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Conducting polymers: a comprehensive review on
recent advances in synthesis, properties and
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Conducting polymers are extensively studied due to their outstanding properties, including tunable
electrical property, optical and high mechanical properties, easy synthesis and effortless fabrication and
high environmental stability over conventional inorganic materials. Although conducting polymers have
a lot of limitations in their pristine form, hybridization with other materials overcomes these limitations.

The synergetic effects of conducting polymer composites give them wide applications in electrical,

electronics and optoelectronic fields. An in-depth analysis of composites of conducting polymers with
carbonaceous materials, metal oxides, transition metals and transition metal dichalcogenides etc. is used
to study them effectively. Here in this review we seek to describe the transport models which help to
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explain the conduction mechanism, relevant synthesis approaches, and physical properties, including

electrical, optical and mechanical properties. Recent developments in their applications in the fields of

DOI: 10.1039/d0ra07800j

rsc.li/rsc-advances

1. Introduction

Polymers were considered to be electrical insulators before the
invention of conducting polymers (conjugate polymers), but
these organic polymers have unique electrical and optical
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energy storage, photocatalysis, anti-corrosion coatings, biomedical applications and sensing applications
are also explained. Structural properties play an important role in the performance of the composites.

properties similar to those of inorganic semiconductors.
A conjugated carbon chain consists of alternating single
and double bonds, where the highly delocalized, polarized,
and electron-dense 7 bonds are responsible for its electrical
and optical behavior. Typical conducting polymers include
polyacetylene (PA), polyaniline (PANI), polypyrrole (PPy), poly-
thiophene (PTH), poly(para-phenylene) (PPP), poly(-
phenylenevinylene) (PPV), and polyfuran (PF) (Chart 1). Alan G.
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MacDiarmid and physicist Alan J. Heeger discovered (SN),
sulfur nitride metal, an inorganic material, which showed
higher electrical conductivity when doped with bromine, and
this finding led to the investigation of conducting poly-
acetylene. Polyacetylene doped with bromine has a conductivity
a million times higher than that of pristine polyacetylene and
this investigation was rewarded by a Nobel Prize in 2000.”
Conventional polymers consist of thousands to millions of
monomer units. They are stiff and soluble in solvents, but
a conjugated polymer chain consists of a lower number of
monomer units. The mechanical property is gained by the
presence of alternating single and double bonds present within
it. The solubility and processability of conducting polymers
depend mainly upon the attached side chains, and the attached
dopant ions give them mechanical, electrical and optical
properties.* Conducting polymers are crystalline and partially
amorphous. Conducting polymers consist of both localized and
delocalized states, and the delocalization of © bonds depends
heavily upon disorder, and this delocalization plays an essential
role in the generation of charge carriers like polarons, bipolar-
ons, solitons, etc., which are responsible for the transition from
insulator to metal.* The conductivity of conjugate polymers acts
like an insulator to a semiconductor in their pure form, and the
conductivity increases with dopant concentration. In the
undoped state, they behave as an anisotropic, quasi-one-
dimensional electronic structure with a moderate bandgap of
2-3 eV like a conventional semiconductor and they exhibit the
electrical and optical behavior of semiconductors along with the
mechanical action of typical polymers. When conjugated
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polymers undergo doping or photoexcitation, the 7 bond gets
self-localized to undergo nonlinear excitation as polarons,
solitons, bipolarons, etc., and the polymer transforms from
a nonlinear excitation state to a metallic state.>” Here in this
comprehensive review, we effectively discuss the different
synthesis approaches, properties and various applications of
conducting polymers (Fig. 1).

2. Conducting polymers and their
synthesis

2.1. Polyacetylene

The invention and conductivity enhancement by doping of
polyacetylene were rewarded with the Nobel Prize.® Poly-
acetylene and its derivatives show multifunctional behaviors.
On close examination, some of its features can be explored,
including electrical conductivity, photoconductivity, liquid
crystal properties, and chiral recognition. The main chain of
polyacetylene is made up of a linear polyene chain. It is flexible
and can be decorated with pendant groups, i.e., the hydrogen
molecules present in the alternating carbon can be replaced
with a foreign molecule to form a monosubstituted or di-
substituted polyacetylene (Scheme 1).°

Conducting polymers were synthesized using various
methods, including chemical oxidation, electrochemical poly-
merization, vapor phase synthesis, hydrothermal, solvothermal,
template-assisted, electrospinning, self-assembly, and photo-
chemical methods, the inclusion method, the solid state
method, and plasma polymerization'®" (Fig. 2). Generally,
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Fig. 1 Schematic illustration of applications of conducting polymers and their composites.
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Chart 1 Structural illustration of different conducting polymers.
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Scheme 1 Formation of monosubstituted and disubstituted

polyacetylene.

conducting polymers have low electrical conductivity and
optical properties in their pristine state; however, doping with
suitable materials can give them excellent properties. Poly-
acetylene has a conductivity in the range of 10> s cm™ ', but
when the doping level increases, its conductivity rises drasti-
cally to 10” to 10*> s em™',** and depending upon the dopant
material its properties also change and also give it tunable
properties like electrochemical or optical mechanical proper-
ties, etc.*’” There are several synthesis methods for poly-
acetylene: catalytic polymerization, non-catalytic
polymerization, catalytic polymerization of other polymers, and
precursor-assisted synthesis. In the case of the catalytic-
polymerization technique, catalysts like Ziegler-Natta catalysts

Polyacetylyne

Polyaniline

or Luttinger catalysts are used for the synthesis. The polymeri-
zation of acetylene produces polyacetylene polymer and oligo-
mers like cyclooctatetraene and vinyl acetylene. There are a lot
of catalysts available for the synthesis of polyacetylene and
among them Zeigler-Natta catalysts have high solubility in
organic solvents and high selectivity. Being a combination of
both Ti(0-n-C,H,), and (C,Hs)3A1, they produce highly crystal-
line free-standing films of polyacetylene on the wall of the
reaction flask on which the catalyst is coated (Scheme 2).*®

Luttinger catalysts are also used for the preparation of pol-
yacetylene; they consist of a combination of a hybrid reducing
agent and a complex of a group [VIII] metal such as nickel
chloride. These catalysts produce high molecular weight poly-
acetylene without traces of oligomers (Scheme 3). When
compared with a Ziegler-Natta catalyst, a Luttinger catalyst uses
hydrophilic solvents like water-ethanol tetrahydrofuran (THF)
or acetonitrile as a solvent for catalytic action. But it has less
catalytic activity than a Zeigler-Natta catalyst and the product
formed by these catalysts have almost the same physical and
chemical properties.*

Electrochemical polymerization of acetylene comes under
the heading of non-catalytic polymerization. Anodic oxidation
of a monomer precursor in the presence of suitable electrolytes
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Fig. 2 Schematic illustration of different synthesis methods for conducting polymers.
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Scheme 2 Synthesis of polyacetylene using a Ziegler—Natta catalyst.

HC—

Scheme 3 Synthesis of polyacetylene using a Luttinger catalyst.

on an inert metal surface is regarded as an electrochemical
synthesis. Various electrochemical techniques like cyclic vol-
tammetry, potentiostatic, galvanostatic, and galvanostatic
charge discharging techniques have been used for synthesis.
The main advantage of this technique is that it will allow the
straight deposition of a polymer film on the metal, and we can
control the film thickness easily by tuning the electrochemical
parameters.” Korshak et al. synthesized polyacetylene films by
ring-opening polymerization of 1,3,5,7-cyclooctatetraene with
a metathesis catalyst, W[OCH(CH,Cl),|nCls_,(C,Hs),AlCl (n = 2 or
3), which is an example of the synthesis of polyacetylene without
using an acetylene monomer.? Light-induced synthesis of the
conjugated system has also been reported, where irradiation of
acetylene gas with UV leads to the production of polyacetylene.*

2.2. Polyaniline

Polyaniline is the most promising and most explored among
conducting polymers, and polyaniline has high stability, high
processability, tunable conducting and optical properties. The
conductivity of polyaniline is dependent upon the dopant concen-
tration, and it gives metal-like conductivity only when the pH is less
than 3.2 Polyaniline exists in different forms (Chart 2). They are
classified as leucoemeraldine, emeraldine, and pernigraniline, by
their oxidation state, ie., leucoemeraldine exists in a sufficiently

AI(Et);/ Ti(O-nBu)y —
b VA
CO(NO)3 / NaBH4 :L/:\%
H
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reduced state, and pernigraniline exists in a fully oxidized state.
Polyaniline becomes conductive only when it is in a moderately
oxidized state and acts as an insulator in a fully oxidized state.”

The polymer backbone consists of both quinoid and benzoid
rings, in differing proportions. The difference in the ratio cau-
ses the existence of three oxidized states: the fully reduced
leucoemeraldine form is in a quinoid state, the fully oxidized
pernigraniline form is in a benzoid state and the conductive
emeraldine form has an equal ratio of both benzoid and
quinoid rings. The dopant does not change its chemical prop-
erty and will not create any bond with the main chain; it exists
in the close vicinity of the polymer chain.*

The chemical oxidation method is one of the most
straightforward methods to synthesize polyaniline; in this
method a monomer precursor of the corresponding polymer is
mixed with an oxidizing agent in the presence of a suitable acid
under ambient conditions to give products, where the doping
acid and oxidizing agent are those preferred by the authors
concerned (Scheme 4). The change in color of the reaction
medium to green indicates the formation of polyaniline. The
preparation of the composite also follows the same method.
Generally, oxidizing agents like ammonium persulfate, ammo-
nium peroxy disulfate, ceric nitrate, ceric sulfate, potassium
bichromate, etc. are used. Depending upon the pH of the acid

OO O

Luekoemraldine (Fully reduced)

Emraldine (Partialy oxidized and Partially reduced)

{o =Gk

Pernigraniline (Fully reduced)

Chart 2 Structural illustration of different forms of polyaniline.
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Scheme 4 Synthesis of polyaniline by the chemical oxidation method.

dopant, the conductivity effectively modulates the physical
parameters. The polymer and composite possess good
conductivity when the pH is between 1 and 3.%¢®

Interfacial polymerization is also used to synthesize poly-
aniline, in which an aniline monomer is solubilized in an
organic solvent like toluene, an oxidant solution and a dopant
acid-containing aqueous solution. Polymerization takes place in
the interphase of these two immiscible liquids when an oxidant
solution is added to the monomer solution. A microemulsion
technique is also followed for the synthesis of polyaniline,
where the polymerization also takes place in the interface
between two immiscible liquids, but the difference is in the
surfactant used.**' The electropolymerization technique
happens without the effect of an oxidant, and is the same in the
case of polyacetylene.®»* Electrospinning is also used to syn-
thesise fibrous polymer morphologies of nano or micro diam-
eters under the influence of a strong electrical field. In this case,
a high voltage is applied to the polymer droplets, and the
charged droplets get stretched due to surface tension, and at
a critical point, the liquid erupts and starts to weave on the
counter surface. The principles of both electrospraying and
electrospinning are the same. Electrospinning is the only
method to produce bulk polymer fibrous structure. Conducting
polymers and their composites like pure polyaniline, poly-
pyrrole, polyaniline/polyethylene oxide/carbon nanotubes have
been prepared by this technique. There are lot of factors
dependent on electrospinning, such as the molecular weight of
the polymer, viscosity, distance between spinneret and counter
surface, temperature, humidity, etc.?*¢

2.3. Polypyrrole

Polypyrrole is unique due to its increased commercial interest
because of its high stability, enhanced conductivity, and it is
relatively easy to form homopolymer and composites from it.
Polypyrrole was first prepared by the chemical oxidation of
a pyrrole monomer in the presence of hydrogen peroxide, and it
is a black powdery material. Polypyrrole behaves like an insu-
lating material in its undoped virgin state, and it shows

© 2021 The Author(s). Published by the Royal Society of Chemistry

a constant conductivity of 107> s m~" when doped with halo-
genic electron acceptors such as bromine or iodine.*” It is not
crystalline, and acts as amorphous in nature, but bulk poly-
pyrrole has 15% crystallinity, and the crystalline region is in the
monoclinic phase.*® For electrochemically synthesized poly-
pyrrole with a thickness of 1 pm and a yellow blackish colour,
transformation occurs by an increase in protonation concen-
tration and it has higher stability in air and high thermal
stability in the range of 300 °C; thermal degradation can occur
due to the loss of dopant anions.***

Among the synthesis methods, electrochemical synthesis is
widely used to obtain highly conductive polypyrrole, where the
procedure and technique are similar to those of other con-
ducting polymers (Scheme 5). The yield of the product is limited
in this technique due to the reduced anode size. The main
advantage this method has over other techniques is that we can
control the thickness and morphology by controlling the elec-
trochemical parameters.*** There are a lot of electrochemical
synthesis mechanisms available. Here in this polymerization
mechanism, a free radical cation is developed due to deproto-
nation, and this free radical attacks the neutral monomer unit.
After reoxidation of the dimeric radical and proton loss, the
dimeric molecule can experience subsequent oxidation, which
results in chain growth. The release of protons in the course of
the oxidation of pyrrole was observed experimentally.*

Polypyrrole was initially synthesized by the oxidation of
a pyrrole monomer in the presence of H,O, to obtain an
amorphous blackish powdery material.** Pyrrole black is
insoluble in organic solvents and shows limited conductivity in
the range of 107" to 10 "' s em ™. It is prepared by using acid
and peroxide, and its conductivity will increase when doped
with a halogen electron acceptor. In general, aqueous or anhy-
drous FeCl;, or other salts of iron(ur) or copper(u) are widely
used as chemical oxidants.”

Some factors affect the conductivity and yield: (1) solvent
type and oxidant used; (2) pyrrole/oxidant ratio; (3) reaction
temperature and reaction time. When polypyrrole is prepared
with an FeCl; oxidant, the final product is doped with Cl™
anions.

RSC Adv, 2021, 11, 5659-5697 | 5663
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Scheme 5 Mechanism of electrochemical synthesis of polypyrrole.

nC4HsN + (2 + p)nFeCl; — [(C4H3N),y+ny CI'T" + (2 + »)
nFeCl, + 2n HCI (10)

Highly conductive polypyrrole is synthesized by controlling
the oxidation potential of an aqueous solution by adding an
oxidant to it. Apart from metallic salts, polypyrrole has been
synthesized using a halogen electron acceptor, such as bromine
or iodine, in various solvents.?”

2.4. Poly(p-phenylene)s

Poly(p-phenylene) is a macromolecule made up of benzoid
aromatic nuclei, directly joined by C-C bonds. Poly(p-phenyl-
ene)s attract considerable interest due to their high thermal
stability, high air stability, and ease of doping and tunable
conducting and high optical properties. The mechanical rigidity

@ AuCl3/CuC12

View Article Online

Review

--o-.o.-o--oo-.o-.----.---ooooooo-...6

H
N

\

Further oxidation and chain growth

of the polymer backbone along with conjugation is a promising
development in the field of nonlinear optics. The solubility of
poly(p-phenylene)s is limited but gradually increases when
flexible side chains are attached to the backbone. The conduc-
tivity of poly(p-phenylene) will grow 14 times when it is doped
with suitable dopants, and it allows both p-type and n-type
doping. The conductivity increases with dopant exposure
time.*® Poly(p-phenylene)s play a vital role in the fabrication of
organic LEDs due to their improved optical property and blue
light emission compared to other conjugated systems. The
structural features of poly(p-phenylene) are dependent on
temperature: it shows a planar structure at higher temperature
ranges, and it shows phase transition and a distorted planar
structure at lower temperature ranges. Poly(p-phenylene) has
a tunable optical band gap, and structural changes occur with

Scheme 6 Synthesis of poly(p-phenylene)s using a binary system (both a Lewis acid and an oxidant system).
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Scheme 7 Synthesis of poly(p-phenylene)s using single system
(oxidant system).

the addition of suitable dopants or by adding side chains.*
Poly(p-phenylene) exhibits higher mechanical properties; also,
it shows very high tensile properties compared with engineering
polymers. It shows a two times higher modulus and strength
compared with polyetheretherketone (PEEK) or thermosetting
polyimide (PI). Polyparaphenylene has various uses in various
mechanical applications within the temperature range of
140 °C.*°

Direct oxidation of benzene molecules is widely using for the
synthesis of poly(p-phenylene)s. Here in this procedure dehydro
coupling of benzene nuclei with an oxidative catalyst leads to
the formation of carbon-carbon bonds. The polymerization
reaction is carried out by using reagent consisting of a binary or
a single system (Schemes 6 & 7). The binary system consists of
both a Lewis acid and an oxidant system, and in the case of
a single reagent system (FeCl;), the system acts as both a Lewis
acid and an oxidative system by itself. A combination of an
AuCl; and CuCl, system is an example of a binary reagent
system, where AuCl; acts as Lewis acid, and CuCl, acts as an
oxidant. Reactions are carried out at temperatures of 36-37 °C.

Na

—_—

cl©—cl
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The first chemically synthesized poly(p-phenylene) was ob-
tained using a Wurtz-Fittig reaction, which is a metal coupling
reaction (Scheme 8).** The Ulman reaction is also used for
getting poly(p-phenylene)s and the products obtained by this
method have lower molecular weight and fewer structural
irregularities (Scheme 9). But this method is useful for the
preparation of substituted phenyls such as methyl and nitro
groups.*?

The precursor method was also investigated for the synthesis
of poly(p-phenylene)s. Conducting polymers are insoluble in
nature and the preparation of the targeted polymer from an
insoluble precursor polymer is an excellent research topic. The
Marvels, Grubbs, and ICI precursor method was famous for the
production of poly(p-phenylene)s. In the case of the Marvels
method, the main drawback is that the product will have low
molecular weight and decreased stereochemical control.*
Electrochemical synthesis and reductive polymerization have
also been used.*”

2.5. Poly(p-phenylene vinylene)

Poly(p-phenylene vinylene) was the first electroluminescent
material used for the fabrication of organic light-emitting
diodes due to its high optical property. It was extensively
studied for the fabrication of LED displays. The crystallographic
studies of poly(p-phenylene vinylene) revealed its amorphous
nature and, later, the isotropic distribution of crystallites with
monoclinic unit cells was observed.”** In the case of poly(p-
phenylene vinylene), the crystallite distribution was found to be
in two planes. The electrical properties of the poly(p-phenylene

Scheme 8 Synthesis of poly(p-phenylene)s using a Wurtz—Fittig reaction.

Cu

—_—

I I

Scheme 9 Synthesis of poly(p-phenylene)s using an Ulman reaction.

.0
@ +
O®  Ph,

CI' P+ Ph,

Cr

Scheme 10 Synthesis of poly(p-phenylene vinylene) by a Wittig coupling reaction.
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vinylene) change in some orders is dependent on dopants, and
it behaves as an insulator in its pristine form. The electrical
properties of pristine poly(p-phenylene vinylene) depend upon
the structural behaviour and also depend on the reaction
conditions. When doped, its conductivity value changes from
10~ to 10*> s cm™".*® Poly(p-phenylene vinylene) has potential
applications in optoelectronic fields like LEDs, lasers, photo-
detectors, etc. Due to its improved mechanical property it was
used in the area of LED panels and the first fabricated poly(p-
phenylene vinylene) panel was structured by sandwiching
poly(p-phenylene vinylene) between an ITO anode and a low
work function metal cathode.””

There are a lot of methods available for the preparation of
poly(p-phenylene vinylene). The Wittig coupling reaction has
been studied extensively. In this reaction procedure, the
coupling between an aromatic bisphosphonium salt and
a bisaldehyde yields poly(p-phenylene vinylene) (Scheme 10). A
Suzuki coupling reaction was also investigated for the produc-
tion of poly(p-phenylene vinylene) by Pd-catalyzed coupling of
alkyl-substituted aryldiboron acids with dibromo aromatic
compounds.

Other synthesis methods have also been reported, such as
electropolymerization,® benzoine condensation, ring-opening
polymerization, metathesis polymerization, and chemical
vapor deposition.*”

2.6. Polythiophenes

Polythiophene and its derivatives are extensively studied for
their environmental stability, thermal stability and high optical
property compared with other conducting polymers. Poly-
thiophenes are widely used to fabricate non-linear optical
devices, photochromic modules, polymer LEDs, anticorrosion
coatings and are used in energy storage devices. The electronic
and optical properties of polythiophenes can be modulated by
doping engineering or by chemical modifications. The band gap
of polythiophenes varies 3-1 eV depending on the dopant and
side chain employed.* Poly(3,4-ethylenedioxythiophene)
(PEDOT) is an important derivative of polythiophene and it
was thoroughly studied for its high electrical and electro-optical
properties. The main problem with the PEDOT derivative is its
insolubility in water. This was successfully overcome by

—
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introducing a polyelectrolyte like polysulfonates (PSS) into the
PEDOT matrix. PSS act as both a dopant and a stabilizer by
a charge balance mechanism. The PEDOT:PSS derivative has
high conductivity, good mechanical flexibility and long-term
thermal stability.®® The electrical properties of polythiophene
and its derivatives are enhanced through solvent treatment, the
introduction of a surfactant and by varying the PSS concentra-
tion. Poly(3-hexylthiophene) (P3HT) is another class of deriva-
tives of polythiophenes and their applications are mainly
focused on the opto-electronic and electronic fields. P3HT is
popular because of its wide availability, low cost, well-known
morphology and easy processability. P3HT is a semicrystalline
polymer and its backbone is made up of isolated rings and
linear side chains. This structural arrangement enables the
freedom to sample conformational space. The glass transition
temperature of P3HT is recorded as 12 °C and it has a high
tensile modulus of 200 MPa to 1 GPa, which varies in accor-
dance with the synthesis method and the purity of the sample.*

Polythiophene was chemically synthesized in the early 1980s
by the Yamamoto and Lin-Dudek routes (Schemes 11 & 12).
Other advanced techniques, like direct sol-gel, oxidative
synthesis,® organometallic coupling reaction,” electro-
polymerization, template-assisted synthesis, and hydrothermal
and solvothermal techniques, have been effectively studied.*®®

For the synthesis of polythiophene derivatives like PEDOT,
PEDOT:PSS and P3TH, the composite was achieved using
various techniques, including green synthesis,** synthesis in
microfluid systems, electropolymerization and by some other
novel techniques.®>%

3. Electrical and electronic properties

The electrical properties of a material are usually explained
using its electronic band structures. The energy difference
between the conduction band and the valance band classifies
materials from insulators to conductors.®” Intrinsically con-
ducting materials have a decreased bandgap, and the conduc-
tion and valance bands overlap. The electronic band theory
clearly explained the case of conducting polymers, but some
other studies have also revealed the transport properties of
conducting polymers rather than band theory. All conducting
polymers have conjugate bonds in their backbones, and these

{ \ Mg/THF
Br /\ Br

S Ni(bipy)Cl, \

Scheme 11 Synthesis of polythiophenes by the Yomomoto route.

g7\

/ \,_ S

BrﬂBr Mg/THF o /
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Scheme 12 Synthesis of polythiophenes by the Lin—Dudek route.
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bonds are responsible for the movement of electrons: ie.,
a single bond contains a localized ¢ bond and a double bond
has both ¢ and weaker = bonds. The dual relationship between
first and second carbons includes a 7w bond and this 7 bond
transfers to the second and third carbons, and the 7 bond
between the third and fourth carbon transfers to the next pair;
this displacement of 7 bonds allows the electrons to flow.* The
conductivity shows drastic changes depending upon the dopant
material, the arrangement of the polymer chain, and its length.
The dopant concentration and pH value enhance the conduc-
tivity; for example, polyaniline shows excellent conductivity if
the pH is maintained between 0 and 3.

Undoped pristine polymers may act as an insulators or
semiconductor, and conductivity increases with increasing
dopant concentration. The dopants exhibit redox reactions, and
they add and withdraw electrons from the conducting poly-
mers.*® There are two types of doping: p-type doping and n-type
doping, and the dopants produce both positive and negative
polarons/bipolarons. These charge carriers are delocalized over
the polymer chains, which facilitates the electronic conduc-
tivity.'**® In the case of p-type doping the electrons migrate from
the HOMO of the polymer backbone to the dopant species and
a hole is created, and this hole creates a deficiency of electrons
in the backbone. But in the case of n-type doping the electrons
transfer to the LUMO of the polymer backbone and electron
density occurs, and these charge carriers enhance the conduc-
tivity (Fig. 3). There is academic interest in p-type doping
because of the high stability of positively charged carriers.”*”>

The band structure of polypyrrole with different stages of
doping was tested. Pristine undoped polypyrrole acts as
a semiconductor material with a high bandgap of 3.16 eV and

View Article Online
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when it is doped with p-type materials the polymer backbone
gets oxidized, and the loss of w electrons from the polymer
backbone occurs. This electron loss deforms the polymer
structure from benzoid to quinoid and generates one polaron in
the backbone. This polaron creates a localized electronic level
within the band structure, and further oxidation of bipolarons
occurs due to the removal of 7 electrons.” This transformation
from benzoid to quinoid form is faster in the case of bipolarons.
If it is oxidized, again the bipolarons overlap, and a separate
small bipolaronic band is created within the main band struc-
ture, and the band energy is reduced to 1.4 eV from 3.16 eV. In
Fig. 4, we can see the transformation of a semiconducting
polypyrrole to a metallic polypyrrole.*”

The unit cell present in the polymer backbone interacts with
the neighboring unit and creates a valance band and
a conduction band. Conjugative polymers have high energy
levels while ionizing, and once the polymer becomes ionized,
transformation of the band structure occurs. The change may
be from benzoid to quinoid.”™

Analyzing Fig. 5 shows that Ej,. is the vertical relaxation
energy, and E, is termed the relaxation energy gained while
ionizing, and Egjs and Ej,q are the distorted energy in the
ground state and ionization energy of the distorted molecule,
respectively. The distortion energy leads to an upward shift of
the HOMO and a downward shift of the LUMO. For the con-
ducting polymer polyacetylene, the valance band is filled by sp*
orbitals of the carbon atom and the s orbital of the hydrogen
atom, but the conduction band is empty. The bandgap energy is
almost 10 eV, and it is too high.”>”® Trans-polyacetylene has the
novelty of exhibiting a degenerated energy state, i.e., it has two
geometrical structures with the same energy, and the difference

SN/ S N\ /7 S \
(@) Undoped state
Oxidation — —
LUMO I \l/( _ I\ S s A S
S ® e S _ S \ /
H
Positive polaron
Oxidation _ _
I NS ~ S S
VR .
Reduction S e _ =S _ = S \ /
Positive bipolaron
I\ S o .S - S
A ¢
HOMO ® _1_ N . Z S _ = S \ /
(b) Negative polaron
S e‘-_ ~ S _ — S © \ /

Negative bipolaron

Fig. 3 The electronic band and chemical structures of polythiophene (PT) with (a) p-type doping and (b) n-type doping (DOI: 10.3390/

polym9040150, Open source MDPI).
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in geometry arises due to the exchange of a single bond between
carbon-carbon interactions. The actual conducting mechanism
in polyacetylene is well understood. As discussed above, poly-
acetylene acts as an insulator in its pristine form and after
doping with electron-deficient or electron-withdrawing dopants
(AsF3, Br,,i,/CCl,) it forms radical cations or polarons by
removing electrons from the 7 bond, because the removal of an
electron from the 7 bond is relatively easy compared to removal
from a o bond. Then after treating with dopants again, it generates
bipolarons by taking one more electron from the radical present in
the polaron. After the generation of bipolarons, the 7 bonds are
shifted in between ¢ bonds to form solitons. The solitons can be
negative or positive depending upon the dopant used.”

The conduction mechanism in conducting polymers has two
sides. One is a chemical aspect, and the other is the solid-state

physics aspect. Chemists approach a conducting polymer as
a conjugative bond system, while physicists see it as a charge
density wave,” as shown in Fig. 6. In the case of double bonds
which are more electron dense than ¢ bonds, the movement of
a w electron is related to the oscillation of a charged density
wave, and more specifically it is a bond order wave because
electron density is not confined at the lattice site.”

3.1. Charge carrier transport models

In the conduction mechanism of conjugate polymers the charge
carriers are responsible for the conduction. In polypyrrole,
bipolarons trigger the conductivity while in ¢rans-polyacetylene,
solitons act as charge carriers. In conducting polymers, the
charge carriers hop not only in the defective area but also in

lonised and stable quinoid form, as
EIPV - EIPd > Edist (gainin Erelax)

Quinoid form unstable in non-ionised state

Benzoic form stable at fundamental state

’_dis.t—,

Ar: Iaftice distortion

Fig. 5 Energy level diagram of the molecular ionization process of poly(p-phenylene) (reprinted with permission,®® copyright 2004 Wiley).
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Fig. 6 Representation of charge density wave in polyacetylene.

interchain gaps. Mott explains that electrical conductivity
depends on temperature and concentration. Temperature
dependence on conductivity can be explained by some
models.*

3.1.1 Mott model. The Mott model has been effectively
used to explain the conduction mechanism in amorphous
materials and organic polymers, and this model tried to explore
the role of temperature on conductivity.®" In this model, Mott
attempted to explain the temperature behaviour of distorted
systems, and he observed that charge carriers move from one
localized energy state to another localized energy state with
different energy, through the absorption of phonon energy.
There are main two factors that the hopping (the movement of
an electron from one localized energy state to another) mech-

L
anism depends on: the tunnelling factor | ev | where v is the
localization length and L is the hopping distance) and the
Boltzmann factor.®

()

Pyoce {fZL AE}

& kT

L and AFE have a connection with the density of states N(Ef).

L*AE N(Eg) ~1 where d is the dimensionality of the system.
From the above equation, it is clear that the product of the
number of available states in a volume L? energy interval and
the density of states is of the order of one.

0 = g exp { - <%) WH} (i)

here n is the dimensionality of charge transfer, o, is conduc-
tivity at room temperature and 7T, is Mott's temperature
constant:

Ty = (1\7(%)53@) (i)

Investigation of the Mott model is done by plotting a graph
of log o vs. T 7, where the least square fitted curve gives an idea
about both dimensionality and the charge transport
mechanism.

3.1.2 Schaefer-Siebert-Roth model. This model is slightly
different from Mott's model: in the Mott model localization
length and hopping distance are taken into account, but here

© 2021 The Author(s). Published by the Royal Society of Chemistry
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localization length with conjugation length are taken into
account. When polyacetylene is doped with p dopants or n
dopants, breakage of a w bond and charge carriers like polarons
and bipolarons occur, and the formation of these charge
mobilizers causes the formation of different conjugation
lengths within the backbone.®

= 0 €x 7141 where 1<1
=P T\ T, 4="2

here ¢, and T, depend upon localization length, and v depends
upon the density of states at the Fermi level.

(iv)

4. Optical property

The electronic structure of conjugated polymers is anisotropic
and quasi-one-dimensional due to the presence of  bonds in
the polymer backbone by utilizing electron-phonon interac-
tions. The electronic transport behavior in organic semi-
conductors is usually due to the influence of charge mobilizers
like solitons, polarons, or bipolarons in the ground state
degeneracy. The sub-gap optical transitions occur in the poly-
mer backbone while doping triggers charge mobility by a shift
of oscillator strength from  to 7*. These nonlinear excitations
are responsible for the charge mobility. The conjugated poly-
mers behave like semiconductors in their pristine form, and
they act metallically when doped with p and n dopants. In the
nonlinear excitation of conjugated polymers,* there are some
conflicts with the photoexcitation of conjugated polymers, i.e.,
polarons or bound neutral excitons.®»*® Before understanding
the optical property of conjugate polymers, we need to know the
basics of the physical properties of simple solids. The optical
constants of solids give a complete idea of both vibronic and
electronic properties, when an electromagnetic wave interacts
with the polymer. The response of the system is characterized by
the function of dielectric constants.®”

ctw) = (o) + (*7)otw) ©

&(w) and o(w) are the real part of the dielectric function and
frequency-dependent conductivity. A reliable way to determine
the optical property of a solid is to shine a monochromatic light
onto the sample and calculate the values of reflectance and
transmittance as a function of phonon energy. The reflectance
data gives an idea of electronic structure, optical conductivity,
and dielectric constant after analyzing the reflectance spectra
using Kramers-Kronig analysis.*

4.1. Electroluminescence, electrochromic and
photochromic effects of conjugated polymers

Electroluminescence is a tendency to generate light by electrical
excitation, and its typical behavior is observed in both organic
and inorganic semiconductors. As we can see in Fig. 7, elec-
troluminescence requires the pumping of both electrons and
holes from respective electrodes, and these opposite charges are
recombined to form excitons. The radioactive decay of excitons
occurs by this recombination.** Electroluminescence in an
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Fig. 7 Schematic illustration of electroluminescent mechanism of conducting polymer diodes.

organic film was first investigated in 1980 by using a two-layer
sublimed molecular device. This device was constructed by
using two layers of thin films consisting of a hole transporting
layer made up of aromatic diamine and an electron trans-
porting layer of 8-hydroxyquinoline aluminum. Indium tin
oxide and magnesium silver alloy were used as hole injectors
and electron injectors, respectively.”® A wide variety of organic
polymers are used as transport layers. The conjugated polymers
show semiconductor to metallic behavior by the movement of 7
bonds present in the backbone. The delocalization of 7 bonds
generates charge mobilizers like polarons, bipolarons, solitons,
etc. The electroluminescence in conducting polymers was first
reported in poly(p-phenylene vinylene). The energy band gap of
poly(p-phenylene vinylene) is around 2.5 eV, and this value lies
between m and w*, and poly(p-phenylene vinylene) generates
green-yellow luminescence of energy lower than its energy
gap.”” Generally, a molecule contains a single and a double
bond. The = electron present in the double bond is excited to
a higher energy state by absorbing photon energy which is more
significant than the band gap. Similarly, in the case of conju-
gated polymers, the  electron present in the alternating double
bonds on the backbone transfers from the HOMO to the LUMO
and the energy gap E, can be even smaller. When the polymer
absorbs photon energy, electron transfer from the HOMO to the
LUMO occurs and the electron-hole pairs generate excitons.
The conducting polymers exhibit phosphorescence and fluo-
rescence. If the spins of both excited and lower states are the
same, that kind of light emission is called phosphorescence; if
spins are opposite the emission is called fluorescence.

5670 | RSC Adv, 2021, 1, 5659-5697

Conducting polymers show a novel optical property when doped
with fullerene and the disubstituted polyacetylene shows higher
photoluminescence quantum efficiency than in an undoped or
monosubstituted state.”

Optical changes in conducting polymers occur during
chemical reactions and by the effect of external factors like
a strain effect on the polymer matrix as well as a shift in
planarity. There are a lot of physical and chemical elements
influencing the optical property like excitation and ionization
impurities, phonons present in the polymer, recombination,
excitons, strain factor, etc. The degree of anisotropy, conjuga-
tion length and topochemical reaction are three specific
chemical aspects influencing the optical property.*

Topochemical reactions are triggered by exposure to UV
radiation, gamma radiation and X-ray radiation, by thermal
annealing. Solvent types also induce topochemical reactions.
The criteria for this kind of reaction are that the stereochemistry
of the dimer is determined by the contact geometry of the
nearest neighbor's double bonds, and the distance between
adjacent monomers must be less than 4 A.**** A topochemical
reaction is used to conduct polymerization of a conjugate
system such as polydiacetylene or polyaniline. Irradiation cau-
ses hydrogen bonding between polymer and head groups. This
weak intermolecular hydrogen bond bends the polymer back-
bone and builds it into a zigzag structure which causes a change
in color to red. A strong intermolecular bond makes an
extended chain-type structure that gives a blue color to poly-
acetylene. The temperature also affects the optical behavior, i.e.,
polydiacetylene shows a red-to-blue transformation at low
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temperatures, and poly(3-hexylthiophene-2,5-diyl) (P3HT)
changes from yellow to magenta at higher temperature.®® The
same trend was observed in polymers when changing the
solvent ratio and conjugation length. Conjugation length is
defined as the number of uninterrupted 7 bonds in the conju-
gated system. On the other hand, it is the defined length of the
oligomer containing a specific number of monomer units.
Samuel et al. developed a model that relates molecular weight to
conjugation length with absorbance. When polymers have
higher conjugation length, the polymer will show high molec-
ular weight due to the presence of the w bond because a high
number of 7 bonds increases the molecular weight, which leads
to a higher absorbance rate.*®

Photochromism is a phenomenon of light-induced revers-
ible change in the color of chemical species. The two forms have
different absorption spectra. The change occurs with a change
in physical properties, including viscosity, dielectric constants,
surface wettability, and refractive index. This controlled
modulation of properties paves a path to the field of optical
switches. The light-induced transformation enables a transition
from thermodynamically stable state A to less stable state B, in
which both states have different absorption spectra. The inter-
transition also allows movement from B to A either thermally
or photochemically. Generally, most photochromic materials
exhibit a colorless state when they are stable and a color tran-
sition occurs when moving to an unstable state. Both inorganic
and organic materials exhibit a photochromic effect.”” Organic
materials like polyaniline, polypyrrole, PEDOT, PEDOT:PSS,
and P3TH show a photochromic effect due to the pericyclic
reaction, cis-trans isomerization or intramolecular hydrogen/
group transfer process.” Organic field emitting transistors
have a huge global market and research interest due to their
wide applications in the fields of flexible devices, memory,
sensors, and smart cards. The fabrication of conventional
OFETs with functional molecular blocks is the latest research
trend due to the sensitivity of organic functional groups towards
pressure, temperature, light, etc.” The change in color with
changes in viscosity, wettability, refractive index, and solubility
in photochromic materials have applications in sophisticated
electronic devices. Photochromic camera lenses and photo-
chromic camera filters led the global market and were replaced
by organic conducting polymers due to their low weight and
higher comfort.

On the other hand, most conducting polymers show elec-
trochromic properties. Electrochromism is defined as an
external voltage triggering a reversible change in the optical
property of a material.’® The first electrochromic device was
fabricated by Deb et al. during research into amorphous and
crystalline materials. Transition metal oxides were the most
studied and explored in the field of electrochromic materials
and were later followed by small organic materials. Conjugated
polymers, another set of electrochromic materials, are in the
limelight due to their high optical contrast and easy modifica-
tion of their structures to develop new electrochromic
devices.'* Generally, electrochromic materials are classified
based on their electronically accessible optical states. The first
set of materials like PEDOT have only one colored state during

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the application of an external voltage. The second type of
materials including polythiophenes have two colored states and
the third class of materials have more than two colored states
depending on their redox state.'® Some conducting polymers
like polyaniline'® and poly(3,4-ethylene dioxythiophene)'****>
are inherently multi-colored systems and have a wide variety of
optoelectronic applications. The mechanism behind electro-
chromism is a change in pi-electron character with electro-
chemical oxidation or reduction. Electrochromic cells,'*® LCDs
and electrochromic smart widows are the main applications of
electrochromic materials.'””

5. Mechanical properties

The mechanical properties of polymer materials depend upon
the monomer arrangement and crystallinity. A crystalline
polymer has better mechanical properties compared with
amorphous semi-crystalline polymers. The macroscopic
mechanical property of conducting polymers depends upon the
microscopic change in the molecular mobility of macromole-
cules. Molecular mobility depends upon factors like the struc-
ture of branching polymer conformations and macroscopic
properties like pressure-temperature etc. In the case of amor-
phous polymers, the distribution and arrangement of mono-
mers are random, and crystalline polymers are not stacked. The
molecular motion is higher in amorphous polymers, and when
temperature reaches T, the polymer is transformed to a rubbery
state from its glassy state. This transition leads to a change in
mechanical properties. The mechanical property of a polymer
depends heavily upon the molecular weight: i.e., the toughness
and strength parameters are related to molecular weight and
chain entanglement.'®*'* The engineering stress-strain curve
of the polymers is a plot between strain on the x-axis and stress
on the y-axis (Fig. 8). A graphical model of the stress-strain
curve is given below. From the graph of the region, OA is rep-
resented as an elastic region. In the elastic region, the material
will return to its original place after removing the load. The
region AB represents the plastic region. The movement of the

A Stress
B
Yield Softening C
stress
Nonlinear Hardening
visco-elastic
Linear Strai
visco-elastic tramn
(0] >

Fig. 8 Typical stress—strain curve of polymeric materials.
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molecule is high, and deformation occurs on the material when
the load is removed. In the elastic region, the material obeys
Hook's law. After point A (the elastic limit), the material
becomes visco-plastic and permanent deformation occurs.'*

5.1. Elasticity and Young's modulus

The conducting polymers both expand and contract electro-
chemically: ie., a redox reaction causes the elasticity. When
anions are excluded from or included in the polymer matrix, it
becomes strained. The magnitude of the strain depends upon
the number of anions. The electrochemical deformations are
utilized in the application of artificial muscles. When the
polymer is oxidized by applying a positive voltage with a suitable
electrolyte, the material loses electrons from the polymer and
a pair of anions is formed in the electrolyte. This anions cause
the expansion of the polymer. The contraction with reduction is
similar to expansion with oxidation. Investigation of stress—
strain analysis has been undertaken using different techniques
like AFM, nanoindentation, a conventional pull test, and elec-
trochemomechanical actuators.**

The mechanical property depends upon the molecular
weight of the polymer, and the effect of different molecular
weights M, = 20, 25, 90, and 110 kg mol~! on the modulus of
poly(3-hexylthiophene) has been investigated. The results reveal
that a material with a lower molecular weight shows brittle
tensile behavior, constrained molecular mobility, and the
extended chain crystals cannot withstand a higher strain rate.
When the molecular weight increases, the moduli increase
drastically, and they provide a high elongation of 300%.
Another procedure is to place the film over a water surface,
where the same trend is observed. A material with a higher
amount of ductility and toughness shows resistance against
fracture, which helps for stretching over curved surfaces like
vehicle body parts. A comparison of the moduli in both tech-
niques of film on water and film on an elastomer was under-
taken. From these two tests it is observed that the modulus
value is three to six times higher in the case of the film on an
elastomer and the material shows constant moduli for samples
=40 kDa in film on water testing."*? The mechanical behavior of
a conducting polymer is investigated by using various theoret-
ical techniques like strain-induced elastic buckling instability.
Hutchinson and co-workers developed a quantitative idea of the
surface wrinkling patterns of stiff polymers. This technique is
useful for the mechanical analysis of organic semiconductors,
polymer films, carbon nanotubes, fibrous polymer materials,
polyelectrolyte multilayer films, conjugated polymers, etc. The
moduli of the system have been evaluated by placing the
conjugated polymer coatings on soft substrates and related to
bucking instability.

- 1—9:2\ [
=t (752) ()

where A, is the buckling wavelength which is related to the
polymer film thickness d; and tensile moduli of both film and
substrate Es and E; respectively. The Poisson ratios of both film
and substrate are noted as ¢ and 5. The Poisson ratios are

(vi)
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assumed to be 0.5 and 0.35 for PDMS and conjugated polymer
films, respectively. Seitz had developed a theoretical method for
the determination of the mechanical behavior of polymers by
considering molecular properties like length and rotational
bonds present in the polymer, molecular weight, van der Waals,
glass transition temperature, and length of rotational bonds.
The model was modified for materials with glass transition
temperatures above room temperature or below room temper-
ature. The tensile modulus of the polymer is related to the bulk
modulus and Poisson ratio."*®
E-=3B(1 — 2v) (vii)
The bulk modulus of the material has been given by the
Lennard-Jones potential equation, which is attributed to the
function of cohesive energy E.,;, and molar volume V at room
temperature.
5Vt

~82 3V°2
B~ .3Eco}, ?_ W

(viii)
where V, is the volume at the energy minimum. The cohesive
energy from the molecular structure was evaluated using the
Fedors method, and the molar volume has been calculated by
using empirical correlation depending on the T, value of the
polymer. The value of molar volume depends upon the glass
transition temperature: i.e., T, higher than room temperature,
T, close to room temperature, or T, below room temperature.

T .

V= aiVog (ix)
T

V, = (0.15 + 1.42> Vi x)
g

T .

V, = (0.30 — 4 1.27) Vi (xi)
Tg

The Poisson ratio of the polymer is modelled with the
molecular correctional area, which is given as

v=0.513-237x 10°V4 (xii)
The molecular correctional area depends upon factors like

van der Waals volume V,, and length of the monomer chain in
its fully extended conformation.

V

A=
NAIm

(xiii)

where N, is Avogadro's number. Both V,, and [, are estimated
from the structure of the monomer.

5.2. Structure-property relationship

There are a lot of structural properties like side chain length,
regioregularity, degree of polymerization, and presence of non-
conjugated monomer units, which can affect the mechanical
properties of conjugated polymers.** The side chain attached to
conjugated polymers results in novel polymers with unique
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physical and chemical properties. Attached aliphatic chains
play an important role in the mechanical properties of conju-
gated polymers. The glass transition temperature of both
engineering and conjugated polymers will decrease when
attached to side groups. Gu et al. discovered that the mechan-
ical properties of the conducting polymer poly-
diketopyrrolopyrrole will depend strongly on the length of the
attached side chain. Here they observed that an increase in alkyl
side group on the polymer backbone will reduce both the elastic
moduli and tensile strength of the polymer."*> The hydrogen
bonding present in the side chain also affects the mechanical
and electronic properties of conducting polymers.**® Another
factor that depends on the mechanical property is the bonding
arrangement of the monomer unit present in the polymer. The
increase in regioregularity of polythiophene and its derivatives
will increase the tensile strength and decrease the polymer
toughness and elasticity.""”**® The high degree of polymeriza-
tion will enhance the chain entanglement in the polymer
system and this entanglement will affect the physical proper-
ties. The entanglement will resist cavitation and crack forma-
tion. It also protects against the breakage of the polymer
Chain‘ll(),llf)

6. Applications of conducting
polymers
6.1. Supercapacitors

The world economy plays an important role in the utilization of
fossil fuel sources, natural gas, and coal. The depletion of fossil
fuels is causing a lot of social and environmental problems. Due
to climate change, global warming, and health issues, the
replacement of conventional energy sources is mandatory.

Easy fabrication

High specific capacitance

High cycle stability

Conducting Polymer
Supercapacitor
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Because of this, scientists have put their effort into developing
eco-friendly, high-energy, renewable energy resources,
including supercapacitors, fuel cells, and wind energy. Nowa-
days, supercapacitors are of great commercial interest because
of the future markets for wearable devices, electric vehicles, etc.
The main difference between conventional capacitor and
supercapacitor devices is that they store 1000 times more energy
than a dielectric capacitor. Also, they have a high-speed charge-
discharge cycle, and they exhibit high energy and power density
and also good cycle life.*®

Supercapacitors are mainly of three types depending on their
charge storage mechanism. In the case of an EDLC, it works by
a non-faradic process, and the accumulation of charge happens
in the interface between electrode and electrolyte. An electro-
chemical double layer of charge occurs and this double layer is
responsible for capacitance. Carbon-based materials such as
carbon, carbon nanotubes and graphene with high surface
areas are mainly governed by this energy storage mechanism
and are commonly used as electrode materials for EDLC. In the
case of pseudocapacitors, they work by a faradic process, and
charge storage happens by a redox reaction or intercalation
process. Pseudocapacitors have increased power density and
energy density compared to EDLCs."* Conducting polymers**
and transition metal oxides such as Mn;0, (ref. ***) or C030,
(ref. **) have been extensively used as electrode materials for
pseudocapacitors due to their redox activity. Hybrid super-
capacitors are a combination of both EDLCs and pseudocapa-
citors. EDLCs show proper specific capacitance and good cycle
stability and pseudocapacitors have good energy and power
density. In hybrid capacitors, the advantages of both EDLC and
pseudocapacitor are present.”
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Fig. 9 Schematic representation of basic properties of conducting polymer based supercapacitors.
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