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Abstract. The developments in the field of electrically conducting polymers have grown very
rapidly since the discovery and there is a very sharp increase in conductivity when intrinsically
insulating organic conjugated polymers are doped with oxidizing and reducing agents. An overview of
technological developments involving conducting polymers clearly indicates that the field expands
at unprecedented rates. The manuscript first introduces the conducting polymers (CPs), conducting
mechanism, concepts of doping and briefly introduces main applications. Different types of CPs, their
unique properties and synthesis is discussed. The present review will help the effective implementation
of conducting polymers in different fields, which directly depends on the degree of understanding of
their behaviour and properties.
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1. Introduction

Polymers are simply very large molecules (macromolecules) that are made up of smaller
molecules (monomers) that can be linked together in various ways, resulting in a range of
what we call microstructures (e.g. linear chains, branched chains, densely interconnected
networks etc.). Until about 48 years ago the notion that plastics could be made to conduct
electricity would have been considered to be absurd. Polymers insulate and do not conduct
electricity and so electric wires are coated with polymers to protect them and us from short
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circuits but in 1977, Hediki Shirikawa, Alan Macdiarmid, and Allan Heeger on polyacetylene [1]
reinforced the then emerging concept of organic materials behaving not as traditional insulators
but as metals or semiconductors. This was particularly exciting because it created a new field
of research on the boundary between chemistry and condensed matter physics, and because
it created a number of opportunities. This review article critically reviews development in
this field, the methods employed so far to improve the electrical conductivities of conducting
polymers and applications.

The genesis of the field can be traced back to the mid 1970s when the first polymer capable
of conducting electricity— polyacetylene - was accidently prepared by Shirakawa [2]. The
subsequent discovery by Heeger and Macdiarmid [3] that the polymer would undergo an increase
in conductivity of 12 orders of magnitude by oxidative doping quickly reverberated around the
polymer and electrochemistry communities, and an intense search for other conducting polymers
soon followed. The target is a material; which could combine the processibilty, environmental
stability, and weight advantages of a fully organic polymer with the useful electrical properties
of a metal.

The term “conductive polymer” elicits two quite different definitions. The first and most
well known (Category I) encompasses polymers filled with the conductive materials such as
carbon black, metal flakes or fibers, and so on [4-8]. The major practical function of the
polymer matrix is to serve as a “glue” to hold the conductive elements together in a solid
entity. The interest in such material derives from the low cost, light weight, mechanical
durability, and ease of processabilty of the polymer component, in concert with reasonably
good bulk conductivity. The second definition applies to polymers [9,10] whose backbones
are responsible for the generation and propagation of charge carriers (Category II). Potential
advantages include variable conductivity by controlling the extent of oxidation or reduction, the
ability to dictate the nature of the majority carriers, and facile cycling between conductive and
insulating states. In this review article we will focus on the Category II conductive polymers.
These conductive polymers can offer attractive advantages over Category I materials, although
formidable problems like poor processabilty, poor mechanical properties, and (most problematic)
environment instability must be solved before they can enjoy widespread utility.

2. Requirements for Conducting Polymer Systems

The outermost shell of electrons in a material contains the valence electrons and these can
be placed in the valence band that defines their lowest energy states. In order to conduct, an
electron must obtain sufficient energy to promote it to the conduction band. It is generally
recognized that for an organic polymer to support electronic conduction, the polymer must
contain an overlapping set of molecular orbitals to provide reasonable carrier mobility along
the polymer chain. Conducting polymers are usually polyconjugated structures, which are
insulators in the pure state but when treated with an oxidizing or a reducing agent can be
converted into polymer salts with electrical conductivities comparable to metals.
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The essential structural characteristic of all conjugated polymers is their quasi-infinite 7
system extending over a large number of recurring monomer units (Figure [I). This feature
results in materials with directional conductivity. The extended 7 system of conjugated polymer
are highly susceptible to chemical or electrical oxidation or reduction. These alter the electrical
and optical properties of the polymer, and by controlling this oxidation and reduction, it is
possible to systematically control the electrical and optical properties with a great deal of
precision.
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Figure 1. Structure of some conducting polymers

Conjugated polymers in their non-doped state are in fact intrinsic semiconductors whose
band gap depends not only on the chemical constitution of the conjugated backbone but also
on the nature of the substituent’s attached to the main chain. Thus optical and electronic
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properties of the conjugated polymers can be varied to a very large extent by appropriate
functionalization. Most extensively studied area of the application of undoped conjugated
polymers is the fabrication of the polymeric light-emitting diodes, i.e. electronic devices which
exploit the phenomenon of electroluminescence. Electroluminescence of conjugated polymers
and more precisely poly(p-phenylene vinylene) was first reported by Burroughes et al. [11] in
1990. These undoped conjugated polymers can also be used in the fabrication of a large variety of
other devices like organic field-effect transistors. Polymer LEDs show attractive characteristics,
including efficient light generation, with great potential for commercialisation. Again the
polymer interests in polymers is in their potential use for rapid, low-cost processing using
film-forming polymer solutions. Like the conductive polymers, the semi-conductive polymers
obtain their properties from their conduction-molecular orbitals and valence molecular orbitals,
i.e., bonding 7 and antibonding 7* orbitals, respectively.

In electro-chemical light emitting cells, the semi-conductive polymer could be surrounded
asymmetrically with a hole-injection electrode on one side, and a low work function, electron
injecting metal contact like aluminum, magnesium, calcium etc. on the other side. The emission
of light is then the result of radiative charge carrier recombination in the polymer as electrons
from one side and holes from the other recombine.

Conducting polymers are conjugated polymers, namely organic compounds that have an
extended p-orbital system, through which electrons can move from one end of the polymer to the
other. In conjugated polymers, the bonding leads to one unpaired electron (the n-electron) per
carbon atom. Moreover, 7-bonding, in which the carbon orbitals are in the sp? pz configuration
and in which the orbitals of successive carbon atoms along the backbone overlap, leads to
electron delocalization along the backbone of the polymer. This electronic delocalization provides
the “highway” for charge mobility along the backbone of the polymer chain. Electronically
conducting polymers are extensively conjugated molecules, and it is believed that they possess
a spatially delocalized band-like electronic structure. These bands stem from the splitting of
interacting molecular orbitals of the constituent monomer units in a manner reminiscent of the

band structure of solid-state semiconductors.

3. Doping

The concept of doping is the unique, central, underlying, and unifying theme which distinguishes
conducting polymers from all other types of polymers [12,/13]. During the doping process, an
organic polymer, either an insulator or semiconductor having a small conductivity, typically
in the range 10719 to 10! S/cm, is converted to a polymer which is in the ‘metallic’ conducting
regime (—1 to 10* S/cm). The controlled addition of known, usually small (< 10 per cent) non-
stoichiometric quantities of chemical species results in dramatic changes in the electronic,
electrical, magnetic, optical, and structural properties of the polymer. Doping is reversible to
produce the original polymer with little or no degradation of the polymer backbone.
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Both doping and un-doping processes, involving dopant counter-ions which stabilize the
doped state, may be carried out chemically or electrochemically [[14]]. Transitory doping by
methods which introduce no dopant ions are also known [15]. By controllably adjusting
the doping level, a conductivity anywhere between that of the non-doped (insulating or
semiconducting) and that of the fully doped (highly conducting) form of the polymer can
be easily obtained. Conducting blends of a (doped) conducting polymer with a conventional
polymer (insulator), whose conductivity can be adjusted by varying the relative proportions
of each polymer, can be made [16,/17]. This permits the optimization of the best properties of
each type of polymer. Trans-(CH)x and the emeraldine base form of polyaniline are used in
Figureteffig2 to illustrate the increases in electrical conductivity of many orders of magnitude
which can be obtained by doping.

In the“doped” state, the backbone of a conducting polymer consists of a delocalized pi system.
In the undoped state, the polymer may have a conjugated backbone such as in trans-(CH)x
which is retained in a modified form after doping, or it may have a non-conjugated backbone, as
in polyaniline (leucoemeraldine base form), which becomes truly conjugated only after p-doping,
or a non-conjugated structure as in the emeraldine base form of polyaniline which becomes
conjugated only after protonic acid doping.

Doped trans-{CH),

9 - [105 Sfem]
i -« Doped polyaniling
3 [10° Sfcm]

w

:
g o
B ©
E g trans-(CH),
§ Q = [10 Sicm]
B 2

0

g - Polyaniline

2 [10°-7 Sfcm]
3
=1
2

Figure 2. Effect on conductivity of polyacetylene and polyaniline after doping (figure taken from Nobel
Lecture, 2000 by Alan G. MacDiarmid)

3.1 Redox Doping

By changing the number of electrons associated with the polymer backbones by the means of
chemical or electrochemical processes one can easily perform p- and/ or n-redox doping and can
vary the conductivity. In oxidation process polymer could either lose an electron from one of
the bands or it could localize the charge over a small section of the chain. Localizing the charge
causes a local distortion due to a change in geometry, which costs the polymer some energy.
However, the generation of this local geometry decreases the ionization energy of the polymer
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chain and increases its electron affinity making it more able to accommodate the newly formed
charges. This method increases the energy of the polymer less than it would if the charge was
delocalized and, hence, takes place in preference of charge delocalization.

The oxidative doping of polypyrrole proceeds in the following way. An electron is removed
from the system of the backbone producing free radical and a spinless positive charge. The
radical and cation are coupled to each other via local resonance of the charge and the radical.
In this case, a sequence of quinoid-like rings is used. The distortion produced by this is of
higher energy than the remaining portion of the chain. The creation and separation of these
defects costs a considerable amount of energy. This limits the number of quinoid-like rings
that can link these two bound species together. In the case of polypyrrole it is believed that
the lattice distortion extends over four pyrrole rings. This combination of a charge site and a
radical is called a polaron. This could be either a radical cation or radical anion. This creates
a new localized electronic states in the gap, with the lower energy states being occupied by a
single unpaired electrons. The polaron state of polypyrrole are symmetrically located about
0.5eV from the band edges. Upon further oxidation the free radical of the polaron is removed,
creating a new spinless defect called a bipolaron. This is of lower energy than the creation of
two distinct polarons. At higher doping levels it become possible that two polarons combine to
form a bipolaron. Thus at higher doping levels the polarons are replaced with bipolarons. The
bipolarons are located symmetrically with a band gap of 0.75 eV for polypyrrole. This eventually,
with continued doping, forms into a continuous bipolaron bands. Their band gap also increases
as newly formed bipolarons are made at the expense of the band edges. For a very heavily dope
polymer it is conceivable that the upper and the lower bipolaron bands will merge with the
conduction and the valence bands respectively to produce partially filled bands and metallic
like conductivity. This is shown in Figure

Conjugated polymers with a degenerate ground state have a slightly different mechanism.
As with polypryyole, polarons and bipolarons are produced upon oxidation. However, because
the ground state structure of such polymers are twofold degenerate, the charged cation are not
bound to each other by a higher energy bonding configuration and can freely separate along the
chain. The effect of this is that the charged defects are independent of one another and can form
domain walls that separate two phases of opposite orientation and identical energy. These are
called solitons and can sometimes be neutral. Solitons produced in polyacetylene are believed to
be delocalized over about 12 CH units with the maximum charge density next to the dopant
counterion. The bonds closer to the defect show less amount of bond alternation than the bonds
away from the centre. Soliton formation results in the creation of new localized electronic states
that appear in the middle of the energy gap. At high doping levels, the charged solitons interact
with each other to form a soliton band which can eventually merge with the band edges to create
true metallic conductivity. This is shown below in Figure [4] Polyacetylene, poly p-phenylene,
polyhetrocyclic polymers (polythiopene, polypyrrole, polyfuran and their dervatives) and other
polyconjugated systems with no strong basic centres in their backbone usually undergo the
redox-type doping.
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Figure 3. Mechanism of conductivity in polypyrrole: formation of polaron and bipolaron
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Figure 4. Solitons formation in polyacetylene

Historically, first doping agents used were halogens (Bry and I3) and arsenic pentafluoride

(AsF5) (18). They were used in the late 1970s for doping of polyacetylene. Among them the most

popular is FeCls [19] which is incorporated into the polymer matrix in the form of FeCl™ as
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shown by Mossbauer spectroscopy [20]. Other popular doping agents involve strongly or mildly
oxidizing acids like HC104, HoSO4 [21].

Shirkawa and his co-workers [1] reported that the conductivity of semiconducting
polyacetylene (PA) films increases many orders of magnitude when exposed to vapours
of halogens, great efforts have been made to produce similar high conducting polymers.
Both electron acceptors and donors react with polyacetylene, resulting in highly conducting
derivatives [13]. The main step of doping is the oxidation or reduction of neutral PA molecules
to polycations or polyanions:

(CH)x +Ox1= (CH); +Red;
(CH)x +Reda = (CH), +Ox2

where Ox1 and Reds denotes the oxidant and reductor, while Red; and Oxg are derivatives
after the charge transfer.

Doping can also be carried out by electrochemical methods where the electrons of the
electrodes are the oxidizing or reducing agents:

(CH)x —e = (CH)}
(CH)x +e = (CH);

Electrochemical doping is usually carried out in non-aqueous solutions (acetonitrile,
propylene carbonate, etc.) containing quaternary amine salts of monovalent anions such
as CIO,, BF,, PF;, etc. as the electrolyte. During the doping the polymer is being oxidized at
the anode and in the same time the dopant anions, originating from the electrolyte, are inserted
to the polymer matrix. Electrochemical doping can be performed either at constant current or
at constant potential.

The most extensively investigate p-doped polyacetylenes are the halogen derivatives. The
preparation and the conductivity of chlorine-, bromine-, and iodine- doped PA were published
in 1977 [1,/12]. A series of metal chloride, bromide, and iodide derivatives of PA have been
prepared by Shirakawa and Kobayashi [22] and Billaud et al. [23] in various solvents and the
maximum dopant concenteration in most cases was dependent on the type of solvent. The n
doping of PA is carried out by strong reducing agents; the known dopants are alkali metal and
tetraalkylammonium ions. Different solvents [13,24-31] have been found to affect alkali metal
doping, and an increase in conductivity may be explained [[13]] by a decrease of the binding
energy of the solvated alkali metal ions in PA due to the inclusion of the solvent.

There can be Doping involving no dopant ions such as for example, when trans-(CH)y is
exposed to radiation of energy greater than its band gap, electrons are promoted across the gap,
this is called photo-doping [[32]. Charge-injection doping is most conveniently carried out using
a metal/insulator/semiconductor configuration involving a metal and a conducting polymer
separated by a thin layer of a high dielectric strength insulator. Applications of an appropriate
potential across the structure can give rise, for example, to a surface charge layer, the
‘accumulation’ layer which has been extensively investigated for conducting polymers [33,34].
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3.2 Non-Redox Doping

In non-redox doping the number of electrons associated with the polymer backbone does not
change during the doping process. The energy levels are rearranged during doping when
polyaniline emeraldine base is treated with aqueous protonic acids then a nine to ten order
magnitude increase in conductivity is obtained resulting in protonated emeraldine base [35-37].

4. Synthesis of Conducting Polymers

Polyacetylene and polyphenylene are the simplest models and can be regarded as sequence
of either vinylene or phenylene units. However, even these very simple systems can be put
together in quite a variety of ways to create a number of structurally different materials, so the
task of those engaged in the synthesis of conjugated organic polymers ought to be to provide
as wide a variety of well-characterized materials as possible for the detailed investigations of
their electrical properties. In this section we will mention some of the standards methods to
synthesis the conducting polymers:

In synthesis, there are mainly two main lines of approach (Figure [5), the first could
reasonably be called the direct route and second approach is designated the indirect approach.
The direct route represents the classical approach to polymer synthesis in which an appropriate
monomer is converted directly into a conjugated polymers via either an addition or a
condensation process.

One of the disadvantages of the direct approach stems from the experimental observation
that some of structurally simplest conjugated polymers, for example, like polyacetylene and
poly-para-phenylene, are essentially insoluble and intractable materials and this observation
brings several practical difficulties. The main advantage of the indirect route is an increased
flexibility in the design of synthesis. Thus, the precursor polymers may be formed by addition or
condensation polymerization procedures, but the second stage may be accomplished by a variety
of different reactions.

DIRECT ROUTES
. . CONJUGATED
merizations
Monomers ORGANIC
polymerizations N POLYMERS

Eliminations

Additions

Monomers | addition polymerizations Precursors
condensation polymerizations Polymers

INDIRECT TWO STAGE ROUTES

Conversions steps

Figure 5. Outline of possible routes to conjugated organic polymers
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5. Different Conducting Polymers: Synthesis, Structure and
Applications

Among the many polymers known to be conductive, polyacetylene, polyaniline, polypyrrole,
polythiopene, poly(phenylene sulfide) and poly(phenylene vinylene) have been studied the most.
In this section, we will discuss these polymer’s structure, synthesis and their applications along
with few other known conducting polymers.

5.1 Polyacetylene
Polyacetylene(PA)is an organic polymer with the repeat unit (CoHy), (Figure [6). The high
electrical conductivity discovered for these polymers beginning in the 1960’s accelerated interest

in the use of organic compounds in microelectronics.

Trans Polyacetylene

o~

Cis Polyacetylene

Figure 6. A segment of cis- and trans-polyacetylene

Natta was the first to carry out extensive investigations into direct polymerization of
acetylene[38], they reported [39] that bubbling acetylene gas through a solution of Ziegger
catalyst in a hydrocarbon solvent resulted in the precipitation of trans-polyacetylene as a
semi-crystalline red powder. A major breakthrough in the investigation of polyacetylene
resulted from the work of Ito et al.; they discovered that exposing the surfaces of solutions of
Zieger catalysts to an atmosphere containing acetylene resulted in the formation of films of
polyactylene at the liquid-gas interface [40]. The most widely used technique for preparing
films of polyacetylene, after that described by Shirakawa et al., uses a catalyst developed
by Luttinger [41]. The main advantage of this technique is that the requirement for regrous
exclusion of moisture normally associated with Zieger catalyst is circumvented. Although the
Shirakawa and Luttinger techniques appear to have found most favour with the majority of
research groups investigating polyacetylene, there are many other catalyst which are effective
in this process. It is now well known that catalyzed reactions of acetylene may yield a variety of
products and that many of the primary products are themselves fairly reactive compounds [[42].
An early example [[43] used a catalyst generated from the reaction of phenylmagnesium bromide
with ferric chloride in diethylether; acetylene was introduced as a saturated solution in benzene.

Both the cis and trans forms can be prepared as silvery, flexible films, which can be made
either free standing or on a variety of substrates, such as glass or metal, with thickness varying
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from 107° to 0 cm [40]. The trans isomer is the thermodynamical stable form. Any cis/trans
ratio can be maintained at low temperatures, but completely isomerization from cis- (CH), to
trans-(CH), can be accomplished after synthesis by heating the film to temperatures above
15°C for a few minutes [44,45]. X-ray studies [46,47] show that the (CH), films are highly
crystalline. Because of bond alteration tans-(CH), is a semiconductor with an energy gap of
about 1.5eV [48,49]. The discovery that polyacetylene can be doped after synthesis [50-52],
at room temperature, and with a variety of dopants makes it fundamentally different from
conventional covalent semiconductors. The ability to dope (CH), after synthesis using chemical
or electrochemical techniques is due to a combination of its open morphology [40,53,54] with
associated high surface area and weak interchain binding which allows diffusion of the dopant
ions between the polymer chains. The electrical conductivity of polyacetylene can be varied in a
controlled manner over 12 orders of magnitude through chemical or electrochemical [[55-57]]
doping. Conductivity values of about 10°S/CM have already been reported [58-60,62]. Controlled
electrochemical doping and undoping have been demonstrated [52], and prototype rechargeable
batteries have been constructed using (CH), as both the active cathode and anode [55-57].
Photovoltaic phenomenon have been observed in hetrojunctions [[63], schottky barrier junctions
[63,64], and photoelectrochemical [[65] junctions. Thus, although these and other potential
applications will require considerable future work before ultimate technological value can be
determined, the properties appear promising.

5.2 Polyphenylenes
Poly(p-phenylene)

n

Figure 7. Poly(p-phenylene)

Poly(p-phenylene) (PPP) (Figure is very attractive polymer for many reasons. High
conductivity for example of the order of 500 S/cm can be achieved upon doping with AsF5 [66].
Following batteries based on doped PA [67], formulation of rechargeable based on doped PPP
has been demonstrated [68]. Polyparaphenylene consists of benzene rings linked in the para
position, Crystallographic data on oligomers indicate that carbon-carbon bond lengths within
the rings are about 1.40 A, and those between rings are tilted are about 1.51 A [69-71]]. In the
solid state two successive benzene rings are tilted with respect to each other by ~23°. This
torsion angle constitutes a compromise between the effect of conjugation and crystal-packing
energy, which favour a planar structure, and the steric repulsion between orthohydrogen atoms,
which favours a nonplanar structure [72]. The band gap in PPP is 3.4 eV [66], that is, about
twice that of trans-PA.
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Many well-known reactions have been attempted in order to arrive at high molecular weight,
all-para-linked polymer [[73H75]]. None have been truly successful on both accounts. Various
para-dihalobenzenes have been condensed with alkali metals [76] or with copper powder [[77],
but generally only low molecular weight products, sometimes with structural irregularities
were obtained. The Ullmann reaction, however, is particularly useful for preparing substituted
polyphenylenes [78-82]. Perhaps the most successful and economical method for preparing
PPP is the oxidative coupling reaction of benzene reported by Kovacic and co-workers [83-87].
Several electrolytic methods [88-94] have also been used to prepare polypheneylene. The
electrolysis of phenylmagnesium bromide in ether afforded about a 0.1 % yield of polymer [88].

The properties of polyphenylene are to a certain extent dependent upon the method used
to prepare it. Acceptor doping of PPP is usually accomplished by exposing either powders or
preformed pellets to AsF5 gas at pressure of up to 450 Torr at room temperature or below using
vacuum line techniques [66,95,96]. Donor doping with alkali metals is usually accomplished
with the aid of an appropriate electron transfer agent such as napthalene (as the alkali metal
naphthalide) in an appropriate solvent such as tetrahydrofuran. Electrochemical doping of
PPP is performed in a similar fashion to that used for polyacetylene [68]. However, unlike
polyacetylene, which has initial undoped conductivities of 10~7-10~5 S/cm, PPP is much less
conductive in its virgin form (10715-1071° S/cm). Doping also induces dramatic changes in
the optical spectra of PPP [95]. Another feature of poly(p-phenylene) which is similar to PA
is its capability to be either acceptor or donor doped by electrochemical means [69,97]. PPP
possesses many attributes like the reversible nature of electrochemical doping, high electronic
conductivity, ionic mobility, insolubility, structural integrity, and high voltage, which makes this
polymer to be actively explored as an electroactive cathode and anode material in rechargeable
batteries.

Poly(m-Phenylene)

Poly(m-phenylene) is a fusible and soluble polymer and is unlikely candidate to form conducting
complexes [98]]. However, upon doping with AsF'5, a conducting complex of conductivity of the
order of 1073 S/cm is formed [99,(100], this is due to the dopant-induced carbon-carbon bond
formation resulting in a polymer with an extended orbital system.

5.3 poly(p-Phenylene Sulfide)

poly(p-phenylene sulfide)(PPS) (Figure |8) was the first nonrigid, not fully carbon-backbone-
linked polymer made highly conducting upon doping [101,102]. Several authors have reported
the crystal structure of PPS e.g. Tabor et al. [103], who performed X-ray studies on oriented
films. They proposed an orthorhombic unit cell with @ = 8.67A, b =5.61A and ¢ = 10.26 A,
with space group Pbcn. This structure received confirmation by successive studies of Lovinger
et al. [104] and Uemura et al. [105]. Jurga [106] found that the structure of PPS depends on
sample preparation conditions. New insight into the PPS structure was given by Napolitano
et al. [107]. They found that samples of PPS obtained by different thermal and mechanical
treatments exhibited a crystal structure equivalent to that proposed by Tabor et al. [103]. X-ray
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diffraction data indicate that adjacent phenyl rings are nearly perpendicular [108]]. Despite this
conformation, the bandwidth of the highest occupied band is relatively large, 1.2 eV. Although
PPS has been made by many processes, two of these, the Edmonds-Hill process [109] and the
Lenz process [110], stand out as being perhaps the most successful. The Edmonds-Hill process
involves condensation of a dihalogenated aromatic with NagS in N-methylpyrrolidone at high
temperature and provides polymers with aromatic rings linked in known positions. The Lenz
process is useful in preparing unsymmetrically substituted polyarylene sulfides regiospecifically.

n

Figure 8. poly(p-phenylene sulfide)

The bandwidth for the highest occupied band of a hypothetical perpendicular conformation
of poly(p-phenylene) is only 0.2 eV and the large IP (6.3 eV) limits the p-type dopants to strong
acceptors such as AsF5 it has been demonstrated that exposures of PPS to AsF5 at room
temperature causes substantial changes in the backbone structure of the polymer [111]. The
dopant appears to predominantly induce the formation of carbon-carbon bonds bridging the
sulphur linkages to form thiopene rings and leading to polybenzothiopene structure, and this
chemical modification enhances the conductivity of the complex from about 0.01 to 3 S/cm.

5.4 Polypyrrole

Among the conducting polymers known to date, ones based upon Polypyrrole (PPy) (Figure [9)
have attracted special interest because of their high conductivity, their ease and high
flexibility in preparation, their stability and good mechanical properties. Potential technological
applications such as in electronic and electrochromic devices [[112-114], counter electrode in
electrolytic capacitors [115], sensors [[116-118]], chromatographic stationary phases [119], light-
weight batteries [120], membrane separation [[121] consequently, have attracted a great deal
of attentions in recent years and this is currently one of the most active areas of research in
polymer science and engineering at present.

N [N
\ / B

Figure 9. Polypyrole
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The attractiveness of the polypyrrole systems stems from several factors. Although initially
the most important factor was undoubtedly the chemical and thermal stability of these polymers
relative to (SN), and (CH),, the ease of preparing was also appealing. As was first reported
by Italian chemists, pyrrole monomer is very readily polymerized to give a black conducting
powder [122]. This chemistry is particularly facile, taking place with a large number of oxidizing
agents, and can even be observed taking on the outside of pyrrole down which the monomer
has been allowed to flow. The resulting conducting powder have been referred to as pyrrole
black for many years. The polymerization can take place electrochemically [123] as well as
chemically [124]]. Good quality films were first obtained by Kanazawa et al. [125]] and Diaz et
al. [126] using a modification of the electrochemical technique pioneered by Dall’Oli et al. [[123].
PPy is one of the few electronically conducting polymers that can be prepared in aqueous
solutions [127]]. Polypyrrole (PPy) and a wide range of its derivatives may be prepared by simple
chemicalor electrochemical methods [128-134}139]. Chemical polymerisation is a simple and
fast process with no need for special instruments. Bulk quantities of polypyrrole (PPy) can be
obtained as fine powders using oxidative polymerisation of the monomer by chemical oxidants
inaqueous or non-aqueous solvents [130-132,|135]] or by chemical vapour deposition [133].
However, the use of chemical polymerisation limits the range of conducting polymers that can
be produced since only a limited number of counter ions can be incorporated. The chemical
polymerisation of pyrrole appears to be a general and useful tool for the preparation of
conductive composites [[136,|137|] and dispersed particles in aqueous media [138,(139]]. Iron
(ITI) chloride has been found to be the best chemical oxidant and water is the best solvent
for chemical polymerisation with respect to desirable conductivity characteristics [130,/136].
The electrochemical approach for making electroactive/conductive films is very versatile and
provides a facile way to vary the film properties by simply varying the electrolysis conditions (e.g.
electrode potential, current density, solvent, and electrolyte) in a controlled way. Alternatively,
the variations in the properties of polymer can be made in the selection of themonomer or the
electrolyte. Furthermore, the electrosynthesis allows an easy control of the thickness of the
polymers. Also because of the good solubility of pyrrole monomer in a wide range of solvents,
pyrrole is easily electropolymerised in both aqueous [140] and non-aqueoussolvents [141},142].
The polymerisation reaction is very complicated and the mechanism of electropolymerisation is
still not fully understood. The generally accepted mechanism [141-147], is that in the first step
the neutral monomer is oxidised to aradical cation followed by aromatisation and oxidation of
the dimer. As the dimer, on account of its greater conjugation, is more easily oxidised than the
monomerunder the given experimental conditions, it is immediately reoxidised to the cation.

The electrical conductivity of PPy conductive polymers is one of the most important
properties for analytical applications. PPy is a conducting polymer which has a nondegenerate
conduction band in the ground state polaron and bipolarons are the dominant charge carriers in
these polymeric conductors, the mechanism of conduction in PPy has not been yet conclusively
established because of the persistent structural disorder of the polymer [148]]. The most widely
accepted view of conductivity in these systems involves charge transport along the polymer
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chains, as well as hopping of carriers [[149,150] (holes, bipolarons, etc.) The electrical conductivity
of PPy is the product of two important factors, the number of carriers (e- or holes) and charge
carrier mobility. Higher mobilities will occur with more crystalline, better oriented, defect
free materials. Increasing the doping level will increase the density of charge carriers. The
conductivity decreases with falling temperature just like that of semiconductors. In contrast, the
conductivities of typical metals,like silver, increase with falling temperature [151]. The electrical
conductivity of the PPy films are strongly influenced by the preparation conditions such as
the nature/concentration of electrolyte or counterion [[152,/153], doping level [154] current
density [155], synthesis temperature [155,156] and solvent [157]. It has been indicated [152]
that highly conducting PPy films with an electrical conductivity higher than 500 S/cm have
been prepared with the electrochemical method by selecting suitable polymerisation conditions.
It has also been found that the preparation method also affects the properties of the produced
films. For example the use of a pulsed potential technique in the growth of PPy films leads
to an enhancement in electrical conductivity,molecular anisotropy and surface smoothness as
compared to equivalent films synthesised by constant potential mode. The electrical conductivity
of the produced polypyrrole films are also affected by synthesis temperature [158-160,162].
Polypyrrole synthesised at lower temperature exhibits longer conjugation length, structural
order, fewer structural defects, and higher conductivity. The doped PPy film has high mechanical
strength and conductivity, but its strength or conductivity decreases remarkably after undoping
[154]. Munstedt et al. [163,164]] have reported that by a treatment of PPy with NaOH solution
the conductivity of all PPys drops with time. Sodium hydroxide, treatment also caused severe
embrittlement of the films.Scanning electron microscopy (SEM) investigations of PPy has also
showed that the surface morphology of the ppy changes with base or acid treatment [165].
Owing to the high conductivity and thermal stability of PPy the conducting polymer, the
electroactive nature or the switching properties of PPy have been utilized as the basis of
most proposed applications such as sensors, separationdevices and rechargeable batteries. The
electroactive behaviour of the film is unique because it is an example of a redox polymer reaction
which is accompanied by a change in the electrical properties of the film from an insulator
to an electrical conductor involving both electron and ion transport within the film [166,167].
Because of the low oxidation potential of PPy conducting polymers, there dox reactions of PPys
are more sensitive to the oxygen than those polymers that are more difficult to oxidise. The
PPy conducting polymers, unlike polythiophenes which a restable in air even in the dedoped
state, are less stable in their reduced or undoped form (PPyo) and autoxidation in the dedoped
state proceeds very fast and irreversibly to produce a dark film [166.(168,169]. The undoped PPy
reacts easily with Og, resulting inoxidation of the polymer and lowering the mechanical strength.
In contrast to the oxidisedstate, the reduced state of PPy films is unstable to oxygen and water.
Polypyrrole is also sensitive to moisture because this leads to leaching of the counterion and
thus to a decrease in conductivity. This can be avoided by using appropriate hydrophobic or
polymeric counterions (e.g., camphor sulphonic acid or poly (styrenesulfonic acid)). Aging and
thermal stability of PPy conducting polymers in air and solutions have been the focus of some
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researchers [169-174]. Exposure of conducting polymers to elevated temperatures is known
to induce changes in the molecular structure. The changes may be related to the interaction
between the charged polymer backbone and the counterion, or the thermal stability of the
counterion and the charged polymer itself. It has been reported [175,176] that conductivity of
polypyrroles doped with arylsulfonates exhibit excellent stability in inert atmospheres but are
slightly less stable in the presence of dry or humid air.

5.5 Polyaniline

Polyaniline (PANI) represents one of the most important conducting polymers and received lot
of attention due to its controllable electrical conductivity [[177]], environmental stability [178],
and interesting redox properties associated with the chain hetroatoms [179]. The PANI family of
polymers has been recognized as an interesting and unusual members of the class of m-electron
containing conducting polymers. Unlike many others members of this class viz; polyacetylene,
polypyrrole, and polythiopene — whose electronic properties are well understood solely on
the basis of their conjugated carbon backbones, in PANI a nitrogen hetroatom is incorporated
between constituent phenyl (C¢Hg) rings in the backbone. The chemical flexibility provided by
the nitrogen hetroatom allows access to several insulating ground states that are distinguished
by their oxidation state. PANI exists in a variety of forms which differ in their oxidation level.
The general formula describing PANI chain is

[[HH :'. A . l.-l -I ] [H =~ “',=h| o iy ] ] D=y=1
L N e £ N '._'. e

where y gives the average oxidation degree. The three stable forms of PANI are in
correspondence to the values y = 0 (leucoemeraldine base, LB), ¥y = 0.5 (emeraldine base,
EB), and y =1 (pernigraniline base, PNB).

Polyaniline was first known in 1835 as “aniline black”, a term used for any product
obtained by the oxidation of aniline. A few years later, Fritzches [180,(181] carried out the
tentative analysis of the products obtained by the chemical oxidation of this aromatic amine.
Thereafter, Lethe by [182] discovered that the final product of anodic oxidation of aniline at a
platinum electrode, in aqueous sulphuric acid solution, is a dark brown precipitate. Subsequent
investigators [183-186] have verified these results, and similar observations have been made
during the oxidation of aqueous hydrochloric acid solutions of aniline [187]. Bucherer [188,189]
proposed a phenazene type structure which is more complex, contrary to the presentday
understanding. Green and co-workers’s proposed a linear octameric structure, of the quinone-
imine type in the para-position, for the product obtained by the chemical oxidation of aniline.

Polyaniline is known to be crystalline, and a highly conducting state is accomplished by
simple protonation of the imine nitrogen atoms in the emeraldine base backbone. Protonic
doping does not change the number of electrons in the polymer chain structure, and its
conductivity depends on the pH of the solution. Polyaniline has good environmental stability
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[190]]. Polyaniline has a chemically flexible -NH-group in its backbone which is responsible
for interesting chemistry and physics [191]]. Polyaniline is synthesized by both chemical and
electrochemical processes in aqueous medium. The quinoid, benzoid, and diimine form an
insulator, doped by dilute aqueous protonic acid to a metallic regime (compressed pellet) to
give a corresponding iminium salt. The polymer is not oxidized during the doping process. This
represents a new type of p-doping phenomenon in conducting polymers. Both these forms
of polyaniline are stable in the presence of air or water. The doping process is reversed by
treatment with aqueous alkali [192]. Polyaniline was prepared electrochemically by using
the acid eutectic mixture NH4Fp2.35HF (PANI-F) in aqueous HoSO4 at different pH (PANI-
S or PANI-N in NagsSQ4 is added) [193]]. Polyaniline was also prepared by electrochemical
oxidation of aniline in an acidic medium. The pure polymer thus obtained was doped with
iodine [194]. Polyaniline was polymerized using a static electrochemical cell and a fluidized bed
electrode reactor (both static and fluidized beds), respectively, to form thin films on plates
by using particular substrates [195]. Conducting polyaniline was synthesized in aqueous
1.0M oxalic acid containing 0.1M aniline by electrochemical and chemical oxidation [196].
Different modes of the electrochemical synthesis of polyaniline are possible on an aluminum
surface in HySO4 electrolytes containing catalytic amounts of HoIrClg and its salts (e.g.,
KsIrClg) [197]. Electrically conducting polyaniline (PANI) doped with heteropolyanions (HPA)
of Keggin structure was synthesized by electrochemical polymerization. Cyclic voltammetry
showed reversible redox systems from the polymer itself and from the immobilized HPA.
Electrocatalytic studies of PANI electrode modified by HPA in the electroreduction reaction of
bromate were performed by Barth et al. [198]. Chemically synthesized PANI is a precipitated
product from an aqueous solution containing typical reagents: ammonium peroxydisulphate
(persulphate), acids like hydrochloric, sulphuric, nitric or perchloric, and aniline. This direct
route representsthe classical approach to polyaniline synthesis in which, aniline, the monomer, is
converted directly to a conjugated polymer by a condensation process. One of the disadvantages
of this direct approach stems from the experimental observation that an excess of the oxidant
and higher ionic strength of the medium lead to materials [199-201] that are essentially
intractable. Many variations of the synthesis of PANI have appeared in the literature [202-206].
Four major parameters affect the course of the reaction, and the nature of the final product.
These are: (1) nature of the medium, (2) concentration of the oxidant, (3) duration of the reaction,
and (4) temperature of the medium.

The novelty of the polyaniline is that it has a symmetrical conjugated structure, having
extensive charge delocalization, resulting from a new type of doping of an organic-polymer salt
formation rather than oxidation which occurs in the p-doping of all other conducting polymer
systems. PANTI differs from earlier studied conducting polymers such as polyacetylene and
polypyrrole in that the electronic state of PANI can be controlled through both variation in
the number of electrons and in the number of protons per repeat unit The redox activity of
PANI is pH-dependentin aqueous medium. It has been established that the electroactivity
of PANI ceases in aqueous media of pH > 4 [201]. On the other hand, the electrochemical
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behaviour of PANI, investigated in an aprotic solvent, such as propylene carbonate,in the
presence of 1M lithium perchlorate as supporting electrolyte demonstrates two purely electronic
processes [207]]. However, these redox processes also vanish, if a small amount of 2,4,6-trimethyl
pyridine (a strong base) is added to the system [208]. Furthermore, the dramatic effect of
conductivity of PANI upon variation of pH (changing pH from 0 to 6 decreases electrical
conductivity, o, by six orders of magnitude) [209] clearly demonstrates that besides, the
dopants (counterions), the presence of protons invariably has a pronounced effect on the
conductivity. In a recent study [210], evidence is provided which proves that the emeraldine
base form of polyaniline is doped by protonic acids to the metallic conducting regime by a
process involving neither oxidation nor reduction of the polymer, thereby introducing a new
concept of doping to the conducting polymer field. In brief, proton-induced conductivity in
polyaniline is a remarkable physical phenomenon demanding explanation. The conductivity of
chemically and electrochemically synthesized PANT is dependent on a number of parameters. For
example, temperature [209,211-213], protonation/pH [209,210,214-216], humidity [215,[216],
oxidation state [215]] and counterion [215] exert major influences on the conductivity of PANI.
Besides, temperature of synthesis pressure [217], and duration of compression of PANI powders
also have a considerable influence on the conductivity of PANI. The ability of polyaniline
to store a considerable charge through the redox process has led to proposals for both non-
aqueous [218,219] and aqueous batteries [220]]. The massive capacity of 145 Ah/kg, and the self
discharge (with separator) rate of about 8% after 90 days make the polyaniline-lithium battery
more attractive for new types of technological applications. The oxidized state, PANI films are
coloured and highly conductive; while in the reduced state, they are optically transparent with
low conductivity. In fact, colouration and conductivity are associated with the doping of the films.
Two applications of PANI in Photo electro chemical cells have been studied to date: protection
against photocorrosion of inorganic semiconductors [221], and photoresponse of junction PANI
film [222]. Polyaniline and modified polyaniline have been shown to exhibit catalytic activity
[223, 224]. The multiple colour changes of polyaniline films [225] on electrodes and chromatic
reactions of polyaniline solutions in different pH rangesare the bases for development of PANI
as an indicator. The use of polyaniline solution as redox indicator is also investigated [226]].
Unlike other conducting polymers such as polypyrrole and polythiophene, PANI has a unique
feature that the equilibration by acid solution imposes the anion in the polymer. PANI has been
investigated very extensively theoretically [227-231].

5.6 Polythiopene
Polythiophene and its derivatives (Figure in particular have been the subject of many recent
studies [232H241].

Usually, two techniques have been used to synthesize polythiopene and derivatives: chemical
and electrochemical procedures. Thiopene, furan, and selenphene have been polymerized with
a variety of initiators: sulphuric acid [242], iron (IIT) chloride, and Ziegler catalyst [243].
However, experimental data show that with an acidic pter, polythiopene consists of alternating
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thiopene and tetrahydrothiopene units [244},245]. Yamamoto et al. [246] synthesis using catalytic
coupling of the Grignard reagent of 2,5-dibromothiopene or 2,5-dihalogenothiopene by nickel salt.
Kossmehl and Chatzitheodorou [247] have also synthesized poly (five-membered hetrocycles) by
bringing together the monomer or the dimer and the complex AsF5. Several results have been
published on the electrochemical synthesis of polythiopene and its derivative [248,249].
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Figure 10. Polythiopene

Polythiopene and its derivatives are insoluble and infusible [250,251]] and their densities,
determined by the flotation techniques, lie in the range 1.4-1.6 g/cm?. The oxidation potential
values of substituted polythiopenes show a decrease when electron-donating groups are
substituted on positions 3 and/or 4 [252]]. These variations confirm that the polymer formation
results from the coupling of radicals derived from the supporting salt [253]. The ultraviolet-
visible absorption spectra of polythiopene and its derivatives are generally characterized
by an intense broad band with a maximum which varies with the length of the polymeric
chain [250,254,]255]], this length being connected with the structure of the monomer and the
synthesis method. Polyhetrocycles can be doped with either the donor [256] or acceptor [248]]
group, but owing to the high air sensitivity of the adduct; only polymers doped with acceptor
groups have been extensively studied. Polythiopenes and its derivatives are being extensively
used in display devices. The reversible doping-undoping processes of polyhetrocycles make
them good candidate for secondary battery electrodes [257,[258]]. They have been also used
in photovoltaic applications: the conversion of solar energy in electricity with the undoped
semiconducting polymers as the photoactive material [259], and protection against photo
corrosion or photoelectrochemical cells by grafting thin conducting polythiopene films on the
surfaces [260]]. These polymers are also used for protection of small band gap semiconductors
against photodegradtion [261]], also a lot of work has been devoted to the physicochemical
properties of metallic clusters or aggregates, owing to their interesting applications in the field
of catalysis [262]].

Polythiopene [poly (2,5-thienylene)] (PT) is usually synthesized from di-halogenated thiopene
by utilizing a transition metal catalyzed dehalogenation polymerization [263]]. This process
leads, however, to a polymer of quite low molecular weight [264], implying a chain length of
only 6-15 monomer units.

5.7 Other Conducting Polymers

Poly(Phenylene Vinylene)

A composite polymer of polyphenylene and polyacetylene, is also conductive when its doped
with AsF'5 [265]]. In contrast to either polyphenylene or polyacetylene, maximum conductivity
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levels achieved with poly (phenylene vinylene) were considerably lower (3 S/cm), perhaps not
surprising in light of the low degree of polymerization in the starting polymers. The calculated
bandwidth (VEH technique) of the highest occupied 7 band of poly (phenylene vinylene) is about
2.8eV [266].

Polydiacetylenes

Polydiacetylens are usually produced via a solid-stae reaction of single crystal, substituted
diacetylenes RC=C-C=CR [267,268]]. under favorable packing conditions, which are dominated
by R groups, a single crystal polymer with highly one-dimensional electronic properties is
obtained.

The properties of PDAs were reviewed in 1985 by Bloor [269]. Substantial interest in PDAs
has ensued since then, and a wide array of research efforts have uncovered new properties and
insights. The forms in which PDAs can be structured are numerous: bulk singlecrystals [269]],
multilayer films [270,271], monolayer films in both the Langmuir [271] and self-assembled [272]]
form, vesicles suspended in liquids [273], and as nanocomposite components integrated into
inorganic host matrices [274]]. Properties of substantial interest include their high nonlinear
optical susceptibility [275], ultrafast optical response [276], and strong structural anisotropy
imposed by the highly aligned, linear backbones. However, the most deeply investigated aspect
of PDAs are the chromogenic transitions they exhibit.

Polymethineimine

Although a large number of polymers with conjugated carbon-nitrogen backbones do exist, the
unsubstituted polymethineimine, (CH=N),, has been synthesised by Wohrle et al. [277]. By
ab-initio quantum chemical calculations Karpfmen suggested an alternating structure like
trans-PA and this suggests the possibility of soliton excitations along the chain [278]]. The
ionization potential value of polymethineimine is predicted to be order of 8¢V which is ~3.3 eV
higher than polyacetylene.

Polyvinylene Sulfide

Polyvinylene Sulfide (PVS), (-CH=CH-S), is the simples conjugated polymer based on sulfur,
carbon, and hydrogen. Its saturated counterpart, polymethylene sulfide, (CH2-S), has been
known for a quite long time [279]. As expected, polymethylene sulfide leads to an IP value larger
than 7 eV and a highest occupied bandwidth of the order of a few tenths of an electron volt.

6. Methods for Designing Tailor Made Conducting Polymers

Doping often results in chemical instability and poor processibilty in conducting polymers, in
literature there has been various attempts to design low band gap conducting polymers, while
maintaining their stability and processibilty. In this section we will discuss some of the standard
methods employed so far for designing conducting polymers with low band gap.
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Substituents determine whether electropolymerization occurs or whether soluble products
are formed.Effect of substituents on the band structure of PA has been investigated by many
researchers like, fluorinated polyacetylens [280], highly conductive new aniline copolymers
containing butythio substituents have also been successfully prepared [281] with conductivity of
the order of 1S/cm. Substitution of thiophene monomers with appropriate 3-substituents induce
a “push-pull” effect on the n-electrons of their respective polymers and change the electrical
conductivity of the polymer [282]. Thus, the electrical conductivity of poly(3-methylthiophene)
is 100 times greater than that of polythiophene. Sometimes, substitution may decrease the
conductivity of the polymer but resulting polymer may have high electronic affinity and may
be more stable for example, polypyrrole films which are substituted with alkyl groups in the
1-position of the monomer units electrooxidize anodic of polypyrrole by ca. 800 mV. As a result,
these films are more oxygen stable. However, 1-alkyl-substituted films are less electrically
conducting than the parent polypyrrole, an effect attributed to steric constraints imparted by
the bulky substituents. For example, while polypyrrole has an electrical conductivity of ca. 100
S/cm, 1-methyl, 1-ethyl, or 1-n-propyl polypyrroles have conductivities of only 10~2 S/cm [283].
Thus by substituents, one can improve the solubility, bandgaps and increase polarizabilty and
improve other properties of conducting polymers.

Copolymerization is also very effective technique used so far in literature to design
new conducting polymers. Cyclodiborazane-dithifulvene copolymers [284], copolymers of
fluorine, and phenothiazine-quinoline coplymers [285]. Copolymers of aniline and pyrrole
have also been reported [286-289] and which show good conductivity and better solubility.
Tuning electronic properties to a particular value is easily possible by synthesizing
periodic co-polymers. The electronic properties of the hypothetical thiopene copolymers:
poly (thienylenecyclopentadienylene) (PThS), poly (thienylene-oxocyclopentadienylene )
(PThOPD) and poly (thienylenethiocyclypenta-dienylene) (PThTPD) have also been theoretically
investigated [290]. Novel carbazole-based co-polymers [291] with different co-monomers have
been synthesized.

By using ladder polymerization technique, one can also design low-band gap new
conducting systems. The electronic properties of polyacene, polyacenacene, polyphenanyhrene,
polyphenanthro-phenanthrene and polyperinapthalene ahve been investigated by many
theoreticaians [292,293]. Using semiemperical methods ground state and excited state
properties for phenylene oligomers are being investigated [294] and thiopene polymers have been
synthesized with decreased band gap-values [295]]. Various other polymers like poly (aroylene
benzimidazoles), polyepoxyloxanes [296], and ladder polymers with thienylene [297] units
have been studies. Unique new ladder polymer (polyindenoindenes) consisting of condensed
succession of six- and five-membered conjugated carbon rings have been synthesized [298].
These polymers are candidate for new materials with unique electronic properties.
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7. Current Applications and Future Challenges

The new devices made of conducting polymers are going to be used in every phase of life on earth,
as well as in space Compared to other existing technologies, conducting polymers are lightweight,
take up less space, and are less expensive to manufacture. They are also flexible, and in many
cases unbreakable. These characteristics make them excellent for use in space vehicles, for
human or robotic exploration and satellites. For example, the flexible and lightweight nature of
these devices would be suitable to introduce built-in computers in space suits, with associated
sensors to monitor the health of astronauts while they perform extra-vehicular activities. These
devices could also be beneficial for tele-medicine in space due to their flexible nature that can
follow the contours of the body. Conducting Polymer actuators are also being explored to be
used in micro-robots, for un-manned space missions utilizing micro-satellites. To further qualify
these devices for use in the harsh environment of space, more testing is needed to determine
reliability, with regard to ionizing radiation, solar UV, and extreme temperatures. Apart of the
use of conducting polymers in the light weight and rechargeable batteries [67,299,300], solid
state batteries [301,302] and in light emitting diodes, conducting polymers are expected to find
places in molecular electronics. Recently, Hudak presented report on quantitative evaluation
of conducting polymers (polypyrrole and polythiophene) as active materials for the positive
electrode in rechargeable aluminium batteries operating at room temperature [303]. Prakash
Sengodu et al. reviewed recent advances in synthetic methods and functions of conducting
polymer in hybrid composites and their application in lithium ion batteries [304].

Conjugated polymers in the nondoped and doped conducting state have an array of
potential applications in the microelectronics industry. Conducting polymers are effective
discharge layers as well as conducting resists in electron beam lithography, find applications
in metallization (electrolytic and electroless) of plated through-holes for printed circuit board
technology, provide excellent electrostatic discharge protection for packages and housings
of electronic equipment, provide excellent corrosion protection for metals, and may have
applications in electromagnetic interference shielding [305]. Wu et al. developed ultralight,
high-performance electromagnetic interference (EMI) shielding graphene foam (GF)/poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) composites [306]. Intrinsically
conducting polymers, especially PANI and PPY, are most promising alternative candidates for
EMI shielding due to their lightweight, which is of critical importance in aerospace applications,
corrosion resistance, ease of processing, and tunable conductivities [307].

The chemical properties of conducting polymers make them very useful in sensors [[308]].
A large number of gas sensors use conducting polymers (CPs) because they offer great design
flexibility [309,310]. They can form selective layers in which the interaction between the
analyte gas and the conducting matrix generates the primary change of a physical parameter
in the transduction mechanism. Jiri Janata et al. recently discussed that sensors based on
chemical modulation of electronic properties of CPs resulting from their interaction with gases
and concluded that the ‘tunability’ is an important bonus of CPs that aids the preparation
of a variety of sensing layers but it can be troublesome where performance independent of
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ambient factors is desired [[308]]. There are few recent reviews which deal with fundamental
and technological incentive for ICP composite sensors and the sensing properties [311-313].

Highly intimate contact between an electrode and a living neuron is strongly desired by
both basic neuroscientists and engineers seeking to develop more effective neural prostheses.
Conducting polymer coatings have been proposed a way to improve the intimacy of the cell-
electrode connection. A nanostructured “fuzzy” polymer coat increases electrode surface area,
lowering the electrical impedance [314]. Polymer coatings can also contain biomolecules to
attract neurons and promote their adherence to the electrode [315]. It has been found that
conducting polymer poly-(3-(2-ethylhexyl)-thiopene) (EHPT) is able to significantly increase
the current across a lipid bilayer [316]. N.K. Guimard et al. presented a demonstration on the
significant impact of conducting polymers in the biomedical field [317].

Conducting polymer nanostructures have received increasing attention in both fundamental
research and various application fields in recent decades. In the past decade, conducting
polymers nanostructures have become a rapidly growing field of research, because they display
new properties related to their nanoscale size and have greatly improved the performance of
devices [[318-324]. Since most conductive polymers require oxidative doping, the properties of
the resulting state are crucial. Such materials are salt-like (polymer salt), which diminishes
their solubility in organic solvents and water and hence their processability. Furthermore, the
charged organic backbone is often unstable towards atmospheric moisture. Compared to metals,
organic conductors can be expensive requiring multi-step synthesis. The poor processability
for many polymers requires the introduction of solubilizing or substituents, which can further
complicate the synthesis. One of the major problems with conducting polymers is the non-
processibility by solvent or multitechniques. Most of them are insoluble in common solvents
and undergo degradation before reaching the melting point. Also they have poor mechanical
strength and are environmentally unstable. Many researchers have succeeded in overcoming
these problems [325-327] and are generating polymer composites and blends which can show
better stability and mechanical strength [328],329].

Factors driving market growth include increasing acceptance of conductive polymers in
automobile and diesel sectors, and growing demand for high-performance, lightweight, and low
cost materials for electrical and electronics product components and devices. Much research will
be needed before many of the above applications become a reality. The stability and processibilty
both need to be substantially improved if these polymers are to be used in the market place.

Challenges arise due to the sensitivity of the polymers to variations in their fabrication, time
and temperature dependent effects, and nonlinearity of their coupled mechanical, physical and
chemical properties. It is also of importance that conducting polymers perform their functions
in dynamic environments over a wide range of temperatures and frequencies. Besides the
experimental investigations required to address the outlined problem areas, there is a need to
advance computational material science of conducting polymers. It is important in this regard
that modelling and simulation are treated as an integral part of design and manufacturing
processes.

Journal of Atomic, Molecular, Condensate & Nano Physics, Vol. 5, No. 2, pp.|159 , 2018



182

Conducting Polymers: Concepts and Applications: A.K. Mishra

Competing Interests
The author declares that he has no competing interests.

Authors’ Contributions

The author wrote, read and approved the final manuscript.

[1]

[2]

[31

[4]

[5]

(6]
[71
[8]
[9]

[10]
[11]

[12]

[13]

[14]
[15]

[16]

[17]

[18]

[19]

References

H. Shirakawa, E.J. Louis, A.G. MacDiarmid, C.K. Chiang and A.J. Heeger, J.C.S. Chem. Comm.
Physical Rev. 578 (1977).

C.K. Chiang, M.A. Drug, S.C. Gan, A.J. Heeger, E.J. Lewis, A.J. MacDiarmid, Y.W. Park and
H. Shirakawa, J Am. Chem. Soc. 100 (1978), 1013.

C.K. Chiang, C.R. Finchee, Y.W. Park, A.J. Heeger, E.J. Lewis, S.C. Gan and A.J. MacDiarmid,
Phys. Rev. Lett. 39 (1977), 1098.

A.R. Blythe, Electrical Properties of Polymer, Cambridge University Press, Cambridge, p. 123
(1979).

D.M. Bigg and E.J. Bradbury, Conductive Polymers, R.B. Seymour (ed.), Plenum, New York, p. 23
(1981).

D.E. Davenport, Condutive Polymers, R.B. Seymour (ed.), p. 39 (1981).
R.M. Simon, in Condutive Polymers (R.B. Seymour, ed.), 1981, 49.
E.K. Sichel (ed.), Carbon Black-Polymer Composites, Marcel Dekker, New York (1982).

R.H. Baughman, J.L. Bredas, R.R. Chance, R.K. Elsenbaumer and L.W. Shacklette, Chem. Rev.
82 (2), 209 (1982).

A.G. MacDiarmid and A.J. Heeger, Synth. Met. 1, 101 (1979).

J.H. Burroughes, D.D.C. Bradley, A.R. Brown, R.N. Marks, K. Mackay, R.H. Friend, P.L.. Burns
and A.B. Holmes, Nature 247, 579 (1990).

C.K. Chiang, C.R. Fincher Jr., YW. Park, A.J. Heeger, H. Shirakawa, E.J. Louis and
A.G. MacDiarmid, Phys. Rev. Lett. 39, 1098 (1977).

C.K. Chiang, M.A. Druy, S.C. Gau, A.J. Heeger, E.J. Louis and A.G. MacDiarmid, J. Am. Chem.
Soc. 100, 1013 (1978).

M.G. Kanatzidis, Chemical and Engineering News, 3 December 1990, Vol. 36.

K.E. Ziemelis, A.T. Hussain, D.D.C. Bradley, R.H. Friend, J. Rilhe and W. Wegner, Phys. Rev. Lett.
66, 2231 (1991).

V.G. Kulkarni, W.R. Mathew, J.C. Campbell, C.J. Dinkins and P.J. Durbin, in: Proceedings of the
49" ANTEC Conference, Society of Plastic Engineers and Plastic Engineering, Montreal, Canada,
5-9 May 1991, p. 665.

L.W. Shacklette, N.F. Colaneri, V.G. Kulkarni and B. Wessling, in: Proceedings of the 49" ANTEC
Conference, Society of Plastic Engineers and Plastic Engineering, Montreal, Canada, 5-9 May
1991, p. 663.

C. K. Chaing, M. Druy, A. S. C. Gau, A. J. Heeger, E. Louis, A. G. Macdiarmid, Y. W. Park and S.
Shihrakawa, J. Chem. Soc, 100 3, 1013 (1978).

A. Pron, 1. Kulszewicz, D. Billaud and J. Przyluski, J. Chem Soc, Chem Commun 15 783 (1981).

Journal of Atomic, Molecular, Condensate & Nano Physics, Vol. 5, No. 2, pp.|159 , 2018



Conducting Polymers: Concepts and Applications: A.K. Mishra 183

[20]

[21]

[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]

[32]

[33]

[34]

[35]
[36]
[37]

[38]

[39]

[40]
[41]
[42]

[43]
[44]
[45]
[46]

A. Pron, M. Zagorska, Z. Kucharski, M. Lukasiak and J. Suwalski, Matter Res Bull 17, 1505
(1982).

S. C. Gau, J. Milliken, A. Pron, A. G. MacdDarmid and A.J. Heeger, J. Chem Soc, Chem Commun
15 783 (1981).

H. Shirakawa and T. Kobayashi, . Phys. Paris, C3, 3(1983).

D. Billaud, I. Kulszewicz, A. Pron, P. Bernier, and S. Lefrant, JJ. Phys. Paris, C3, 33(1983).

P. J. Nigrey, Ph.D. thesis, University of Pennsylvania, 1983.

T. C. Chung, A. Feldblum, A. J. Heeger, and A. J. MacDiarmid, J. Chem. Phys., 74, 5504 (1981).
A. G. MacDiarmid and A. J. Heeger, Synth. Met., 1, 101 (1980).

G. Kaindl, G. Wortmann, S. Roth, and K. Menke, Solid State Commun., 41, 75 (1982).

B. Francois, M. Bernard, and J. J. Andre, J. Chem. Phys., 75, 4142 (1981).

P. Bernier, F. Rachdi, E. Falques, and F. Schue, Poly. Prep., 23, 94 (1982).

B. Francois and C. Mathis, J. Phys. Paris, C3, 21(1983).

A. Pron, P. Bernier, M. Rolland, S. Lefrant, M. Aldissi, F. Rachdi, and A. G. MacDiarmid, Matter
Sci., 7, 305 (1981).

A . J. Heeger, S. Kivelson, J. R. Schrieffer and W. P. Su, Rev. Mod. Phys., 60, 781 (1988) and
references therein.

K. E. Ziemelis, A. T. Hussain, D. D. C. Bradley, R. H. Friend, J. Rilhe and G. Wegner, Phys. Reuv.
Lett., 66, 2231 (1991).

dJ. H. Burroughes, C. A. Jones, and R. H. Friend, Nature, 335, 137 (1988); J. H. Burroughes, D. D.
C. Bradley, A. R. Brown, R. N. Marks, R. H. Friend, et al. Nature, 347, 539 (1990).

d. C. Chiang and A. G. MacDiarmid, Synth. Met., 13, 193 (1986).
A. G. MacDiarmid, J. C. Chaing, A. F. Richter and A. J. Epstien, Synth. Met., 18, 285 (1987).

A. G. MacDiarmid and A. J. Epstien, Faraday Discuss. Chem. Soc.., 88, 317 (1989) and references
therein.

Personal communication from P. Pino to G. Wegner, reported as Ref. 31 in G. Wegner, Angew.
Chem. Int. Ed. Engl. , 20, 361(1981).

G. Natta, G. Mazzanti, and P. Corradini, A¢ti Accad. Naz. Lincei Cl. Sci. Fis. Mat. Nat. Rend., 25,
2 (1958).

T. Ito, H. Shirakawa, S. Ikedea, J. Polym. Sci. Polym. Chem. Ed., 12, 11 (1974).
L. B. Luttinger, J. Org. Chem., 27, 1591 (1962).

See specialist texts such as Chemistry of Acetylenes (H. G. Viehe, ed. ), Marcell Dekker, New
York, 1969; and T. F. Rutledge, Acetylenes and Allenes, Reinhold, New York, 1969.

A. Job and G. Champetier, Comptes Rendus, 189, 1089 (1929).
T. Ito, H. Shirakawa, and S. Ikeda, J. Polym. Sci., 13, 1943 (1975).
H. Shirakawa, T. Ito, and S. Ikeda, Makromol. Chem., 179, 1565 (1978).

T. Akaishi, K. Miyasaka, K. Ishikawa, H. Shirakawa, and S. Ikeda, /. Polym. Sci. Polym. Phys.
Ed., 18, 745 (1982).

Journal of Atomic, Molecular, Condensate & Nano Physics, Vol. 5, No. 2, pp.|159 , 2018



184

Conducting Polymers: Concepts and Applications: A.K. Mishra

[47]

[48]

[49]

[50]

[51]

[52]
[53]
[54]

[55]
[56]

[571

[58]

[59]

[60]

[61]

[62]
[63]

[64]

[65]

[66]

[67]
[68]

[69]
[70]

C. Fincher, C. E. Chen, A. J. Heeger, A. G. MacDiarmid, and J. B. Hastings, Phys. Rev.Lett., 48,
100 (1982).

C. R. Fincher, M. Ozaki, M. Tanaka, D. Peebles, L. Lauchlan, A. J. Heeger, and A. J. MacDiarmid,
Phys. Rev. B., 20, 1589 (1979).

H. Shirakawa, T. Ito, and S. Ikeda, Polym. J., 4, 460 (1973).

H. Shirikawa, E. J. Louis, A. J. MacDiarmid, C. K. Chaing, and A. J. Heeger, Chem. Commun.,
1977, 578 (1977) ; C. K. Chiang, M. A. Druy, S. C. Gua, A. J. Heeger, H. Shrikawa, E. J. Louis, A.
G. MacDiarmid, and Y. W. Park, J Am. Chem. Soc., 100, 1013 (1978)

C. K. Chaing, C. R. Fincher, Y. W. Park, A. J. Heeger, H. Shirikawa, E. J. Louis, S. C. Gua, and A.
G. MacDiarmid, Phys. Rev. Lett., 39, 1098 (1977).

A. G. MacDiarmid and A. J. Heeger, Synth. Met., 1, 101 (1979).
H. Shirakawa and S. Ikeda, Synth. Met., 1, 175 (1979/1980).

F. E. Karasz, J. C. W. Chien, R. Galkiewicz, G. E. Wnek, A. J. Heeger, and A. G. MacDiarmid,
Nature, 282, 286 (1979).

P. J. Nigrey, A. G. MacDiarmid, and A. J. Heeger, J. Chem. Soc. Chem. Commun., 1979, 597 (1979).

P. J. Nigrey, D. McInnes, D. P. Nairns, A. G. MacDiarmid, and A. J. Heeger, J. Electrochem. Soc.,
128, 1651 (1981)

P. J. Nigrey, A. G. MacDiarmid, and A. J. Heeger, Proceedings of the International Conference on
Low-Dimensional Conductors, Boulder, Colorado, 1981, Mol. Cryst. Liq . Cryst., 77 (1981).

Y. W. Park, M.A. Druy, C.K. Chiang, A.G. Macdiarmid, A.J. Heeger, H.Shirakawa, and S. Ikeda, /.
Polym. Sci. Polym. Lett. Ed., 17, 628 (1979).

Y. W. Park, A.J. Heeger, M.A.Druy, and A.G. Macdiarmid, J. Chem. Phys., 73, 946 (1980); Y.W.
Park, A. Denenstein, C.K. Chaing, A. J. Heeger, A. G. Macdiarmid, Solid State Commun., 29, 747
(1979).

H. Narrrman and N. Theophilou, Synth. Met., 22, 1 (1987).

K. Akagi. M. Suezaki, H. Shirikawa, H. Kyotani, M. Shimomura and Y. Tanabe, Syn. Met.,28, D1
(1989).

dJ. Tsukamoto, A. Takahashi and K. Kawasaki, Jap. J. Apl. Phys., 29, 1990.

T. Tani, P. M. Grant, W. D. Gill, G. B. Street, and T. C. Clarke, Solid State Commun, 33, 499 (1980)
; T. Tani, P. M. Grant, W. D. Gill, G. B. Street, and T. C. Clarke, Synth. Met., 1, 301 (1980)

B. R. Weinberger, S. C. Gau, AND Z. Kiss, Appl. Phys. Lett., 38, 555 (1981) ; B. R. Weinberger, M.
Akhtar, and S. C. Gau, Synth. Met., 4, 187 (1982).

S. N. Chen, A. J. Heeger, Z. Kiss, A. G. MacDiarmid, S. C. Gau, and D. L. Peebles, Appl. Phys.
Lett., 36, 96 (1980).

D. M. Ivory, G. G. Miller, J. M. Sowa, L. W. Shacklette, R. R. Chance, and R. H. Baughman, J.
Chem. Phys., 71, 1506 (1979).

P. J. Nigrey, A. G. MacDiarmid, and A. J. Heeger, J. Chem. Soc. Chem. Commun., 1979, 594 (1979).

L. W. Shacklette, R. L. Elsenbaumer, R. R. Chance, J. M. Sowa, D. M. Ivory, G. G. Miller, and R. H.
Baughman, J. Chem. Soc. Chem. Commun., 1982, 361 (1982).

Y. Delugeard, J. Desuche, and J. L. Baudour, Acta Crystallogr, B32, 702 (1976).
dJ. L. Baudour, Y. Delugeard, and P. Rivet, Acta Crystallogr, B34, 625 (1978).

Journal of Atomic, Molecular, Condensate & Nano Physics, Vol. 5, No. 2, pp.|159 , 2018



Conducting Polymers: Concepts and Applications: A.K. Mishra 185

[71] J. L. Baudour, H. Cailleau, and W. B. Yelon, Acta Crystallogr, B33, 1773 (1977).

[72] R. H. Baughman, J. L. Bredas, R. R. Chance, R. L. Elsenbaumer, and L. W. Shacklette, Chem.
Rev., 82, 209 (1982).

[73] G. K. Noren and J. K. Stille, J. Polym. Sci. D Macromol. Rev., 5, 385 (1971).

[74] J. G. Speight, P. Kovacic, and F. W. Koch, JJ. Macromol. Sci. Rev. Macrmol Chem.,C5, 295 (1971).
[75] E. E. Braunsteiner and H. F. Mark, J. Polym. Sci. Rev. Macrmol Chem.,9, 83 (1971).
[76] G. Goldfinger, J. Polym. Sci., 4, 93 (1949).

[77] S. Ozasa, N. Hatada, Y. Fujioka, and E. Ibuki, Bull. Chem. Soc. Jpn., 53, 2610 (1980).
[78] S. Claesson, R. Gehm, and W. Kern, Makromol. Chem., 7, 46 (1951).

[79]1 W. Kern and R. Gehm, Angew. Chem., 62, 337 (1950).

[80] H. O. Wirth, R. Muller, and W. Kern, Makromol. Chem., 77, 90 (1964).

[81] M. Hellmann, A. J. Bilbo, and W. J. Pummer, J. Am.Chem. Soc., 77, 3650 (1955).

[82] W. J. Pummer and J. M. Antonucci, Polym. Prepr., 7, 1071 (1966).

[83] P. Kovacic and C. Wu, J. Polym. Sci., 47, 45 (1960).

[84] P. Kovacic and F. W. Koch, J. Org. Chem., 28, 1864 (1963).

[85] P. Kovacic, F. W. Koch and C. E. Stephan, J. Polym. Sci. A, 2, 1193 (1964).

[86] P. Kovacic and A. Kyriakis, J. Am. Chem. Soc., 85, 454 (1963).

[87] P. Kovacic and J. Oziomek, J. Org. Chem., 29, 100 (1964).

[88] W. V. Evans, R. Pearson, and D. Braithwaite, J Am. Chem. Soc., 63, 2574 (1941).

[89] A.F. Shepard and B. F. Dunnels, J. Polym. Sci., 4, 511 (1966).

[90] I. Rubinstein, J. Electrochem. Soc., 130, 1506 (1983).

[91] G. Brilmyer and R. Jasinski, J. Electrochem. Soc., 129, 1950 (1982).

[92] T. Osa, A. Yildiz, and T. Kuwana, J. Am. Chem. Soc., 91, 3994 (1969).

[93] M. Delamar, P. C. Lacaze, J. Y. Dumousseau, and J. E. Dubois, Electrochim. Acta, 27, 61 (1982).
[94] N. E. Widsom, Jr., Abstarcts Elect. Soc. N. Y. (May 1969).

[95] L. W. Shacklette, H. Eckhardt, R. R. Chance, G. G. Miller, D. M. Ivory, and R. H. Baughman, /.
Chem. Phys., 73, 4098 (1980).

[96] L. W. Shacklette, R. R. Chance, D. M. Ivory, G. G. Miller, and R. H. Baughman, Synth. Met., 1, 307
(1980).

[97] L. W. Shacklette, R. L. Elsenbaumer, and R. H. Baughman, J. de Physique, C3, 44 (1983).

[98] R. R. Chance, R. H. Baughman, J. L. Bredas, H. Eckhardt, R. L. Elsenbaumer, J. E. Frommer, L.
W. Shacklette, and R. Silbey, Mol. Cryst. Liq. Cryst., 383, 217 (1982).

[99] L. W. Shacklette, R. L. Elsenbaumer, R. R. Chance, H. Eckhardt, J. E. Frommer, and R. H.
Baughman, J. Chem. Phys., 75, 1919 (1980).

[100] R. H. Baughman, J. L. Bredas, R. R. Chance, R. L. Elsenbaumer and L. W. Shacklette, Chem. Rev.,
209 (1982).

[101] J. F. Rabolt, T. C. Clarke, K. K. Kanazawa, J. R. Reynolds, and G. B. Street, J. Chem. Soc. Chem.
Commun., 1980, 347 (1980).

Journal of Atomic, Molecular, Condensate & Nano Physics, Vol. 5, No. 2, pp.|159 , 2018



186

Conducting Polymers: Concepts and Applications: A.K. Mishra

[102]

[103]
[104]
[105]

[106]
[107]
[108]
[109]
[110]
[111]

[112]

[113]

[114]
[115]
[116]

[117]
[118]
[119]
[120]
[121]

[122]
[123]
[124]

[125]

[126]
[127]
[128]
[129]
[130]

R. R. Chance, L. W. Shacklette, G. G. Miller, D. M. Ivory, R. L. Elsenbaumer and R. H. Baughman,
J. Chem. Soc. Chem. Commun., 1980, 348 (1980).

B. J. Tabor, E. P. Magre, J. Boon, J. Eur. Polym., 7, 1127 (1971).
A. J. Lovinger, D. D. Davis, F. Jr. Padden, J Polymer, 26, 1595 (1985).

A. Uemura, S. Isoda, M. Tsuji, M. Ohara, A. Kawaguchi, K. Katayama, Bull Inst Chem Res.Kyoto
Univ, 64, 66 (1986).

dJ. Jurga, Polymer, 34, 4203(1993).

R. Napolitano, B. Pirozzi, A. Salvione, Macromolecules, 32, 7682 (1999).

B. J. Tabor, E. P. Magre, and J. Boon, Eur. Polym. J., 7, 1127 (1971).

J. T. Edmonds, Jr., and H. W. Hill, Jr., U. S. Patent #3 354 129 (1967).

R. W. Lenz, C. E. Handlovits, and H. A. Smith, J. Polym. Sci., 58, 351 (1962).

L. W. Shacklette, R. L. Elsenbaumer, R. R. Chance, H. Eckhardt, J. E. Frommer, and R. H.
Baughman, JJ. Chem. Phys., 75, 1919 (1981).

dJ. Mattan, A. Uusimaki, H. Torvela and S. Leppavuori, Makromol. Chem., Macromol. Symp., 22,
161 (1988).

A. Talaie, J. Y. Lee, Y. K. Lee, J. Jang, J. A. Romagnoli, T. Taguchi and E. Maeder, Thin Solid
Films, , 363, 163 (2000).

M. Natalie, Rowley and J. Roger Mortimer, Science progress, 85 (3), 243 (2002).
L. H. M. Krings, E. E. Havinga, J. J. M. Donkers and F. T. A. Vork, Synth. Metals, 54, 453 (1993).

S. B. Adeloju, and S. J. Show and G. G. Wallace, Analitica Chimica Acta, 281, 611-620, 621-627
(1993).

dJ. M. Slater and E. J. Watt, Analytical proceeding, 26, 397 (1989).

S. Sukeerthi, and A. Q. Contractor, Indian J. Chem, 33A, 565 (1994).

H. Ge, P. R. Teasdale and G. G. Wallace, JJ. Chromatography, 544, 305 (1991).
N. Mermilliod and J. Tanguy, JJ. Electrochem. Soc., 1073 (1986).

A. Mirmohseni, W. E. Price, G. G. Wallace and H. Zhao, J. Intelligent Material Systems and
Structures, 4, 43 (1993).

G. P. Gardini, Adv. Hetrocyclic chem., 15, 67 (1973).
A. Dall’Olio, Y. Dascola, V. Varacco, and V. Bocchi, C. R. Acad. Sci. Ser, C, 267, 433 (1968).

G. B. Street, T. C. Clarke, M. Krounbi, K. K. Kanazawa, V. Lee, P. Pfluger, J. C. Scott, and G.
Weiser, Mol. Cryst. Liq. Cryst., 83, 253 (1982).

K. K. Kanazawa, A. F. Diaz, W.D. Gill, P. M. Grant, G. B. Street, G. P. Gardini, nad J. F. Kwak,
Synth. Met., 1, 329 (1980).

A. F. Diaz, K. K. Kanazawa, and G. P. Gardini, . Chem. Soc. Chem. Commun.,1979, 635 (1979).
R. A. Simon, A. J. Ricco, and M. S. Wrighton, . Am. Chem. Soc. 104, 2031 (1982).

A. Diaz and J. Bargon "Handbook of Conducting Polymers", T. A. Skotheim Ed., 1, 82 (1986).

B. K. Moss, R. P. Burford and M. Skyllas-Kazacos, Material Forum, 13, 35 (1993).

S. Machida and S. Miyata, Synthetic Metals, 31, 311 (1989).

Journal of Atomic, Molecular, Condensate & Nano Physics, Vol. 5, No. 2, pp.|159 , 2018



Conducting Polymers: Concepts and Applications: A.K. Mishra 187

[131] S. Rapi, V. Bocchi and G. P. Gardini, Synthetic Metals, 24, 217 (1988).

[132] T. H. Chao and J. March, J. Polymer Science: Part A: Polymer chemistry, 26, 743 (1988).

[133] A. Mohhammadi, I. Lundstrom, W. R. Salaneck and O. Inganas, Synthetic Metals, 21, 169 (1987).
[134] L. F. Warren and D. P. Anderson, Electrochemical Society, 134 (1), 101(1987).

[135] S. P. Armes, Synthetic Metals, 20, 365 (1987).

[136] V. Bocchi, G. P. Gardini, J. Chem. Soc., Chem. commun., 148 (1986).

[137] S. P. Armes and B. Vincent, J. Chem. Soc., Chem. Commun., 287 (1987).

[138] H. Eisazadeh, G. Spinks and G. G. Wallace, Material Forum, 16, 341 (1992).

[139] V. Bocchi and G. P. Gardini, S. Rapi, J. Material Science Letters, 6, 1283 (1987).

[140] R. Qian and J. Qiu, Polymer J., 19 (1), 157 (1987).

[141] A. F. Diaz and K. K. Kanazawa, Extended Linear Chain compounds edited by Joel S. Miller, New
York, 3, 417 (1982).

[142] K. Imanishi, M. Satoh Yutaka, Yasuda, Rikio, Tsushima and Shuzo Aoki, J. Electroanalytical
Chem., 260, 469 (1989).

[143] J. Heinze, Synthetic Metals, 41, 2805 (1991).

[144] E. M. Genies, and G. Bidan, J. Electroanal. Chem., 149, 101 (1983).

[145] R. dJ. Waltman and J. Bargon, Tedrahedron, 40 (20), 3963 (1984).

[146] M. Satoh, Kunihiko and K. Yoshino, JJ. Electroanal. Chem., 317, 139 (1991).

[147] F. P. Bradner and J. S. Shapiro, Synthetic Metals,26, 69 (1988).

[148] A. K. Meikap, A. Das, and S. Chatterjee, M. Digar and S. N. Bhattacharyga, 47, 1340 (1993).
[149] J. L. Bredas, Mol. Cryst. Liq. cryst., 118, 49 (1985).

[150] J. C. Scott, J. L. Bredas, J. H. Kaufman, P. Peluger, G. B. Street and K. Yakushi, Mol Cryst., 118,
163 (1985).

[151] G. R. Reynolds, Chemtech, 7, 440 (1998).
[152] R. A. Khalkhali, Iranian Polymer Journal, 13, No. 1, 53 (2004).

[153] F. T. A. Vork, B. C. A. M. Schuermans and E. Barendrecht, Electrochemica. Acta, 35 (202), 567
(1990).

[154] K. Yoshino, M. Tabata, M. Satoh, K. Kaneto and T. Ohsawa, 35, (1807), 231 (1985).

[155] D. S. Maddison and J. Unsworth, 30, 47 (1989).

[156] B. Sun, dJ. J. Jones, R. P. Burford, M. Skyllas-Kazacos, J. Materials Science , 24, 4024 (1989).
[157] J. M. Ko, H. W. Rhee, S. M. Park and C. Y. Kim, «J. Electrochemical Soc., 3, 137 (1990).

[158] T. Hagiwara, M. Hirasaka, K. Sato and M. Yamaura, Synthetic Metals, 36, 241 (1990).

[159] J. H. Lee and 1. J. Chung, Synthetic Metals, 53, 245 (1993).

[160] M. Ogasawara, K. Funahashi, T. Demura, T. Hagiwara and K. Iwata, Synth. Metals, 14, 61 (1986).
[161] L. Wenbin, L. Junting, and R. C. Martin, Synthetic Metals, 52, 227 (1992).

[162] S. Lee, J. Han, and W. Paik, Synthetic Metals, 55-57, 1129 (1993).

[163] H. Munstedt, Polymer, 27, 899 (1986).

Journal of Atomic, Molecular, Condensate & Nano Physics, Vol. 5, No. 2, pp.|159 , 2018



188

Conducting Polymers: Concepts and Applications: A.K. Mishra

[164]
[165]
[166]
[167]
[168]
[169]

[170]
[171]
[172]
[173]
[174]
[175]
[176]
[177]

[178]
[179]
[180]
[181]
[182]
[183]
[184]
[185]
[186]
[187]
[188]
[189]
[190]

[191]
[192]
[193]
[194]
[195]
[196]
[197]

H. Munstedt, H. Naarmann, G. Kohler, Mol. Cryst. Liq. Cryst., 118, 129 (1985).

Q. Pei and R. Qian, Synthetic Metals, 45, 35 (1991).

A. F. Diaz, 1. Juan Catillo, J. A. Logan and Wen-Yaung Lee, J. Electroanal. Chem.,129, 115 (1981).
T. Shimidzu, A. Ohtani, T. Iyoda and K. Honda, J. Electroanal. Chem., 224,123 (1987).

F. Beck, U. Barsch and R. Michaelis, J. Electroanal. Chem, 351, 169 (1993).

N. C. Billingham, P. D. Calvert, P. J. S. Foot and F. Mohammad F, Polymer Degradation and
Stability ,19, 323 (1987).

H. Munstedt, Polymer, February, 29 (1988).

B. C. Ennis and V. T. Truong, Synthetic Metals, 59, 387 (1993).

V. T. Truong, Synthetic Metals, 52, 33 (1992).

L. A. Samuelson and A. Mark Druy, Macromolecules, 19 (3), 824 (1986).

B. K. Moss and R. P. Burford, Polymer, 33 (No. 9), 1902 (1992).

Glaudine Roux and Mario Leclere, Macromolecules, 25, 2141 (1992).

Y. Wang, M. F. Rubner and L. J. Buckley, Synthetic Metals, 41, 1103 (1991).

A. Ray, G. E. Asturias, D. L. Kershner, A. F. Richer, A. G. MacDiarmid, and A. J. Epstein Synth
Met, 29, E141 (1989).

K. G. Neoh, E. T. Kang, S. H. Khor, and K. L. Tan, Polym. Degrad. Stab., 27,107 (1990).
K. L. Tan, B. T. G. Tan, E. T. Kang, and K. G. Neoh, J. Chem. Phys.,94, 5382(1991).
dJ. Fritsche, J. Prakt. Chem., 20, 453 (1840).

Idem, ibid., 28, 198 (1843).

H. Letheby, J. Chem. Sot., 15, 161 (1862).

dJ.-J. Coquillon, Compt. rend., 81, 408 (1875).

Idem, ibid., 82, 228(1876).

A. Rosenstiehl, ibid., 81, 1257 (1875)

F. Goppelsroeder, Compt. rend., 82, 331, 1392 (1876).

L. Gilchrist, J. Phys. Chem., 8, 539 (1904).

H. T. Bucherer, Eer, 40, 3412 (1907).

Idem, ibid., 1909, 42, 293 1

W. S. Huang, B. D. Humphrey, A. G. MacDiarmid, . Chem. Soc., Faraday Trans., 1, 82, 2385
(1986).

F. Zuo, M. Angelopoulos, A. G. MacDirmid, A. J. Epstein, Phys. Rev. B., 36, 3475 (1987).

A. G. MacDiarmid, Mol. Cryst. Liq. Cryst.,125, 309 (1985).

E. M. Genies, C. J. Tsintavis, Electroanal. Chem. Interfac. Electrochem., 200, 127 (1984).

S. K. Brahma, Solid State Commun. 57, 673 (1986).

S. Segellee, J. Appl. Polym. Sci., 40, 297 (1990).

E. Erdem, M. Sacak, M. Karakisla, Polym. Int., 39, 153 (1996).

Abalyaeva, V.V.; Efimov, O.N. Russ. J. Electrochem. (Transl. of Electro khimiya ) 32, 670 (1996).

Journal of Atomic, Molecular, Condensate & Nano Physics, Vol. 5, No. 2, pp.|159 , 2018



Conducting Polymers: Concepts and Applications: A.K. Mishra 189

[198] M. Barth, M. Lapkowski, S. Lefrant, Electrochim. Acta, 44 (12), 2117 (1999).

[199] R. de Surville, M. Jozefowicz, L. T. Yu, J. Perichon and R. Buvet, Electrochimica Acta, 13, 1451
(1968).

[200] M. Jozefowicz, J. H. Perichon, L. T. Yu and R. Buvet Br. Patent, 1970, No. 1216569.

[201] A. A. Syed, M. K. Dinesan and E. M. Genies, Bull Electrochem., 4,737 (1988).

[202] H.S.O. Chan., T.S.A. Hor,K.L.. Tan, B.T.G. Tan, J. Macromol. Sci. Chem. A , 27, 41 (1990).
[203] Y. Cao, A. Andreatta, A. J. Heeger, P. Smith, Polymer, 30, 2305 (1989).

[204] F. Wang, X. Jing, Korea Poly. J., 4, 89 (1996).

[205] P. Adams, M. Norman, P. Andrew, UK Patent Appl. GB2,298,210, 1996.

[206] S. Li, H. Dong, Y. Cao, Synth. Met.,29, E329 (1989).

[207] N. Mermilliod, J. Tanguy, M. Hoclet and A. A. Syed, Synth. Met., 18, 359 (1987).

[208] I&m, ibid., 200, 127 (1986).

[209] J. P. Travers, J. Chroboczek, F. Devreux, F. Genoud M. Nechtschein, A. A. Syed, E. M. Genies and
C. Tsintavis, Mol. Cryst., Liq. Cryst., 121, 195 (1985).

[210] W.-S. Huang, A. G. MacDiarmid and A. J. Epstein, JJ. Chem. Sot. Chem. Commun., 1784 (1987).
[211] B. Lundberg, W. R. Salaneck and I. Lundstrom, Synth. Met., 21, 143 (1987).

[212] H. H. S. Javadi, F. Zuo, K. R. Cromack, M. Angelopoulos, A. G. MacDiarmid and A. J. Epstein,
ibid., 29, E409 (1989).

[213] A. J. Epstein, J.- M. Ginder, F. Zuo, R. W. Bigelow, H.-S. Woo, D. B. Tanner, A. F. Richter, W. S.
Huang and A. G. MacDiarmid ibid., 18, 303 (1987).

[214] I&m, ibid., 200, 127 (1986).

[215] W. W. Focke, G. E. Wnek and Y. Wei, J. Phys. Chem., 91, 5813 (1987)

[216] W. W. Focke and G. E. Wnek, J. Eiectroanal. Chem., 256, 343 (1988).

[217] M. Gholamian and A. Q. Contractor, J. Electroanal Chem., 252, 291 (1988).

[218] E. M. Genies, A. A. Syed and C. Tsintavis, Mol. Cryst Liq. Cryst., 121, 181 (1985).
[219] E. M. Genies, M. Lapkowski, C. Santier and E. Vieil, ibid., 18, 631 (1987)

[220] R. de Surville, M. Jozefowicz, L. T. Yu, J. Perichon and R. Buvet, Electrochimica Acta, 13, 1451
(1968).

[221] R. Noufi, A. J. Nozik, J. White and L. F. Warren, ibid., 1982, 129, 2261

[222] M. Kaneko and H. Nakamura, J. Chem. Sot. Chem. Commun., 346 (1985).

[223] M. Gholamian, J. Sundaram and A. Q. Contractor, Langmuir, 3, 741(1987).

[224] K. M. Kost, D. E. Bartak, B. Kazee and T. Kuwana, Anal. Chem., 60, 2379 (1988).
[225] R. Jiang, S. Dong and S. Song. J. Chem. Sot. Faraday Trans., 1, 85, 1575 (1989).
[226] A. A. Syed and M. K. Dinesan, unpublished results.

[227] A. K. Mishra, Ph.D. Thesis, University of Lucknow, Lucknow, 2008.

[228] A. K. Mishra and P. Tandon, J. Phys. Chem. B,113,14629(2009).

[229] A.K. Mishra and P. Tandon, J. Phys. Chem. B,113, 9702 (2009).

Journal of Atomic, Molecular, Condensate & Nano Physics, Vol. 5, No. 2, pp.|159 , 2018



190 Conducting Polymers: Concepts and Applications: A.K. Mishra

[230] A.K. Mishra, P. Tandon and V.D. Gupta, Macromol. Symposia,265, 111 (2008).
[231] C. H. Choi, M. Kertesz, Mcromolecules, 30, 620 (1997).

[232] T. J. Skotheim, J. R. Reynolds, Eds. Handbook of Conducting Polymers, Third Ed., CRC Press,
Boca Raton, USA (1997).

[233] H. S. Nalwa, Ed. Handbook of Organic Conductive Molecules and Polymers, Vol. 2, John Wiley,
Chichester, UK (1997).

[234] R. D. McCullough, S. Tristam-Nagle, S. P. Williams, R. D. Lowe, M. Jayaraman, J. Am. Chem. Soc.
115, 4910 (1993).

[235] T.-A. Chen, X. Wu, R. D. Rieke, J. Am. Chem. Soc. 117, 233 (1995)

[236] T. Yamamoto, Synlett, 425 (2003).

[237] T. Yamamoto et al., J. Am. Chem. Soc. 120, 2047 (1998).

[238] H. Kokubo, T. Sato, T. Yamamoto, Macromolecules 39, 3959 (2006).

[239] 1. McCulloch et al., Nat. Mater. 5, 328 (2006).

[240] R. Toyoshima, K. Akagi, H. Shirakawa, Synth. Met. 84, 431 (1997).

[241] H.-F. Lu, H. S. O. Chan, S.-C. Ng, Macromolecules 36, 1543 (2003)

[242] V. Meyer, Chem. ber., 16, 1465 (1883).

[243] A. V. Topchiev, Y. Y. Gol'dfact, and B. A. Krentsel, Vysokomol. Soedin, 3, 870 (1961).
[244] P. Kovacic and K. N. McFarland, . Polym. Sci. Polym. Chem. Ed., 17, 1963 (1979).
[245] S. L. Mersel, G. C. Johnson, and H. D. Hartough, J. Am. Chem. Soc., 72, 1910 (1950).
[246] T. Yamamoto, K. Sanechika, and A. Yamamoto, . Polym. Sci. Polym. Lett., Ed., 18, 9 (1980).

[247] (a) G. Kossmehl and G. Chatzitheodorou, Makromol. Chem. Rap. Commun.,2, 551 (1981). (b) G.
Kossmehl and G. Chatzitheodorou, Mol. Cryst., 83, 291 (1982).

[248] G. Tourillon and F. Garnier, J. Electroanal. Chem.,135, 173 (1982).

[249] K. Kaneto, K. Yoshino, and Y. Inuishi, Jpn. J. Appl. Phys.,21:L, 567 (1982).

[250] T. Yamamoto, K. Sanachika, and A. Yamamoto, Bull. Chem. Soc. Jpn., 56, 1497 (1983).
[251] G. Tourillon and F. Garnier, J. Electrochem. Soc., 130, 2043 (1983).

[252] G. Tourillon and F. Garnier, J. Electroanal. Chem., 161, 51 (1984).

[253] J. Preza, I. Lundstrom, and T. Skotheim, /. Electrochem. Soc., 129, 1685 (1982).

[254] R. G. Pearson, in Hard and Soft Acids and Bacse, Dowden, Hutchinson, and Ross, 1973.
[255] J. W. Sease and L. Zechmeister, J. Am. Chem. Soc., 69, 270 (1947).

[256] T. Yamamoto, K. Sanachika, and A. Yamamoto, Bull. Chem. Soc. Jpn., 56, 1503 (1983).
[257] A.R. Kmetz and F. K. Von Willisen, Non-emissive electrooptic displays, Plenum, New York, 1976.
[258] K. Kaneto, K. Yoshino, and Y. Inuihi, Jpn. J. Appl. Phys., 22, L567 (1983).

[259] S. Glenis, G. Horowitz, G. Tourillion, and F. Garnier, Thin Solid Films, 111, 93 (1984).
[260] S. Glenis, G. Tourillion, and F. Garnier, Thin Solid Films,1986.

[261] G. Horowitz, G. Tourillion, and F. Garnier, J. Electrochem. Soc., 131, 151 (1984).

[262] G. J. Tourillion and F. Garnier, J. Phys. Chem., 88, 5281 (1984).

Journal of Atomic, Molecular, Condensate & Nano Physics, Vol. 5, No. 2, pp.|159 , 2018



Conducting Polymers: Concepts and Applications: A.K. Mishra 191

[263]
[264]
[265]
[266]
[267]
[268]
[269]
[270]
[271]
[272]
[273]
[274]
[275]
[276]

[277]
[278]
[279]
[280]
[281]

[282]
[283]

[284]
[285]
[286]
[287]
[288]
[289]
[290]
[291]
[292]
[293]
[294]
[295]

T. Yamamoto, K. Sanechika, and A. Yamamoto, J. Polym. Sci. Polym. Lett. Ed., 18, 9 (1980).

T. Yamamoto, K. Sanechika, and A. Yamamoto, Chem. Lett., 1079 (1981).

G. E. Wnek, J. C. S. Chine, F. E. Karasz, and C. P. Lillya, Polymer, 20, 1441 (1979).

T. A. Skotheim, Hand Book of Conducting Polymers, Vol.1, Marcell Dekker, New York, page 254.
G. Wegner, in Molecular Metals, (W. E. Hatfield, ed.), Plenum, New York, 1979, page 297.

R. H. Baughman and R. R. Chance, Ann. N. Y. Acad. Sci., 313, 705 (1978).

D. Bloor and R. R. Chance Polydiacetylenes: Synthesis, Structure, and Electronic Properties, 1985.
Spevak W, Nagy J O and Charych D H 1995 Adv. Mater. 7 85

Sasaki D Y, Carpick R W and Burns A R 2000 J. Colloid Interface Sci. 229 490.

Mowery M D and Evans C E 1997 Tetrahedron Lett. 38 11

Reichert A, Nagy J O, Spevak W and Charych D 1995 JJ. Am. Chem. Soc. 117 829.

Lu Y et al 2001 Nature 410 913

Kobayashi T 1993 Optoelectron. Devices Technol. 8 309.

Hoofman R J O M, Siebbeles L D A, de Haas M P, Hummel A and Bloor D 1998 J. Chem. Phys.
109 1885.

D. Wohrle, Tetrahedron Lett., 1969 (1971), Makrmol. Chem., 175, 1751 (1974).
M. J. Rice and E. J. Mele, Phys. Rev. Lett., 49, 1455 (1982).

G. Carazzolo and G. Valle, Makromol. Chem., 90, 66 (1966).

C. Yang, W. A. Liang and C. Bo, Int. J Quant. Chem., 37, 679 (1990).

C. C. Han, S. P. Hong, K. F. Yang, M. Y. Bai, C. H. Lu and C. S. Huang, Macromolecules, 34, 587
(2001).

R. J. Waltman, J. Bargon, and A. F. Diaz, J. Phys. Chem., 87, 1459 (1983).

A. F. Diaz, J. Castillo, K. K. Kanazawa, J. A. Logan, M. Salmon, and 0. Fajardo, J. Elecrroanal.
Chem. Interfacial Electrochem., 133, 233 ( 1982).

K. Naka, T. Umeyama and C. Yoshiki, Macromolecules 33, 7467 (2003).

A.J. Samson, L. Lu and M.M. Alam, Macromolecules 34, 7315 (2001).

J.A. Conklin, S.C. Huang, S.M. Huang, T. Wen and R.B. Kaner, Macromolecules 28, 6522 (1995).
S.K. Dhawan and D.C. Trivedi, Synth. Met. 60, 63 (1993).

J.W. Kim, C.H. Cho, F. Liu, H.J. Choi and J. Joo, Synth. Met. 135, 17 (2003).

S. Chen, T.C. Wen and A. Gopalan, Synth. Met. 132, 133 (2003).

S.Y. Hong, Si.J. Kwon and S.C. Kimm, J. Chem. Phys. 104, 1140 (1996).

dJ. Huang, Y. Niu, Y. Xu, Q. Hou, W. Wang, Y. Mo, M. Yuan and Y. Cao, Synth. Met. 135, 181 (2003).
A.K. Bakhshi, Superlatt Microstruct. 11, 465 (1992).

1. Bozoviv, Phys. Rev. B 32, 8136 (1985).

dJ. Rissler, H. Bassler, F. Gebhard and P. Schwerdtfeger, Phys. Rev. B 64, 045122 (2001).

H. Tsuchide, K. Oyaizu, T. Iwasaki and H. Yonemarie, Japan Kokai Tokkyo Kho JP 261, 794
(2001).

Journal of Atomic, Molecular, Condensate & Nano Physics, Vol. 5, No. 2, pp.|159 , 2018



192

Conducting Polymers: Concepts and Applications: A.K. Mishra

[296]
[297]
[298]
[299]
[300]

[301]
[302]
[303]
[304]
[305]
[306]

[307]
[308]
[309]
[310]
[311]
[312]

[313]

[314]
[315]

[316]

[317]
[318]
[319]
[320]

[321]

[322]
[323]

[324]

Y. Lin, P. Kumari, W. Chen, T.S. Chung and R. Zhang, Polym. Prepr. 40, 944 (1999).
F. Michael, K.O. Anman and U. Scherf, Macromolecules 32, 3159 (1999).

U. Scherf and K. Milier, Polymer 33, 2443 (1992).

dJ. Margolis, Conductive Polymers and Plastics, Chapman and Hall (1989), p. 33.

D.I. Mac, M.A. Druy, P.J. Nigrey, D.P. Nairns, A.G. MacDiarmid and A.J. Heeger, J. Chem. Soc.
Chem. Commun. 317 (1981).

B. Scrosati and B.B. Owenss, Solid State Ionics 23, 275 (1987).

T. Yamawaki and S. Hideki, Japan Kokai Tokkyo Kho JP, 68, 746 (2002).
N.S. Hudak, Sandia Report SAND2014-0068, Dec. 2013.

M. Angelopoulos, Organic Electronics 45, 57 (2001).

P. Sengodu and A.D. Deshmukhb, RSC Adv. 5, 42109 (2015).

Y. Wu, Z. Wang, X. Liu, X. Shen, Q. Zheng, Q. Xue and J.K. Kim, ACS Appl. Mater. Interfaces 9,
10, 9059 (2017).

Y. Wang and X. Jing, Polym. Adv. Technol. 16, 344 (2005).

dJ. Janata and M. Josowicz, Nature Mater. 2, 19 (2003).

D.T. McQuade, A.E. Pullen and T.M. Swager, Chem. Rev. 100, 2537 (2000).

M. Gerard, A. Chaubey and B.D. Malhotra, Biosens. Bioelectron. 17, 345 (2002).
D.W. Hatchett and M. Josowicz, Chem. Rev. 108, 746 (2008).

D.S. Correa, E.S. Medeiros, J.E. Oliveira, L.G. Paterno, L.H.C. Mattoso, Journal of Nanoscience
and Nanotechnology 14, 6509 (2014)

I. Fratoddi, I. Venditti, C. Cametti and M.V. Russo, Sensors and Actuators, B: Chemical 220, 534
(2015).

X. Cui and D.C. Martin, Sensors and Actuators B 92 (2003).

X. Cui, V. Lee, Y. Raphael, J. Wiler, J. Hetke, D. Anderson and D. Martin, J. Biomedicial Materials
Research 56, 261 (2001).

A.S. Widge, M.J. El and Y. Matsuoka, Proceedings of the 26th Annual International Conference,
San Farncisco, CA, USA, p. 4330.

N.K. Guimard, N. Gomez and C.E. Schmidt, Progress in Polymer Science 32, 876 (2007)
J.X. Huang, S. Virji, B.H. Weiller and R.B. Kaner, J. Am. Chem. Soc. 125, 314 (2003).
R.J. Tseng, J.X. Huang, J. Ouyang, R.B. Kaner and Y. Yang, Nano Lett. 5, 1077 (2005).

Y.Z. Long, J.L.. Duvail, M.M. Li, C.Z. Gu, Z.W. Liu and S.P. Ringer, Nanoscale Res. Lett. 5, 237
(2010).

Y.Z. Long, L.J. Zhang, Z.J. Chen, K. Huang, Y.S. Yang, H.M. Xiao, M.X. Wan, A.Z. Jin and C.Z. Gu,
Phys Rev B. 71, 165412:1 — 165412:7 (2005).

L.J. Pan, L. Pu, Y. Shi, T. Sun, R. Zhang and Y.D. Zheng, Adv. Funct. Mater. 16, 1279 (2006).

E.S. Forzani, H.Q. Zhang, L.A. Nagahara, I. Amlani, R. Tsui and N.J. Tao, Nano Lett. 4, 1785
(2004).

N.R. Chiou, C.M. Lui, J.J. Guan, L.J. Lee and A.J. Epstein, Nat. Nanotechnol. 2, 354 (2007).

Journal of Atomic, Molecular, Condensate & Nano Physics, Vol. 5, No. 2, pp.|159 , 2018



Conducting Polymers: Concepts and Applications: A.K. Mishra 193

[325] A.G. MacDiarmid and A.J. Epstein, Synth. Met. 65, 103 (1994).
[326] U.S. Waware and S.S. Umare, React. Funct. Polym. 65, 343 (2003).
[327] Y.A. Ismail, A. Ahmad and F. Mohammed, J. Macromol. Sci., Part A 45, 650 (2008).

[328] H.C. Pant, M.K. Patra, S.C. Negi, A. Bhatia, S.R. Vadera and N. Kumar, J. Bull. Mater. Sci. 29,
379 (2006).

[329] V.M. Mzenda, S.A. Goodman and F.D. Auret, Synth. Met. 127, 285 (2002).

Journal of Atomic, Molecular, Condensate & Nano Physics, Vol. 5, No. 2, pp.|159 , 2018



	Introduction
	Requirements for Conducting Polymer Systems
	Doping
	Redox Doping
	Non-Redox Doping

	Synthesis of Conducting Polymers
	Different Conducting Polymers: Synthesis, Structure and Applications
	Polyacetylene
	Polyphenylenes
	poly(p-Phenylene Sulfide)
	Polypyrrole
	Polyaniline
	Polythiopene
	Other Conducting Polymers

	Methods for Designing Tailor Made Conducting Polymers
	Current Applications and Future Challenges
	References

