVA nanocomposites using different characterization techniques.

5.2. Synthesis of polyaniline nanofiber reinforced PVA

nanocomposites

Processible PAni nanofiber reinforced PVA nanocomposite films have been
synthesized by in-situ rapid mixing polymerization in a medium consisting of the
water-soluble non-conducting polymer [polyvinyl alcohol (PVA)] and a
plasticizer. A plasticizer (in this case Glycerol) has been added at a certain
concentration to confer plasticity and flexibility to the films. PVA has been
dissolved in milli-Q water after heating at 80° C. Glycerol is added after the
solution cools down to room temperature. After that the monomer (aniline),
oxidant and dopant are added all at the same time and the solution is rapidly
mixed (>2000 rpm) for 24 hours. The solution gradually turns green indicating the
formation of PAni nanofibers. After 24 hours the solution is heated to make it
viscous and cast on glass slides and Petri dishes. Ultra thin films of the
nanocomposites have also been prepared using spin-coating and dip-coating
techniques for certain specific characterizations. The films have high stability and
are also free standing (self supporting). Hydrochloric acid (HCI) has been used as
the dopant while ammonium peroxydisulfate [APS, (NH4):5:Os] as the oxidant
during the synthesis. The ratio of the monomer to the oxidant has been
maintained at 2:1. HCl has been added to the solution to maintain a pH<3. Table
5.1 shows the composition of the PAni nanofiber reinforced PVA nanocomposites
synthesized in the present study.

Table 5.1: Composition of the PAni nanofiber reinforced PVA nanocomposites

Sample Code PVA (wt. %) Glycerol (wt. %) Aniline (wt. %) Thickness (um)

G1 80 20 2 31.72+0.28
G2 80 20 4 33.67 £0.51
G3 80 20 6 30.13 £ 0.62

Other compositions have also been studied varying the aniline wt.%,
however, in the present study we have considered only three samples with aniline
content varying from 2 wt.% to 6 wt.% as these compositions showed good and

repeatable results.
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5.3. Characterization of pristine and SHI irradiated
polyaniline nanofiber reinforced PV A nanocomposites

5.3.1. Electron microscopy

Fig 5.1 shows the transmission electron micrograph of the PAni nanofiber
reinforced PVA nanocomposite (sample G3). It is observed that PAni nanofibers
having average diameters in the range of 30 nm have been formed after the rapid
mixing polymerization reaction. In this case HCl is used as dopant and it has been
reported that PAni nanofibers doped with HCI have diameters within this range
(~ 30 nm) whether they are synthesized by interfacial polymerization or rapid
mixing polymerization technique [155]. However, the mixing speed is an
important factor since if the solution is mixed at very high speeds then there is a

anofibers.
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Figure 5.1: Transmission electron micrograph of the PAni nanofiber reinforced PVA
nanocomposite with 6 wt. % of aniline content (sample G3)

Figs. 5.2 (a-c) show the scanning electron micrographs of the PAni
nanofiber reinforced PVA nanocomposites viz., sample G1, G2 and G3 with 2 wt.
%, 4 wt. % and 6 wt. % of aniline content, respectively. The micrographs display
that the surface morphology of the nanocomposites becomes rougher and the
porosity decreases as the aniline content in the nanocomposites increases. Fig. 5.2
(c) clearly indicates randomly oriented fiber like structures of PAni evolving in

the surface of the PAni nanofiber reinforced PVA nanocomposites.
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Figure 5.2: Scanning electron micrographs of the PAni nanofiber reinforced PVA
nanocomposites with (a) 2 wt. % (sample G1), (b) 4 wt. % (sample G2) and (c) 6 wt. %
(sample G3) of aniline content

The effect of 90 MeV O7* ion irradiation on the surface morphology of the
PAni nanofiber reinforced PVA nanocomposite is evident from the Figs. 5.3 (a-d).
It is observed that after irradiation the surface of the PAni nanofiber reinforced
PVA nanocomposite films become smoother and the fibrous structure of PAni
nanofibers visible in Fig. 5.3 (a) vanishes. The fact that there are no visible pores in
the SEM micrographs suggests that the density of the PAni nanofiber reinforced
PVA nanocomposites increases upon interaction with the 90 MeV O7* ions. The
improvement in the surface morphology and density of the PAni nanofiber
reinforced PVA nanocomposite can be attributed to the displacement of the
polymer chains from the hilly to the valley regions due to the deposition of huge
amount of electronic energy under the impact of swift heavy ions incident [228,

411] on the PAni nanofiber reinforced PVA nanocomposites.
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Figure 5.3: Scanning electron micrographs of the PAni nanofiber reinforced PVA
nanocomposites with 6 wt.% (sample G3) of aniline content (a) before and after
irradiation with 90 MeV O’* ions at fluences of (b) 3 x 109, (c) 3 x 10" and (d) 1 x 10"
ions cm™2.

5.3.2. X-ray diffraction analysis

Fig. 5.4 (a) shows the X-ray diffraction pattern of the PAni nanofiber
reinforced PVA nanocomposites in the 26 range of 10°-40°. It has been observed
that the (100) reflection peak of PAni (at 26= 20°), which is attributed to the
parallel periodicity of PAni is the most intense peak. With increase in aniline
content the (100) reflection peak intensifies and sharpens up. Figure 5.4 (b) is the
X-ray diffraction patterns of the three nanocomposite samples G1, G2 and G3
within the 20 range of 180-21% which shows the variations in the (100) reflection
peak of polyaniline nanofiber reinforced PVA nanocomposites. The size and
strain components are the two major factors leading to line broadening in an X-
ray diffractogram. Size broadening is governed by the size of coherent domains

(or incoherently diffracting domains) and may include effects of stacking and

180



Chapter 5: Polyaniline Nanofiber Reinforced Polymer Nanocomposites: Synthesis, SHI Irradiation and Characterization

twin faults and sub-grain structures such as small-angle boundaries. Broadening

due to strain, on the other hand, is caused by lattice imperfections [412, 413].
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Figure 5.4: X-ray diffraction patterns of polyaniline nanofiber reinforced PVA
nanocomposite samples with 2 wt.% (sample G1), 4 wt.% (sample G2) and 6 wt.%
(sample G3) of aniline content in the 26 range from (a) 10° to 60° and (b)18-21 showing
the comparison of the (110) reflection peak for polyaniline (PAni) in the PAni nanofiber

reinforced PVA nanocomposites.

The line broadening in the X-ray diffractogram has been studied
employing the single-line approximation method using Voigt function [414] as
described in the section 3.5.2 of Chapter 3. The technique has been used to
separate the contributions of the crystallite size (referred to as domain length or
the range of order (L) in case of polymers) and the strain towards the line
broadening. The domain length (L) and strain (¢) of the nanocomposite films are
tabulated in the Table 5.2.

Table 5.2: Variation of domain length (L) and strain ()

Samples Domain length (L) in A Strain (g)
Gl 20.05 1.50
G2 20.25 1.38
G3 22.66 1.16

It is observed from the Table 5.2 that the range of order (domain length)
within the nanocomposite films increases as the aniline content is increased while
the strain decreases. This indicates that the periodicity of the PAni chains within

the nanofibers, which is caused mainly due to chain folding and formation of
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single or double helices, increases with increasing aniline contents, while the

contribution of lattice defects decreases considerably.
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Figure 5.5: (a) X-ray diffraction patterns of the pristine and 90 MeV O7* ion irradiated
PAni nanofiber reinforced PVA nanocomposite with 6 wt.% aniline (sample G3) and (b)
shows the variation of the normalized integral intensity (I/lo) of the sample G3 as a
function of irradiation fluence.

Fig. 5.5 (a) shows the X-ray diffraction patterns of the pristine and the 90
MeV O7* ion irradiated PAni nanofiber reinforced PVA nanocomposite (sample
G3) at different fluences. Reflection peaks corresponding to the (010), (100), (110),
(111) and (020) planes of PAni can be identified in all the samples. It is observed
that the intensity of the reflection peaks increases with the increase in irradiation
fluence. The (100) reflection peak of PAni, in particular intensifies with the
increase in the irradiation fluence. The degree of crystallinity can be determined
from the variation of the normalized integral intensity (I/lp) as a function of
fluence that is depicted in the Fig. 5.5 (b). It is observed that the normalized
integral intensity of the PAni nanofiber reinforced PVA nanocomposites increases
as the irradiation fluence in increased. This is an indication of the fact that the
PAni nanofiber reinforced PVA nanocomposite becomes more crystalline as the
irradiation fluence in increased. The observed enhancement in the degree of
crystallinity of the PAni nanofiber reinforced PVA nanocomposites with the
increase in the irradiation fluence can be ascribed to cross-linking events
occurring in the nanocomposite films as a result of the tremendous electronic
energy deposition due to the interaction of the highly energetic ions with the

polymer.
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5.3.3. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra of the PAni nanofiber reinforced PVA nanocomposite samples
with different aniline contents (sample G1, G2 and G3) are shown in Fig. 5.6. The
band around 3400 cm-! is attributed to the N-H stretching vibrations while that at
1650 cm! is a signature of the N-H bending vibration of polyaniline (PAni). The
peak observed at 815 cm! is ascribed to the N-H out of plane bending vibration.
The strong bands observed at 1140 cm and 1200 cm™ are due to the C-C
stretching and C-C twisting of the alkyl chain, respectively [411]. The C-N
stretching peak of the polymer is observed at 1336 cm™. The peak near 2930 cm is
due to the C-H stretching absorption. The C-Cl stretching vibration observed
around 600 cm confirms the fact that the PAni nanofibers are in doped states.
The vibrational bands around 1460 and 1400 cm! are assigned to C=C stretching
vibration of the quinoid and benzenoid ring of PAni, respectively. It is evident
from the FTIR spectra that almost all the vibrational bands increase in intensity

with the increase in aniline content in the nanocomposites.
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Figure 5.6: FTIR spectra of PAni nanofiber reinforced PVA nanocomposite with different

concentration of anline (a) 2 wt. % (sample G1), (b) 4 wt. % (sample G2) and (c) 6 wt. %
(sample G3).

The peaks due to the C=C stretching of the benzenoid and quinoid units

for all the three PAni nanofiber reinforced PVA nanocomposite samples with
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different concentration of aniline have been deconvoluted using Lorentzian
oscillation curves. Figs. 5.7 (a-c) show the deconvolution of the peaks due to the
C=C stretching of the benzenoid and quinoid units of the PAni nanofiber

reinforced PVA nanocomposites.
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Figure 5.7: Lorentzian deconvolution of the C=C stretching peaks for the benzenoid and
quinoid units of the PAni nanofiber reinforced PVA nanocomposites (a) sample G1, (b)
sample G2 and (c) sample G3

Fig. 5.8 presents the comparison of the deconvoluted sub-peaks due to the
C=C stretching corresponding to the two types of structures: the benzenoid (para
di-substituted benzene) and quinoid (quinine diimine) in the PAni chains. It is
observed that the peaks corresponding to the C=C stretching of both benzenoid
and quinoid rings increase in intensity with the increase in the concentration of
aniline (G1—-G3). However, the band due to the C=C stretching of the benzenoid
ring around 1400 cm! is far more intense than that for the quinoid ring at around
1460 cm!, which indicates that there are more benzenoid units than quinoid units

in the PAni nanofiber reinforced PVA nanocomposites. This is further

184



Chapter 5: Polyaniline Nanofiber Reinforced Polymer Nanocomposites: Synthesis, SHI Irradiation and Characterization

corroborated by the simultaneous increase in the intensity of the band at 1671 cm-!
due to N-H stretching with increasing aniline concentration (G1—G3) as can be
clearly observed from the Fig. 5.6. The fact that there are more benzenoid units
than quinoid units in the PAni chains is an indication of better conjugation within
the chains. Thus, it can be inferred from the FTIR analysis that the conjugation
length of PAni nanofibers increases with the increase in aniline concentration in

the nanocomposites.
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Figure 5.8: Comparison of the deconvoluted sub-peaks for the C=C strefching
corresponding to the benzenoid (para disubstituted benzene) and quinoid (quinine
diimine) structures in the PAni chains

Fig. 5.9 shows the comparison of the FTIR spectra of the pristine and 90
MeV O7* jon irradiated PAni nanofiber reinforced PVA nanocomposites. It has
been observed that almost all the peaks observed in the pristine PAni nanofiber
reinforced PVA nanocomposites are also present in the irradiated samples. This
indicates that there is no change in the basic chemical structure of the polymer
upon SHI irradiation. However, some specific changes in the FTIR spectra have
been found. The band due to C-C stretching of the alkyl chain observed at 1140
cm intensifies, which is an indication of cross-linking events occurring in the
PAni nanofiber reinforced PVA nanocomposites upon SHI irradiation. However,

the band at 1200 cm? has been found to decrease in intensity upon SHI
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irradiation, which may be due to the fact that twisting vibrational modes may not

be possible if cross-linking is occurring in the sample upon SHI irradiation.
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Figure 5.9: FTIR spectra of PAni nanofiber reinforced PV A nanocomposites (a) before and
after irradiation with 90 MeV O7* ions at a fluence of (b) 3 x 10'°, (c) 3 x 10" and (d) 1 x
102 jons/cm?

Another important variation in the FTIR spectra of PAni nanofiber
reinforced PVA nanocomposites can be observed considering the bands at 1400
and 1460 cm? due to the C=C stretching vibrations of the benzenoid and quinoid
rings. In order to extract more information from the FTIR spectra the bands due to
the C=C stretching vibrations of the benzenoid and quinoid units have been
deconvoluted. Fig. 5.10 shows the deconvoluted bands corresponding to the C=C
stretching of the benzenoid and quinoid structures. It has been observed that the
intensity of the C=C stretching peak centered around 1400 cm! intensifies with
the increase in irradiation fluence. This indicates that some of the quinoid rings
present in the pristine material has been reduced to the benzenoid structure or it
might be a case that hydrogen from the polyvinyl alcohol matrix has led to the
reduction of the quinoid ring to the benzenoid rings upon SHI irradiation.
However, the band due to the C=C stretching of the quinoid structures at 1460

cm! has also been found to increase in intensity after SHI irradiation. With the
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increase in fluence this band decreases in intensity slightly. Thus, it is evident that
although some of the quinoid structures might have been reduced to the
benzenoid form, the transformation is partial. It may also be inferred that it is not
only that the quinoid rings are reduced to benzenoid; there is also a possibility of
oxidation of the benzenoid rings to form the quinoid structures. However, it
seems that in the case of PAni nanofiber reinforced PVA nanocomposites due to
the presence of a hydrogen rich polyvinyl alcohol (PVA) matrix, the probability of
the quinoid structure being reduced to the benzenoid structure upon SHI
irradiation is more as can be observed from the Fig. 5.10. A transformation from
the quinoid to the benzenoid structures indicate the possibility of having better
conjugation within the polymer chains, which might allow better charge transport

through the material upon SHI irradiation.
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Figure 5.10: Comparison of the FTIR peaks for the C=C stretching vibrations of the
benzenoid rings at 1400 cm' and the quinoid rings at 1460 cm! for the pristine and
irradiated PAni nanofiber reinforced PV A nanocomposites.
5.3.4. UV-Visible (UV-Vis) absorption spectroscopy

The UV-Visible spectra of the PAni nanofiber reinforced PVA
nanocomposite samples with different aniline content viz., 2 wt.% (sample G1), 4
wt.% (sample G2) and 6 wt.% (sample G3) are shown in the Fig. 5.10. Three
prominent bands can be clearly observed from the Fig. 5.11. The band appearing
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around 290 nm is attributed to the 7-7" transition while the bands appearing at 400
nm and 800 nm are due to the z-polaron and polaron-7" transitions in PAni [126].
The intensity of the absorption bands seems to increase with the increase in

aniline concentration indicating an increase in the density of states.
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Figure 5.11: UV-Visible spectra of the PAni nanofiber reinforced PVA nanocomposites
with 2 wt. % (sample G1), 4 wt. % (sample G2) and 6 wt. % (sample G3).

Fig. 5.12 shows the UV-Visible spectra of the PAni nanofiber reinforced
PVA nanocomposite films before and after irradiation with 90 MeV O7* ions at
different fluences. The three primary absorption bands that are generally
observed in polyaniline are prominently observed in both the pristine and SHI
irradiated PAni nanofiber reinforced PVA nanocomposites. In case of the PAni
nanofiber reinforced PVA nanocomposites films the polaron-z* is observed at
around 600 nm which has also been attributed in earlier studies to the 7-7'
transition of the quinoid ring of oxidized polyaniline [458, 459]. The peak centered
around 350 nm is actually observed to be composed of two sub-peaks as can be
seen from the Fig. 5.12. These peaks represent transitions from the z-polaron band
and confirm the existence of a single broad polaron band in the polymer. it has
been observed that upon SHI irradiation the intensity of the carrier absorption

peaks specifically the peaks due to the n-polaron and polaron-7* transitions
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centered around 350 and 600 nm increase with the increase in fluence. This is an
indication that the density of states in the polaron band located deep inside the

band-gap of the nanocomposites increases upon SHI irradiation.
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Figure 5.12: UV-Visible spectra of the PAni nanofiber reinforced PVA nanocomposites
(sample G3) before and after SHI irradiation with 90 MeV O”* ions.
5.3.5. I-V characteristics

Fig. 5.13 shows the I-V characteristics of the PAni nanofiber reinforced
PVA nanocomposite sample with different weight percentage of aniline (2 wt.%, 4
wt.% and 6 wt.%). The figure shows that the I-V curves for the nanocomposites
are non-linear and the non-linearity increases with the increase in aniline
concentration in the nanocomposites. The existence of non-linearity in the current-
voltage characteristic of conducting polymers has been investigated by several
research groups [460, 461]. It has been recently proposed by Kaiser et al. [460] that
the non-linearity observed in the current voltage characteristic curves of
conducting polymers can be explained using an extended fluctuation induced
tunneling (FIT) and a thermal excitation model. In this model Kaiser et al. also
proposed a generic expression based on numerical calculations for metallic
conduction interrupted by small barriers, and showed that the expression could
give a very good description of the observed nonlinearities in conducting

polymers. The equation suggested by Kaiser ef al. by means of which the
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conduction through small barriers between metallic regions, according to the
fluctuation induced tunneling (FIT) and thermal excitation model, can be
explained is written as [460]:

. 1 G, exp(}%}oj

Vo1, h[exp(‘{/i} ) - l]
/ Vo

where G, is the temperature-dependent zero bias conductance; V,, is the voltage

(5.1)

scale factor, which depends strongly on the barrier energy and h =G, /G, ( h<1

and G, is the saturation value of G at high field.
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Figure 5.13: I-V characteristics for the pristine polyvinyl alcohol (PVA) and the PAni
nanofiber reinforced PVA nanocomposites with 2 wt. % (sample G1), 4 wt. % (sample
G2) and 6 wt. % (sample G3) of aniline content.

The complex structures of conducting polymers, which are quasi-one
dimensional systems, can be considered as ordered metallic regions in series with
disordered conduction barriers. Thus, the nonlinear I-V behaviour can be
attributed to the charge carrier tunneling through conduction barriers and
thermal activation over the barriers. It can be concluded that with the increase in
aniline content in the PVA matrix, the probability of a fluctuation induced

tunneling or thermally activated hopping of charge carriers between two metallic
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regions formed by the PAni nanofibers within the PVA matrix increases and as
such the resistance of the material decreases and the current-voltage characteristic
becomes non-linear. The enhancement in conductivity is also corroborated by the
UV-Visible studies, which indicate that the density of charge carriers increases in

the material with the increase in aniline content.
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Figure 5.14: I-V characteristics of PAni nanofiber reinforced PVA nanocomposites
(sample G3) before and after irradiation with 90 MeV O7* ions at fluences of 3 x 1010, 3 x
10" and 1 x 10" ions cm™2,

Fig. 5.14 shows the I-V characteristics of the pristine and SHI irradiated
PAni nanofiber reinforced PVA nanocomposites (sample G3). From the figure, it
is evident that the non-linearity in the current-voltage characteristics of the PAni
nanofiber reinforced PVA nanocomposites increases and the 