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1.1 Introduction

Earlier research on the design and development of materials related to conjugated
polymers has attracted renewed interest, which has contributed to the materials
being accepted as robust alternatives to their inorganic counterparts, therefore
leading to large and substantial practical research efforts. Since the time when
polyacetylene was discovered in 1977 by Hideki Shirakawa, Alan Heeger, and
Alan MacDiarmid, many kinds of conjugated polymers have been developed, such
as polypyrrole (PPy), polyaniline (PANI), polythiophene (PT), poly(p-phenylene
vinylene) (PPV), and their derivatives [1]. Conjugated polymers contain a carbon
backbone, which holds interchanging single (6) and double (x) bonds that allow
electrons to be delocalized, and thus contribute towards various electronic, electri-
cal, electrochemical, and optical characteristics. Owing to the n-conjugated system
coupled with the inherent characteristics of polymers, conjugated polymers have
competitive properties over those of their inorganic counterparts, such as mild syn-
thetic conditions, chemical diversity, structural flexibility, tunable electrical/optical
properties, anticorrosion, and lightweight [2, 3]. Note also that, by converting
bulk conjugated polymers into nanostructures, the resulting nano-dimensionality
features can lead to beneficial properties, such as quantized energy level, enlarged
surface area, more efficient and rapid doping/dedoping, and enhanced crystallinity
[4-7]. Conjugated polymers have been hybridized with other functional materials
to overcome their limitations in terms of conductivity, stability, and solubility.
These materials have been successfully utilized in a wide range of optoelectronic
[8-12], energy conversion [13, 14], energy storage [15, 16], photocatalytic [4, 17],
and biomedical applications [5, 18].

This chapter will present the fundamentals of conjugated polymer and their
nanostructures, and focus on electronic, electrical, optical, and electrochemical
properties. These properties depend on the dopants, doping level, and inherent
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properties of conjugated systems such as chain conformation, aggregation state,
shape, and size of the nanomaterials. Better understanding of these properties
and charge transport mechanisms will contribute to extending the use of conju-
gated polymers over a wide range of applications, from optoelectronic to medical
applications, as well as in energy conversion/storage devices and systems.

1.2 Electronic and Electrical Properties

1.2.1 Conductive Mechanism

1.2.1.1 Inherent Molecular Structure

In general, energy band theory has been used to clarify the key differences between
semiconductors, conductors, and insulators. The band gap is identified as being the
energy difference between the lowest unoccupied molecular orbital (LUMO) of the
conduction band and the highest occupied molecular orbital (HOMO) of the valence
band in a material. In conductor materials, the conduction band overlaps the valence
band, such that electrons are able to move freely and disseminate between the two
bands. In contrast, semiconductor materials can conduct electricity under some exci-
tation conditions because of their small band gap. When the band gap becomes too
large for electrons to cross (no electricity is conducted), the material is known as
an insulator. Energy band theory fails to explain why conjugated polymers, which
are organic materials, can conduct electricity. The charge transport mechanisms of
conjugated polymer at the molecular level have been investigated from both the-
oretical and experimental evidences by many research groups [19, 20]. The most
commonly accepted mechanism based on the high electrical conductivity and sim-
ple chemical structure of polyacetylene is represented in Figure 1.1. In general, the
existence of interchanging single and double bonds through the polymer backbone
is an inherent property of conjugated polymers. These single and double bonds con-
tain a localized o-bond, which is known to allow formation of a strong chemical
bond. Moreover, it is recognized that each double bond also holds a delocalized
nt-bond, which is however weaker compared with the s-bond [21, 22]. Here, the
overlap between p,-orbitals in the chain of conjugated n-bonds allows the n-electrons
to freely move across the carbon backbone. As a result, the conjugated n-bonds can

Double bond

Figure 1.1 Scheme describing the conjugated n-system in cis-polyacetylene.
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conduct electricity. However, it is believed that conjugated n-bonds cannot make
conjugated polymers become high-conductivity materials owing to a distinct dis-
order in the polymer matrix. Structural and morphological disorders hinder delo-
calization of m-electrons, thus delaying charge transport along the polymer chain
[23-25]. Consequently, the metallic charge conduction of a pristine conjugated poly-
mer is fairly weak. A discovery by Hideki Shirakawa, Alan Heeger, and Alan MacDi-
armid on electrically conductive polyacetylene modified the ways that physicists and
chemists think about conductance in polymeric materials. The work involved using
an external exciting factor called “doping,” whereby a halogen dopant removes an
electron from a delocalized n-bonding of polyacetylene and creates a hole. In turn, an
electron of an adjacent double bond is delocalized and couples with the hole, which
generates a new hole, therefore, allowing very high conductivities of up to 10°> S/cm.
Since this pioneering work was published, many theories have been proposed to
explain the conductivity mechanism of conjugated polymers. Some formations of
local excitations, such as polarons, bipolarons, and solitons, have been considered
as charge carriers [20, 26, 27].

1.2.1.2 Doping and Band Structure Evolution
The conductivity of pristine conjugated polymers is in the range of 107°-107'° S/cm,
which is at the boundary between an insulator and a semiconductor (Figure 1.2).
However, their conductivities can be tuned through the process of doping [28]. The
structural and morphological disorder can be reduced when conjugated systems are
doped. Doping induces the formation of charge carries such as solitons, polarons,
and bipolarons, which reduce lattice distortion [29]. As a result, doping has con-
tributed towards the creation of novel conjugated polymers, whereby the conduc-
tivity of the pristine system can be upgraded to semiconducting or even metallic
levels. For example, polyacetylene doped with iodine achieved a high conductivity of
approximately 10* S/cm, as reported by Tsukamoto et al. [30, 31], which is as high as
the conductivity of lead at room temperature (4.8 x 10* S/cm). Through the achieve-
ment of high conductivity, conjugated polymers have gradually become more useful
as candidate materials for various practical applications.

Doping in semiconductors is the process of introducing impurities into the
crystal lattice of the material to modulate its conductivity. The number of valence
electrons of the impurity, namely, the dopant, defines the type of doping and
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Figure 1.2 Conductivity range of conjugated polymers based on doped/undoped states.
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conductivity of semiconductor materials. For example, a silicon atom has four
electrons in its outer shell. When a phosphorus atom (five valence electrons) or
boron atom (three valence electrons) replaces a silicon atom, it will form negative
(a free electron, p-type doped) or positive sites (a hole, n-type doped), respectively,
on the crystal lattice of silicon. These sites play the role of charge carriers, and
increase the conductivity of the silicon crystal by up to 10® Scm~!. Because of the
n-conjugated system, it is acknowledged that the doping mechanism of polymers
is completely different from that of conventional semiconductors [28]. From the
electron transfer aspect, the doping in conjugated polymers is a partial redox
process, which generates delocalized charges on the polymer backbone [30]. The
dopant plays the role of supplying additional electrons to the conjugated polymer
or removing electrons from the polymer chain. Its mechanism is related to the
process of adding electrons to the lowest available energy state of the conduction
band (reduction) or removing electrons from the highest available energy state
of the valence band (oxidation). The reduction or oxidation process is known to
construct charge carriers, which are commonly described in various forms such
as polarons, bipolarons, or solitons, in conjugated polymers. Typically, conjugated
polymers exist in the form of non-degenerate or degenerate systems based on
their ground state structure. The nondegenerate ground-state polymers have two
different electronic structures with different energies, such as polyacetylene [32, 33],
whereas degenerate ground-state polymers have identical electronic structures and
energies, such as poly(tetraphenylquinodimethans) (PTPhQ), polyparaphenylene,
polythiophene, PANI, and PPy [32, 34]. Both polarons and bipolarons have been
detected as the charge carriers in non-degenerate systems, while solitons play
the role of charge carriers in degenerate systems [19, 29, 34, 35]. Consequently,
the flow/delocalization of charge carriers along the skeleton backbone allows the
polymer to be conductive. The reduction and oxidation processes of conjugated
polymers are related to the concept of p-type and n-type doping in organic semi-
conductors, respectively [11, 26]. From the perspective of physicists and chemists,
n-type doping of conjugated polymers is known as the transfer of electrons from
the HOMO of the dopant species to the LUMO of the polymer, which results in
augmented electron density. On the other hand, in p-type doping, an electron from
the HOMO of the polymer moves to the LUMO of the dopant species, therefore
creating a hole within the polymer chain. Henceforth, the amount of incorporated
dopant ions to the unit monomers of conjugated polymers is defined as the doping
level. Controlling the doping level can tune the mobility and density of the charge
carriers and thus the conductivity of conjugated polymers [36-38].

In general, a conjugated polymer is capable of sustaining/encountering p-type
doping or n-type doping through an oxidation or reduction step to be conductive.
The oxidation/reduction processes will lead to the formation of either negative or
positive polarons/bipolarons, as presented in Figure 1.3. The positively charged
forms provide p-type doping, while negatively charged forms provide n-type dop-
ing. The delocalization of these polarons/bipolarons along the polymer backbone
leads to enhanced electronic conductivity. As has been reported, the negative
polaron/bipolaron ratio in n-doping is not stable in comparison with the positive
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Figure 1.3 Electronic band and chemical structures of polythiophene (PT) with (a) p-type
doping and (b) n-type doping. Source: Le et al. [26]. Licensed under CC BY 4.0.

forms, making the p-doping option more common in fundamental research as well
as in practical applications. For example, p-doping of nondegenerate ground-state
PPy has been reported as capable of creating different electronic energy band
structures as the doping level increases. Pristine or undoped PPy has a wide
band gap of approximately 3.16eV and hence is considered to be an insulator
(Figure 1.4a). Once oxidation starts occurring owing to halogen doping, n-electrons
are removed from the HOMO of pristine PPy, which involves the transformation
of a benzoid-like to a quinoid structure, forming radical cations, namely, positive
polarons [20, 39]. This takes place along with the appearance of two new symmetric
electronic states within the band gap, which reduces the band gap from 3.16 to
2.26 eV (Figure 1.4b). Upon increasing the oxidation level, a second electron is
transferred from the HOMO of PPy to the LUMO of the dopant, forming a di-cation,
which is a positive bipolaron (Figure 1.4c). In other words, PPy has higher quinoid
features in the bipolarons as compared with polarons. Further oxidation of PPy will
cause an overlap of neighboring bipolarons to form new contracted bipolaronic
bands, as presented in Figure 1.4d. Thus, p-doping induces new electronic states or
optical transitions in the energy band structure of PPy, which can be observed as
longer wavelength absorptions.

In comparing degenerate with nondegenerate ground-state polymers, the degen-
erate ground-state polymer has a simpler model, known as a trans-polyacetylene.
When polyacetylene encompasses an uneven number of carbon atoms in the poly-
mer chain, the interchange of single and double bonds will produce a conjugated
system with two similar electronic structures (A and B phases) and identical energies
(Figure 1.5a). The neutral state of the polyacetylene contains an unpaired electron
between the two structures, which is also known as a neutral soliton (Figure 1.5d).
While delocalizing along the polymer backbone, if a neutral soliton meets another,

7



8

1 Fundamentals of Conjugated Polymer Nanostructures

Conduction band ') H 7 H —

_i \ N. A \\)__ N __{'5' '\\H N. B
A ?/QN, ~ W
] i 4 4

2 ]

3.16 eV 3.16 eV 31GeV 3566V

i i04

Valence band e/ o - o
(a) (b) (c) (d) Positive bipolaron

Figure 1.4 Electronic bands and chemical structures illustrating (a) undoped; (b) polaron;
(c) bipolaron; and (d) fully doped states of polypyrrole (PPy). Source: Le et al. [26]. Licensed
under CC BY 4.0.
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Figure 1.5 (a) Schematic illustration of the geometric structure of a neutral soliton on a
trans-polyacetylene chain; (b) a soliton band with light doping (i) and heavy doping (ii); The
band structure of trans-polyacetylene containing (c) a positively charged soliton, (d) a
neutral soliton, and (e) a negatively charged soliton. Source: Le et al. [26]. Licensed under
CCBY 4.0

they will combine and generate a double bond. When trans-polyacetylenes undergo
an oxidation or reduction process by a dopant species, a neutral soliton can either
receive or donate an electron, which results in the generation of positive or negative
spin-less solitons (S =0) (Figure 1.5c,e). In the transport along the polymer chain,
the charged soliton can overlap with others, which leads to the formation of a soliton
band-like structure [26, 40, 41]. This band can be expanded by increasing the oxida-
tion/reduction level and lies between the HOMO and LUMO of trans-polyacetylene
(Figure 1.5b). When the structure becomes a nondegenerate ground-state system
such as cis-polyacetylene, the solitons become unstable in this polymer and tend to
transform to polarons/bipolarons.
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Overall, polarons, bipolarons, and solitons play the role of charge carriers and
enable electrical conductivity in nondegenerate and degenerate ground-state conju-
gated polymers and their nanostructures [20]. There are major external factors that
impact conjugated polymer conductivity, e.g. temperature, as well as the degree of
doping and chain orientation. Additional factors will be discussed in Sections 1.3.2
and 1.3.3.

1.2.2 Charge Carrier Transport Models

In principle, the electrical properties of conjugated polymers have a strong depen-
dence on the presence of disorder in the material, including main and end chains,
external coupling, voids, entangled chains, and doping deficiencies/blemishes. Ini-
tially, it was difficult to understand disordered materials, so the issue was avoided,
or the materials were forced into ordered systems. Since Anderson presented the
basic concept of localization in 1958, localized electrons could be used to explain
the charge transport properties observed in homogeneously disordered materials. It
is known that within a perfect crystal with periodic potentials, the wave functions
will form Bloch waves, which can delocalize in a mean free path (1) throughout the
structure of materials (electrons tend to hop from site to site, which leads to generat-
ing aband). On the other hand, the degree of disorder can change the wave function.
For example, within disordered systems, structural defects and impurities cause sig-
nificant electronic wave function scattering, which can result in localization. If the
material has strong disorder, the overlap of the wave function may decline rapidly
and thus the system exhibits higher insulator behavior. The localized wave function
(W) can be expressed as

¢

where r is the position and ¢ is the localization length of the state of an atom. In
later years, Mott recognized that electrons at the center of the band can be delocal-
ized, whereas electrons at the band tail tend to localize owing to the contribution
of electrons from localized orbitals in deep potential fluctuations [42, 43]. Here, the
critical energy (E_) was proposed in terms of the “mobility edge” to describe the tran-
sition point between the extended and localized states of electrons, which appeared
as a band inside the band gap (Figure 1.6). The locations of the Fermi level (Er) and
E. determine the conductivity in different materials. When the position of Ey, is in
the region of the localized states, the conductivity of the material vanishes, therefore
exhibiting non-metallic behavior, despite there being a limited density of states at the
Fermi level. Conversely, if Ey lies in the region of the extended states, as shown in
Figure 1.6¢, the material exhibits metallic behavior at low temperature and possesses
afinite DC conductivity. Therefore, the mobility edge specifying the metal-insulator
transitions and the DC conductivity can be found from the Drude or Boltzmann the-
ory, where the DC conductivity (¢) of weak disordered materials is described by

r—r,
¥(r)co exp (— > (1.1)

(1.2)
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Figure 1.6 Anderson metal-insulator transition in single-band model. (a) Typical wave
function of localization state with localization length, (b) extended block wave function
with the mean free path, and (c) mobility edge in a disordered system.

where e is the electronic charge, r = — is the relaxation time, and m and n are the
effective mass and density of the carrler respectively [43-46]. In weak disordered
systems, the Fermi wavelength (k) is much shorter than the mean free path, and
thus kpl> 1 in this system.

[h(3n2)§]

kel = oyl (1.3)

In (1.3), p is the resistivity. The theory of Anderson localization does not fully
describe the electrical properties/metallic state of highly doped conjugated poly-
mers. Therefore, Epstein et al. [47] pointed out the delocalization of charges in
conjugated polymers based on the study of an inhomogeneous disordered model,
which is related to 3D metallic crystalline domains (such as rod-like [weakly
metallic system], expanded “mesoscopic” coil-like, expanded coil-like, and weakly
linked fibers) affected by a disordered quasi-1D medium [48, 49]. According to
experimental data, the model agrees well with the frequency-dependent dielectric
constant of doped PANI and PPy [47-49]. Moreover, the classic Mott’s variable
range hopping model can be used to explain the charge transport based on the
hopping of states, charge carriers in disordered systems, or energy-limited tunneling
between domains near the Fermi energy [50, 51]. For highly doped polymers, [
is approximately 10 A, charge-carrier density is of the order of 10%' cm~3, and
kgpl ~1-10 at room temperature. The metallic states of various conjugated polymers
have been reported, and Table 1.1 summarizes these.

The concentration of the dopant, doping time, and distinction of the polymer
that affect the conductivity of conjugated polymers implies a complicated internal
mechanism. Many authors from the research community have made an effort
to improve the conductivity of conjugated polymers by using different types of
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Table 1.1 Maximum metallic states observed in doped conjugated polymers.

Conjugated polymer Repeat unit Chain orientation Conductivity (S/cm)
Polyacetylene C,H, High 10*-10°

PPV C,H,-C,H, High 10*

PPy C.H,N Low 400

PANI C,H,-NH Low 400
Poly(3-methylthiophene) C,H,S-CH, Low 400

PEDOT C,H,0,S Low 300

Source: Le et al. [26]. Licensed under CC BY 4.0.

dopants. According to their chemical nature, dopants can be classified into three
groups, including inorganic (i.e. halogens, lithium, MgCl,, HCIO,), organic (i.e.
quaternary ammonium salts, acid acetic, hydroquinone-2), and large polymeric
(i.e. polystyrene sulfonic acid, poly(2-acrylamido-2-methyl-propane sulfonic acid,
polyvinyl phosphate) dopants). Table 1.2 shows the conductivities of conjugated
polymers using various dopants, as reported in the literature to date. It is acknowl-
edged that the chemical nature of the dopant species can affect both the structure
and conductivity of conjugated polymers. Conjugated polymers can achieve very
high conductivity with various small inorganic species as compared with organic
and polymeric species. However, they have poor environmental stability owing to
the high de-inserting, exchanging, and hydrophilic properties of small inorganic
dopants. Large organic and polymeric dopants, in contrast, can improve the
solubility, processability, and stability of conjugated polymers in various organic
and aqueous phases by choosing the appropriate species. Because of their large
chemical structure, large organic and polymeric molecules can limit the charge
mobility in the polymer, affect the density of the polymer, and theretofore change
the physical properties and surface topography of doped polymers. However, the
strong adhesion of these dopants on conjugated polymers prevents the use of the
polymer in many applications based on the insertion/de-insertion mechanism
needed for supercapacitors, batteries, and electrochromic devices [52].

In general, the conductivity of conjugated polymers dramatically increases with
an increase in the doping level. Tsukamoto et al. demonstrated the relationship
between dopant ions and the electrical conductivity of conjugated polymers based
on a study of I, doped stretched polyacetylene [30, 31]. In the initial observation,
the gradually increasing conductivity of polyacetylene by I, doping implied the
generation of highly ordered stacking structures, which are responsible for high
conductivity rather than the primary structure of the polymer. After eight hours
of doping, the conductivity saturated, which indicated the slow diffusion of the I,
ions into the matrix of the polymer [30, 31]. In other words, the conductivity of
conjugated polymers is proportional to the doping level and becomes saturated at
high levels of dopant ions (fully doped level). Along with doping, de-doping is the
process of reproducing the pristine conjugated polymer without degradation of the
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1.2 Electronic and Electrical Properties

polymeric structure. Doping/de-doping is a reversible process that is used in many
modern applications.

As discussed previously, the electrical conductivity of conjugated polymers is
strongly dependent on the doping level, and achieving maximum conductivity can
be a technical challenge in the research community. Therefore, a number of doping
methods have been evaluated and developed for conjugated polymers, including
electrochemical doping, chemical doping, in situ doping, radiation-induced doping
or photodoping, non-redox doping, and charge-injection doping, which are sum-
marized in Table 1.3 [53-55]. Electrochemical and chemical doping techniques
are popular in the literature because they involve simple procedures at low cost.
Chemical doping can be performed directly by vapor-phase/gaseous or solution
pathways. For vapor-phase doping, polymers generally are exposed to the gas
phase of dopant compounds, such as bromine, iodine, chlorine, or AsF; in a closed
system, in which the vapor pressure, temperature, and reaction time determine the
final conductivity. Solution doping is accomplished by dipping the solid polymer in
a soluble solvent containing dopant ions, such that the original form of the polymer
is retained. Doping of conjugated polymers can be electrochemically performed
during or after polymerization. By applying appropriate potentials between a
conjugated polymer-coated working electrode and counter electrode, a redox
reaction takes place at the interface of the material and electrolyte, and ions will
diffuse to compensate for the losses at the nearby electrode. This doping method
is easy and precisely controls the degree of doping, and is more readily reversible
by monitoring the current passed when compared with chemical approaches.
However, it is difficult to remove the doped polymer from the electrode and thus
apply the process to large-scale fabrication of doped conjugated polymers for
industrial applications. Overall, new discoveries in doping processing have led to
achieving higher conductivity, in which both n-type and p-type dopants are used
for improving the electrical conductivity of organic conjugated systems.

1.2.3 Temperature Dependence

Over the past four decades, there has been remarkable progress in the development
of highly conjugated polymers. In highly doped cases, the conductivities of polymers
can achieve very high levels comparable to those of their inorganic counterparts. A
significant temperature dependence has been observed and investigated for a wide
range of conjugated systems, such as polyacetylene, PANI, PPV, and PPy [56, 57].
Based on theoretical perspectives, the relationship between the temperature and
conductivity or resistivity of doped conjugated polymers can be exploited in three
regimes according to their reduced activation energy (W), as reported by Zabrodskii
and Zinov’eva [58] using the following formula.

_T[dIn p(D)] _ d(n o)

dr T d(n T)
In the insulating regime, the charge transport mechanism is governed by a
variable-range hopping mode near the Fermi level. Therefore, the conductivity (¢)

W(T) = (1.4)
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1.2 Electronic and Electrical Properties

follows Mott’s law [59]:
T 1/(n+1)
0 = 0, exp <?0> (1.5)

where ¢, and T, are constants, and n is the dimensional conduction. Here, the resis-
tivity is activated, and the activation energy has a negative temperature coefficient,
which can be described by [60]

log,\W(T) = A —xlog,, T (1.6)

where A =xlog,, T, + log,,x [60]. Using Eq. (1.6), the slope x and the dimensionality
of the sample can be observed.

At the critical boundary of the metallic-insulating regime, the activation energy is
independent of temperature, and the slope in Eq. (1.6) becomes zero. The conduc-
tivity thus obeys a power law:

o(T) = aT’ 1.7)

Here, a is a microscopic length. Equation (1.7) is valid when g is in the range of 1/3
to 1. If f is higher than 1 or lower than 1/3, the system is dominated by insulating
or metallic sites of the metallic-insulating transition, respectively. In the case of the
metallic regime, W(T) has a positive temperature coefficient and the conductivity
at zero temperature is finite (T — 0). Therefore, the conductivity in this regime is
expressed by

6 =0,+mTY>+BTP>(1.7), m=a [‘—3‘ -y (31;” >] (1.8)
Here, o, is the conductivity at zero-temperature, B is a constant of the localization
effects, yF, is the interaction parameter, « is the diffusion coefficient parameter,
and p is the value of the electron-phonon/electron-electron scattering rate calcu-
lated as p =3, 2, and 3/2 for inelastic electron—-electron scattering, weakly disordered,
and strongly disordered material, respectively. Localization and interaction induce
conductivity via the “mTY2 4+ BTP/?” term [44, 46, 61]. In the case of disordered mate-
rials, charge transport at low temperatures is strongly affected by electron-electron
interactions. Ahlskog et al. [60] have clearly reviewed the temperature dependence
of conductivity in various regimes for conjugated polymers, which can be summa-
rized in Table 1.4, for common, doped conjugated polymers.
It is acknowledged that the conductivity of conventional metals increases with
a reduction in temperature, in contrast to the conductivity of doped conjugated
polymers, in which conductivity increases with an increase in temperature. Some
previous pioneering works have observed that the conductivity of doped conjugated
polymers depends heavily on temperature at low doping levels but weakens at
high doping levels [62, 63]. Therefore, the conductivity of doped conjugated poly-
mers is strongly affected by the phonon-assisted hopping mechanism at localized
states, which is affected by material imperfections or tunneling between metallic
regions [30]. For instance, Roth et al. [63, 64] characterized the temperature
dependence of the DC conductivity based on a study of iodine-doped polyacetylene
by monitoring doping levels. They observed that there was a dramatic increase in
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Table 1.4 & (300K) and p, = [p(1.3 K)/p(300 K)] values for several representative
conjugated polymers in the metallic, critical, and insulating regimes.

Doped conjugated Metallic Critical Insulating
polymers P, o (S/cm) P, o (S/cm) P, o (S/cm)
Polyacetylene-I, <10  >5000 10-20 3-5x10% >20 <3000
Polyacetylene-1, <5 >5x10* 9.8-165 2-5x10* >400 <2x10*
Polyacetylene-FeCl, <2 >2x10* 2.6-11.4 1-2x10* >27 <10*
PPV-AsF, <5 300-2400 9.7-34 100-300 >50 <100
PPV-H,SO, <2 >4x10°-10*  4.7-27 1000-4000  >60 <1000
PPy <2 300-400 2-10 200-300 >10 <200
PANI <2 250-350 2-5 200-250 >10 <200

Source: Ahlskog et al. [60]. © 1997, IOP Publishing.

conductivity for low doping level samples as the temperature increased, whereas
highly doped samples exhibited a small increase in conductivity. In another study,
Aleshin et al. [65] investigated the temperature dependence of the DC conduc-
tivity of PF¢-doped poly(3,4-ethylenedioxythiophene) (PEDOT). The conductivity

exhibited a very weak temperature dependence of p, = [5((21;; II(())] = 1.5 - 2.8, which

suggests that the material lies on the metallic side of the metallic-insulating
transition. It is recognized that the resistivity increases as the temperature drops
to 10K. At lower temperatures, there is a small decrease in resistivity, which
is similar to conventional metal, owing to electron-electron interactions at low
temperatures. Recently, camphor sulfonic acid-doped PANI was shown to exhibit
metallic properties similar to conventional metals, with high conductivity in
excess of 1000S/cm at room temperature [66]. The resistivity weakened as the
temperature decreased monotonically over a large range, from 300 to 5K with

pr = [pgSOKI)( )] ~ 0.4. This discovery indicates that camphor sulfonic acid-doped
PANTI lies squarely on the metallic side of the metallic-insulator transition, in
which the doped polymer exhibits conventional metallic behavior over a wide
range of temperatures. Therefore, doped conjugated polymers can be used in many

electronic applications as metallic materials.

1.3 Electrochemical Properties

1.3.1 Reversible Oxidation/Reduction Process and Charge Storage
Behavior

Doping causes some basic changes (e.g. from benzoid to quinoid type) in the
geometric structure of a polymer, which affects the generation of charge carriers.
However, the initial structure can be rehabilitated by converting the polymer
back to its undoped form through a de-doping process. In electrochemistry,
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doping/de-doping of conjugated polymers is reversible and corresponds to the
oxidation/reduction process, which forms the basic concept of a charge/discharge
cycle in polymer-based lithium-ion batteries and electrochemical capacitors. In
general, p-type doping of conjugated polymers is the electrooxidation process in
which electrons are removed from the polymer backbone and the lost electrons are
balanced by the insertion of counter-anions from the electrolyte into the polymer
skeleton. In contrast, n-type doping of conjugated polymers corresponds to the
electro-reduction process, in which electrons are injected into the polymer matrix
and counter-cations are added to readjust the overall electrical charge. For instance,
electrooxidation and electro-reduction corresponding to the charge/discharge
process of p-type and n-type doped PANT by sulfuric acid and lithium ions can be
expressed as follows:

Electrooxidation (charging process): PANI + nSO;~ — PANI*"* : nSO;™ + 2ne
Electro-reduction (discharging process): PANI*** : nSO;~ + 2ne — PANI + nSO;~
Electrooxidation (charging process): CP"~(Lit), + ne — nCP + nLi*
Electro-reduction (discharging process): nCP + nLit — CP"~(Li*), + ne

The insertion/deinsertion of doping ions may cause a huge volume expansion,
resulting in degrading the structure of bulk electrode materials. The use of conju-
gated polymers as the electrode material can provide free void volume in the elec-
trode to prevent the so-called pulverization. Both pristine and doped conjugated
polymers can be used as materials for anodes, cathodes, or both for energy storage
devices. In general, cyclic voltammetry (CV) is a common technique used to char-
acterize the redox reaction and investigate electron transfer kinetics during doping
and de-doping of conjugated polymers. Under an applied potential and a constant
scan rate, counter ions will be absorbed and de-absorbed on the polymer during the
doping and de-doping processes through forward and backward scans, respectively.
The oxidation step causes the polymer chain to become negatively charged, whereas
the reduction step results in a positively charged form. The peak current density (A)
of adsorbed species from the CV for the reversible system is then given by

exp o ]

RT(1 + exp 6)2 (1.9)

i = n’F?ATv [
where n is the electron number, F is the Faraday constant (C/mol), v is the scan
rate (V/s), I is the surface coverage of oxidized or reduced states (mol/cm?), A is
the active electrode area (cm?), and 6 = (nF/RT)(E — E)°. At the peak location,
one-electron redox processes produce a symmetrical, cyclic voltammogram with
E — E° =0and iy = —i,, and the current can be simplified as

= n?F2ATv

4RT
It is noted here that the peak current density is proportional to the potential of the
scan rate, which can only be applied to ultrathin film conjugated polymers and
dopant ions with minor diffusion coefficients. For instance, Diaz et al. investigated
the one-electron redox process through the electro-polymerization reaction of

(1.10)
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BF,-doped PPy thin film [67]. The cyclic voltammograms exhibit symmetrical redox
peaks in the range of an applied potential of —0.4 and +0.3 V and scan rate from 10
to 100 mV/s. The current increase is proportional to an increase in the scan rate, and
the cyclic voltammograms are not affected by diffusion due to stirring conditions.
It is observed that after the polymer transferred from neutral to oxidized states, its
color changed from yellow to black. Figure 1.7 indicates that the oxidation peaks
exhibit a small negative potential shift and that the reduction peaks become more
positive when the scan rate is increased [68]. The redox reactions may not take place
completely owing to the limitation of the reaction time at high scan rates, and thus
severe kinetic limitations may contribute to charge transfer at high scan rates. With
increasing thickness polymer films or dopant ion size, the electrochemical process
is affected by diffusion. Therefore, the symmetrical form of the voltammogram
changes to an asymmetrical shape and the peak current density is then proportional
to v'/2,

In multi-electron redox processes, more than one pair of redox peaks can be
observed in cyclic voltammograms, which are presented in Figure 1.8 for reversible
p-doping of PANI. Two oxidation peaks appear at 0.72 and 0.31 V when the polymer
undergoes a doping process at an applied scan rate of 50 mV/s. Two reduction peaks

3.0 100 mV/s =

2.0

1.0

0.0

i (mA)

-1.0-

—2.0=

-3.0 -

0.0 1.0
E (V) vs. Ag/AgCI

Figure 1.7 Cyclic voltammograms of a poly(N-phenyl-1-naphthylamine) film on Pt in 1M
LiClO,/CH,CN solution at different scanning rates. Source: Guay et al. [68]. © 1990,
American Chemical Society.



1.3 Electrochemical Properties | 19

M HCI
M H,SO,

—_

«—— Cathodic | anodic ——

1 1 1 | | 1 | |
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

Potential (V)

Figure 1.8 Cyclic voltammetry (CV) curves of a polyaniline (PANI) film doped with
hydrochloric acid or sulfuric acid at the same potential scan rate of 50 mV/s. Source: Le
et al. [26]. Licensed under CC BY 4.0.

are located at 0.48 and 0.09V through the backward scan, which corresponds to
de-doping of PANIL. It is recognized that PANI exhibits different electrochemical
behaviors when using different types of acid electrolytes, such as sulfuric and
hydrochloric acid, which may result from disparities in the charges and sizes of
counter-ions. Protons and anions are generated when dispersing hydrochloric
and sulfuric acids into water, respectively. The main difference between the two
acids is attributed to the disparities between SOi‘ and CI~ anions. The radius of
(SOi’) is 0.258 nm, which is higher than that of CI~ (0.181 nm), where an increase
of electrons in the shell is present, and thus the larger (SO;7) ions may have
less efficient diffusion into the polymer matrix than the smaller (C1~) ions under
electrochemical doping. Alternatively, the type of dopant is also believed to affect
the electrical conductivity of the doped polymer. Here, hydrochloric acid-doped
PANI exhibits better electrical conductivity, which implies that the diffusion of
dopant ions is a significant factor in the development of high conductivity of the
conjugated polymer electrode based on electrochemistry.

As discussed previously, the redox reactions of conjugated polymers represent
a reversible and stable process over a range of applied potentials. However, when
scanning conjugated polymers at very high potentials, the structure of the electrode
material is degraded, leading to loss of its electro-activity and a decrease in the
potential window available for reversible reactions. This phenomenon has been
observed in the early stages of development of conjugated polymers and is referred
to as overoxidation [69]. Overoxidation is an irreversible reaction and its mechanism
is not clearly understood. Beck and coworkers observed the overoxidation of PPy
and polythiophene, and speculated that the contamination of strong nucleophiles
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such as OH~, CN~, and Br~ in an electrolyte solution may be added to the polymer
matrix upon strong polarization, or radical cations may be added, therefore causing
polymer destruction and irreversible oxidation with peak potentials ranging from
1.8 to 2.2V [69-71]. The electrical conductivity of the doped polymer will be
destroyed and the polymer will suddenly become an insulator again. Lewis et al.
found that the overoxidation of PPy appeared at a potential as low as 0.65V, and
that the overoxidation potential highly depended on the pH of the supporting
electrolyte [72]. In some cases, there was no overoxidation detected when the pH
approached zero owing to the high stability of the polymer at this pH [72, 73].
Hence, an appropriate selection of electrolyte, solvent, and redox potential window
is necessary to retain the high reversible redox reaction of conjugated polymers,
which has led to proposals for many practical applications.

1.3.2 Swelling and De-swelling Behavior

The reversible redox reaction of conjugated polymers can be associated with high
volumetric changes in the dimensions of conjugated polymers [74-76]. Swelling and
de-swelling phenomena in conjugated polymers have been reported as their state
switches from the oxidized to the reduced form, which provide the basis for a new
generation of actuator applications. Therefore, many studies have been performed to
evaluate the volume changes of conjugated polymers during the redox process, and
different mechanisms have been proposed. Kertész et al. found that charge trans-
fer correlates with the increase/decrease in the carbon length and the carbon angle
of the polymer (change of geometry) when it receives or loses electrons during the
doping/de-doping process [77]. This leads to a change in the intrinsic conformation
of the polymer skeleton. On the other hand, it is acknowledged that the movement
of counter-ions during the charge balancing process may affect the volume change
of the polymer system owing to the occupation/displacement of ions in the polymer
matrix. This may be associated with the spontaneous diffusion of solvent molecules
into the region of higher concentration of dopant-ions/dopant-ion concentrations in
order to equalize concentrations both inside and outside of the polymer matrix. In
other words, the movement of the solvent may change the arrangement and concen-
tration of ions in the polymer matrix and may lead to the formation of a semiperme-
able membrane and its corresponding osmotic pressure. This phenomenon has been
reported as an osmotic expansion, which contributes to the total volume change of
a conjugated polymer and underlies the primary concept for the development of
polymer actuators (Figure 1.9).

In summary, the mechanism of swelling/de-swelling or actuation in conjugated
polymers is attributed to a change in the intrinsic conformation of the polymer skele-
ton and osmotic expansion of the polymer phase due to ions and solvent [78]. The
actuation of conjugated polymers can be monitored by a chemical or electrochemi-
cal process [79]. In principle, the typical mechanism of the electrochemical actuation
in conjugated polymers is described in Figure 1.10. When the conjugated polymer
undergoes the oxidation process, electrons are removed, which leads to the forma-
tion of positive-charge polarons. To compensate for the charge loss, small anions
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Figure 1.9 Effect of osmotic pressure when driving fluid flow across a membrane.
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Figure 1.10 Mechanism of electrochemo-mechanical actuation in conjugated polymers.
Source: Le et al. [26]. Licensed under CC BY 4.0.

then move into the polymer matrix and create ionic bonds with the polymer back-
bone, resulting in a small increase of the polymer volume. These anions can be
dislodged from the polymer matrix when it is reduced to its initial state by apply-
ing a negative voltage (Figure 1.10a—c). In general, p-doping is associated with the
anion-driven actuation and intrinsic polymer conformation change which cause
swelling through oxidation and de-swelling through reduction [80].
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However, full ejection can only be observed for small dopant-ions. When the
dopant anion size is large enough, such as for dodecylbenzene sulfonic acid,
poly(4-styrenesulfonate), and polyvinylsulfonate, the anions are immobilized and
are permanently trapped inside the polymer matrix. Charge compensation during
the reduction step then occurs through the affiliation of cations from the electrolyte
and causes further expansion (Figure 1.10c-e). This phenomenon is coined in this
paper as “cation-driven actuation.” At each step of incorporation of ions into the
polymer matrix, the ions in motion cause a large, different concentration inside
and outside of the polymer matrix. Hence, solvent molecules move in the polymer
matrix to neutralize the anion or cation contraction, and the resulting osmotic
expansion contributes to the total volume change of the polymer during actuation.
This has been confirmed by several groups through observations of expansion
reduction based on an increase of electrolytes using electrochemical quartz crystal
microbalance and optical beam deflection studies [81-83]. Bay et al. investigated
the effects of dopant ions and solvent molecules in an electrolyte solution on
the expansion/contraction on dodecylbenzene sulfonate doped PPy [78]. The
expansion was found to be reduced by 30% when the concentration of dopant ions
in the electrolyte increased from 0.1 to 1.0 M. Similar results were also obtained by
Aydemir et al. and Maw et al. [84, 85], suggesting that the movement of the solvent
is associated with the concentration of ions in the polymer matrix and electrolyte
solution during the redox reaction [75].

Consequently, conjugated polymer actuation is determined by the microstructures
of the polymer and type/concentration of dopant and electrolyte. In addition to pro-
moting the potential of those significant factors, it is necessary to develop more
advanced actuating systems to achieve high-performance soft actuators based on
conjugated polymer. To date, several notable systems have been introduced, such as
out-of-plane actuators, linear actuators, and bilayer-trilayer actuators [79].

1.3.3 Electrochromism

It is acknowledged that the reversible doping/de-doping process of conjugated poly-
mer is induced by oxidation/reduction processes. Such reversible redox processes
cause a visible change of color in conjugated polymers and this phenomenon is
known as electrochromism. This exceptional property of conjugated polymers has
attracted global attention for various electrochromic applications such as smart
windows, electrochromic displays, and rearview mirrors [86-88]. Both the energy
gap and dopant are believed to mutually instigate the color conversion of conju-
gated polymers. The insertion/de-insertion of dopant ions via doping/de-doping
induces the reorganization of the polymer’s electronic structure, which results in
a reduced energy gap for possible n—n* transitions. Furthermore, the formation
of sub-bands by charge carriers such as polarons and bipolarons modulates the
absorbance (new band gap) of the conjugated polymers, leading to the change in
their color. Doped conjugated polymer thin films show strong absorption spectra in
the visible region, whereas pristine or undoped conjugated polymer thin films are
colorless and transparent owing to the high energy gap (>3.0eV). In the case when
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un-doped conjugated polymers possess a lower band gap of approximately 2.0 eV,
they can absorb visible spectra and exhibit various colors in this state. However,
their absorption/emission in the doped state can shift to the near-infrared region
because of the lower band gap of the doped polymer [86].

Conjugated polymers can display variations in color for different redox states.
As a notable example, PANI exhibits color changes from transparent yellow
to green, blue, and violet for various doped states (Figure 1.11). These elec-
trochromic forms are caused by the protonation/deprotonation process or/and the
insertion/de-insertion of dopant ions through p-doping of PANI using the CV tech-
nique in salt, acid, and organic solvents. In this case, heteroatoms such as nitrogen
play a critical role as the injection sites for anions or protons in order to generate
radical cations/doped forms [85, 86]. Their color change and protonation/redox
states are clearly illustrated in Figure 1.11. Similarly, by the complexation of
conjugated polymers, absorption spectra can be upgraded from the visible to the
near-infrared and infrared regions [89]. The switching time of the color variations
strongly depends on the migration velocities of protons/dopant ions throughout
the polymer matrix. Hence, the electrochromic properties of conjugated polymers
depend on the size (discuss in Section 1.4), the pH of the electrolyte solution, redox
capability, temperature, and the chemical structure of the polymer. In order to
extend the use of conjugated polymers to the next generation of electrochromic
devices, the properties of conjugated polymers must be further improved to fulfill
the standard requirements of the devices, such as long lifespan, high color contrast,
and rapid color change switching.

1.4 Optical Properties

The optical properties of conjugated polymers have largely motivated their industrial
applications in optoelectronics and photonics, including light-emitting diodes, solar
cells, and field-effect transistors. In general, the optical properties of these materials
reflect their geometry and electronic structure, and the materials mainly respond to
light by the absorption and emission characteristics of either pristine or doped mate-
rials. These properties are strongly dependent on the size, morphology, doping state,
and properties of conjugated systems. Therefore, understanding the photophysical
properties and charge transport under light excitation should arouse great interest in
the development of conjugated polymers for the next generation of optoelectronic,
photocatalyst, and imaging and sensing applications. The evolution of the band gap
structure and/or optical properties through the introduction of doping has already
been discussed in Sections 1.3 and 1.4.3. In this section, the optical properties of
conjugated polymers are mainly evaluated based on their inherent structure.

1.4.1 Band Gap of Conjugated Polymers

In general, the electronic band structure is a key parameter for understanding the
mechanism of an organic conjugated system used for optoelectronic applications.
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1.4 Optical Properties

It is acknowledged that conjugated polymers exhibit similar electronic band
gap properties as conventional semiconductors along with electron-electron and
electron-hole coupling (i.e. a three-dimensional band structure) [90]. The origin
of the band gap in conjugated polymers comes from the interchange of single and
double bonds in their structure, where a n-electron from the ground state (HOMO)
can absorb a photon and jump into the excited n" state (LUMO), which leaves
behind a positively charged hole. Electrons and holes are bonded to each other
by Coulomb interaction, forming a neutral quasiparticle, namely, an exciton. The
attraction between electron-hole results in the creation of an exciton band below
the conduction band threshold [91]. The new excited state is coined the optical
band gap (E,,) and the exciton binding energy (E,, = E, — E,,) is in the range of
0.5-1.0eV for various conjugated polymers (Figure 1.12) [91]. Finally, electrons and
holes tend to recombine to form the initial form and yield an energy decay through
the radiative or non-radiative process. Conjugated polymers in solid and
liquid phases are characterized by weak intermolecular and strong intramolecular
interactions, respectively. Thus, two different forms of excitons, i.e. intrachain
and interchain (including both single and triplet excitons), have been identified in
n-conjugations along sections of the polymer skeleton resulting from the delocal-
ization of the n-electron system. Among them, interchain excitons are generated by
the coupling of two nearby intrachains derived from two different polymer chains,
or are derived by single-chain folding in polymer nanoparticles, films, or coiled
configurations. This mechanism is responsible for electron delocalization between
polymer chains, thus causing a reduction in the band gap of the solid-state material
and nanoparticles, leading to a three-dimensional band structure (interchain
band gap). As a result, both singlets and triplets are thus formed in the intrachain
and interchain [92]. It is noted that conjugated polymers also exhibit a similar size
dependence regarding optical properties as other nanostructured semiconductors,
which refers to the extent of w-conjugation or conjugation length in terms

Conduction band

A Exciton
Exciton binding ener
band AL ? ¥
Electronic ] A 1
band gap rot i
Ercit o Optical
xciton *
: ! band gap
'
4 r Y

0

Valence band

Figure 1.12 Electronic band gap structure and exciton levels formed in conjugated
polymers.
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Figure 1.13 Band gap evolution of polythiophene as conjugation length increases. Source:
Salzner et al. [93]. © 1998, Elsevier.

of bond length and length of a conjugation chain. The quantum size effects
of conjugated polymers originate from the delocalization of zm-electrons in the
repeating units along the polymer chain. Representatively, Figure 1.13 shows
the band gap evolution for polythiophene with increasing numbers of monomer
units. When the monomers units increase, the number of wn-electrons in the chain
increases allows a greater number of atomic orbitals in the overlapping region.
The total number of molecular orbitals from both bonding and antibonding is
increased along with the width of the energy band. This causes a lower band
gap between the conductance band and valence band in larger polymers or bulk
materials, known as quantum confinement at the nanoscale. Therefore, the band
gap of conjugated polymers (the HOMO-LUMO gap) increases with the decrease
of the conjugation length. Another specificity of non-degenerate ground polymers,
namely, planarity [94] arising from torsional strain, has been considered as an
additional factor which limits the delocalization of n-electrons along the backbone,
and is thus partially responsible for the larger band gap as the dihedral angle
increases (reduced planarity) [95]. It is believed that the presence of heteroatoms in
the aromatic system, electron withdrawing and electron donating substituents, and
aromaticity determine the electronic and optical properties of conjugated polymers.
Different heteroatoms or substituent groups contribute to the changes of the
optical properties in conjugated polymers, defining the material’s electron affinity.
For example, heteroatoms have higher electron affinities and tend to decrease the
delocalization of m-electrons along the polymer backbone, resulting in lowering
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of the band gap. Patra et al. confirmed the effect of heteroatoms (S and Se) based
on density functional theory (DFT) and optical studies of polyselenophenes and
polythiophenes. The presence of S or thieno-fused aromatic units leads to a decrease
of 0.2eV in the band gap compared with Se or seleno-fused units because sulfur
has higher electron affinity than selenium (2.073 eV vs. 2.021 eV). With the larger
electron affinity of 0.22eV to S, NH™ induces a larger band gap of 3.1eV in PPy
vs. polythiophene (2.0eV) [96]. In the case of aromaticity, the overlapping
p,-orbitals of n-electrons within these systems could offer different forms, such as
aromatic and quinoid (resonance structures). Aromaticity causes n-electrons to be
confined within the ring, and limits electron delocalization throughout the polymer
backbone under the resonance effect, thus resulting in a larger band gap.

In summary, the single photo-excitation configuration of conjugated polymers
causes the jump of an electron from the valance band to the conductance band, and
the band gap of a n-conjugated system is the linear combination of the band gaps
derived from interchains and intrachains affected by the following:

Conjugation length,

Planarity,

Heteroatoms in the aromatic system and/or electron-withdrawing and
electron-donating substituents, and

Aromaticity/resonance structure.

Therefore, the band gap and optical properties of conjugated polymers are strongly
affected by their chemical structure and morphological characteristics, such as the
chain conformation, aggregation state, shape, and size of the polymers.

1.4.2 Absorption and Emission

In conjugated polymers, the chemical structure, conformational order, and overall
nanostructure are known to have a significant effect on the electronic band structure,
and thereby determine the absorption and emission spectra (or emission colors).
Upon photoexcitation by a sufficiently excited photon, an electron is promoted from
the HOMO (the = band) to the LUMO (the =" band) to form an exciton. According
to the orientation of spin, a singlet or triplet exciton can be defined. If the elec-
trons in the excited state have the same spin state as in the ground state, they are
considered singlet excitons. In contrast, if an excited state electron has the same
spin orientation as another unpaired electron (or the opposite spin state as it had
in the ground state), it is called a triplet exciton. Depending on the energy of pho-
ton excitation, the different excited states can be described by a Jablonski diagram
(Figure 1.14a). The singlet ground states are denoted as S, and the different sin-
glet excited states are defined as S;, S,, and S;, respectively. Similarly, triplet excited
states are presented as Ty, T,, and T;, and each electronic level has a distinct vibra-
tional energy. The excited state electrons can migrate from a high energy level to a
lower energy level by internal conversion, crossing, and relaxation processes. Conse-
quently, an electron can return to the ground state through radiative recombination
or unwanted pathway - non-radiative recombination. Radiative recombination is
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1.4 Optical Properties

one of the most useful processes in conjugated polymers to generate photolumi-
nescence with red-shift or longer wavelengths in comparison with absorbed light.
The emitted light derived from the singlet excitons is referred to as fluorescence,
while light derived from triplet excitons is referred to as phosphorescence, which
normally occurs over longer time scales and at a lower intensity than fluorescence.
The emission properties of conjugated polymers such as PPVs were discovered in the
early 1990s and were attributed to the delocalization of n-electrons along the poly-
mer backbone [98]. It was reported that PPVs could emit a light over a large region
from green to yellow, which suggested that polymers can be used for the develop-
ment of light-emitting diodes. It is now known that the chemical structure, chain
conformation, and the size define color emission via the band gap of conjugated
polymers.

Different chemical structures have been designed to tune the color from blue to
red regions for different conjugated polymers, such as poly(9,9-dioctylfluorenyl-2,7-
diyl), poly[(9,9-dioctyl-2,7-divinylene-fluorenylene)-alt-co-(2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylene)], poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-
(2,1,3)-thiadiazole)], poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene],
poly(3-alkylthiophene), poly(p-phenylene), and poly(2,5-di(3=,7=-dimethyloctyl)
phenylene-1,4-ethynylene). The photoluminescence quantum yield of conjugated
polymers can range from 20% such as for polythiophene dots up to 80% in the case
of polyparaphenylene and polyfluorene nanostructures [99-102]. The absorption
and emission spectra depend on the molecule length of conjugated polymers.
However, the absorption intensity and photoluminescence quantum yield are in
inverse proportion to the length of the polymer chain. Hou et al. [103] observed that
the photoluminescence quantum yield decreases for the larger conjugated polymer
molecules, namely poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene].
Simultaneous absorption and emission measurements on single molecules have
proven that the quenching of photoluminescence occurs by an increase in the
conformation defects, which trap electrons as the prolongation of the polymer
chain increases (affect the polymer folding and packing during the nanostructure
preparation process) [103, 104]. Matsumoto et al. [97] synthesized full visible
colors of conjugated polymers using gallafluorene (Gaf)-containing various
comonomers such as 2,5-didecylbenzene-1,4-diboronic acid bis-(pinacol) ester (C),
2,5-didecyloxybenzene-1,4-diboronic acid bis(pinacol)ester (O), 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-y1)-9,9-didodecylfluorene (Flu), 4,4’-didodecyl-2,
2/-bithiophene-5,5’'-diboronic acid bis(pinacol)ester (BTH), 4,7-bis(trimethylsilyl-
ethynyl)-2-(2-decyltetradecyl)-2H-benzo[d]-[1,2,3]triazole (BTz), 2,6-bis-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-4,4-dioctyl-4H-cyclopenta[2,1-b:3,4-b |dithio-
phene (CDT), and 4,7-bis|3-hexyl-5-(trimethylstannyl)thiophen-2-yl|benzo|c]-[ 2,1,
3]thiadiazole (BTA). The Gaf unit plays a role as an electron-donor in n-conjugated
systems, where the electronic interaction between Gaf and various comonomers
leads to different band gaps and results in the display of dark blue, blue, cyan,
green, yellow, orange, or red colors (Figure 1.14b). Schiitze et al. [105] prepared
defect-free oligo(phenylene ethynylene)s rods with increased chain length up to 43
repeat units. It was found that the absorption and emission wavelengths red-shifted
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with increasing chain length and finally covered a blue region (400-460nm).
Therefore, most of the recent studies have focused on creating different emis-
sion colors based on different conjugated polymers and their derivatives along
with monitoring chain conformation and chain alignment by controlling the
size, aggregation, heteroatoms, and electron-withdrawing and electron-donating
substituents.

Along with full visible color tuning, conjugated polymers, as well as their nanos-
tructures, also exhibit high photoluminescence quantum yield, good thermal stabil-
ity, good absorption, biocompatibility, non-toxicity, and high-functionalization sites,
making them promising candidate materials for biology, biomedical, and optoelec-
tronic applications [106]. The main drawback of conjugated polymers is their color
instability, which can reduce the life-span of some devices such as light-emitting
diodes (LEDs) [107]. Reducing the migration of excitons to defect sites significantly
enhances color stability [108, 109]. Further research to understand the mechanism
of quenching in conjugated polymers will enable higher performance of conjugated
polymers for photoluminescence applications.

1.4.3 Coherent Exciton Diffusion and Energy Transfer

In conjugated polymers, two types of electronic energy transfer have been discov-
ered: intrachain transfer and interchain transfer [110, 111]. The energy transfer
occurs by excitons hopping along a conjugated polymer chain or two polymer
chains [25]. However, the generated interchain and intrachain excitons in conju-
gated polymers are governed by electrostatically bound electron-hole pairs and
structural defects that prevent the production of a high flow of current in certain
cases. This is the result of the low dielectric constant of conjugated polymers, which
is in the range of 3-4 [112]. Various electron donor-acceptor systems in terms of
p-n heterojunctions have been developed to improve the dissociation of excitons
and thus enable a higher energy transfer process, in which appropriate electron
donor/acceptor material can aid in breaking the Coulomb attraction (dissociation),
which can then allow excitons to diffuse to the interface and produce a photocur-
rent suitable for photovoltaic applications. Conjugated polymers can be used as
electron donor or electron acceptor material according to the device requirements.
The charge carriers can be formed by photo-excitation in photovoltaic cells or
by charge-injection in organic light emitting diodes. The diffusion of excitons in
conjugated polymers playing the role of electron donor-acceptor materials in the
conversion process from singlet excitons of the photovoltaic cell is described in
Figure 1.15.

The two materials have different ionization energies and electron affinities and
thereby create an electrostatic force at the interface. Under the excitation of an
appropriate light wavelength, the electrons of the polymer (the donor material) will
move to the LUMO and leave holes in the HOMO, forming excitons in the small
charged region. When excitons are generated at the interface of the two materials,
the electrons will transfer to the higher electron affinitive material and the holes
will move to the lower ionization potential material and generate photocurrent.
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Figure 1.16 Exciton diffusion and energy transfer in conjugated polymer through
electron-hole recombination.

Similarly, Figure 1.16 presents the typical energy transfer for hole injection and
electron injection conjugated polymer materials in LEDs. Under an applied
current between two electrodes, electrons and holes are injected from the anode
and cathode electrodes, respectively, and then transfer to the emitting material.
Consequently, this leads to the formation of singlet and triplet excitons in the
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conjugated polymer (emitting layer) and light is emitted through the recombination
mechanism.

Itisnoted that excitons can be governed in the excited state of conjugated polymers
with ratios of 25% and 75% for singlet and triplet states, respectively [113]. Harvesting
the light/energy from single excitons leads to a low conversion efficiency owing to
a 75% loss caused by the absence of triplet excitons. Therefore, many researchers
have attempted to collect both singlet and triplet excitons to maximize efficiency
[114,115]. Many strategies have been introduced, including multiple processes such
as single-triplet energy transfer and singlet fission-triplet energy transfer
for photovoltaics, as well as thermally activated delayed fluorescence, hybridized
local and charge-transfer excited state, and triplet-fusion delayed fluorescence, for
organic light-emitting diodes (OLEDs) [116-118]. In general, the exciton diffusion
length (L) of conjugated polymers defines the distance that excitons can diffuse
over their lifetime in a presented material [119, 120]. It plays a significant role in
many organic optoelectronic devices and can be defined as the root mean square of
an exciton’s displacement from its initial position (dL;) during the exciton’s lifetime

(7) as
dr?
Ly = \/ % =/2ZDr (1.11)

where Z is the dimensional number, D is the diffusion coefficient, N is the number
of excitons, and i represents an individual exciton. In one-dimensional structures,
the factor 2 is usually omitted and the exciton diffusion length can be expressed as

Ly, =VDr (1.12)

However, the lifetime of an exciton is ultrafast (<1ns) and diffusion lengths are
less than 20 nm in typical conjugated polymer films, which is less than the optical
absorption pass length [121]. Finally, the thin film has less efficiency in absorbing
light and only limited excitons are diffused to the interface of the planar heterojunc-
tion in photovoltaic devices (low Lj,). The bulk heterojunction concept has been used
to enhance the diffusion of excitons to the interface by increasing the surface inter-
actions of donor and acceptor materials. In addition, improving the interfacial area
between electron donor and acceptor material via nanostructured conjugated poly-
mers (1D, 2D, and 3D) can offer higher quantum conversion efficiencies as compared
with thick film or bulk conjugated polymers, as the larger effective area provides bet-
ter surface interactions and prevents energy losses [122]. In contrast to photovoltaic
cells, a larger L, in OLEDs can cause low luminous efficiency because excitons
decay through non-radiative pathways, including oxidation defects and electrodes
[123, 124].

Understanding the mechanisms of energy transfer in conjugated polymers includ-
ing the exciton diffusion pathway(s) and length(s) should improve the performance
of conjugated polymers and their nanostructures based on current optoelectronic
applications, and their low cost should make them attractive for the next generation
of devices.
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First, it is important to note that conjugated polymer nanostructures (CPNs) can
show higher conductivities compared to their bulk counterparts. Martin group
demonstrated that the conductivity of conjugated polymer nanotubes grown
in a template was much higher than that of their bulk counterparts [57]. The
enhancement in conductivity was related to the high orientation of the polymer
chains nearby the template walls and as a result elongated conjugation length.
When the diameter of the nanotube became larger, the conductivity decreased
because the portion of the more disordered core would increase. Similar examples
showing the size effect of CPNs on the conductivity have been reported [58, 59].
Reducing the dimensions of conjugated polymers into a nanometer scale offers
more opportunities to increase the chain orientation, crystallinity, and doping level
of the polymer. The transport properties of CPNs are still a subject of great interest
and play an important role in fundamental research and industrial application of
conjugated polymers.

CPNs have higher surface area and smaller dimensions, enabling them to show
more efficient and rapid electrochemical reactions. In addition, at the nanoscale,
the morphology of conjugated polymers has a crucial effect on their electrochemical
properties. Notably, a recent work by Park et al. demonstrated a correlation between
the morphology and electrochemical performance of PANI nanostructures with dif-
ferent aspect ratios (Figure 1.17) [125]. Although all the PANI nanostructures had
similar CV curve shapes, the integrated area of the CV curve clearly increased in the
order of nanospheres < nanorods < nanofibers. Both anodic () and cathodic (I,,.)
peak current densities increased with increasing scan rate, indicating that the elec-
trode kinetics were subject to a surface-controlled redox process. The anodic (E,,,)
and cathodic (E,,.) peak potentials were plotted as a function of the logarithm of the
scan rate (v) to calculate the electron transfer coefficient («) and electron transfer
rate constant (k,) from Laviron’s theory [126].

2.303RT
E = —— 1 1.1
pa [(1 - a)naF] 8v (1.13)
2.303RT
Epc =b-— [W] log 1% (114)
log k, = al 1 "FABy  1og RT
og k,=alogl-—a)+ (1 —-a)log a—a(l —a) S3RT og o (1.15)

The evaluated « and k, values were found to be 3.6x 107! to 3.7x107! s7! and
4.3x107! s7! for PANI nanofibers, with the latter value being higher than that
of nanorods (3.1 x 107! s7!) and nanospheres (2.6 x 107! s71), suggesting that the
electron transfer capability of the PANI nanostructures strongly depended on their
morphological characteristics.
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1.6 Conclusion

The fundamentals of conjugated polymers as well as their nanostructures, including
electrical, electronic, optical, and electrochemical properties, have become more
important over the last three decades as the utility of conjugated polymers has
been discovered. Deep understanding of these properties will provide opportunities
for the development of various applications which directly utilize CPNs. Various
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theoretical charge transport models have been proposed for both pristine and doped
conjugated polymers. However, there remain challenges to overcome because of
several issues associated with polymeric conjugated systems, including structural
defects, chain conformation, and interchain interactions. With the aid of novel
spectroscopy and simulation methods, extended studies that can determine the
correlations between/among doping reaction, color changes, swelling/de-swelling,
and conductivity may provide the knowledge that can define the charge transport
kinetics/mechanisms for a wide range of conjugated polymers. The conductivity
of pristine conjugated polymers dominates the insulator-semiconductor transition
and offers unique optical properties, such as absorption and photoluminescence.
The electrical conductivity of conjugated polymers can be successfully enhanced
by chemical, electrochemical, or photodoping, where both n-type and p-type
dopings can be used to activate metallic behaviors in conjugated polymers. The
formation of charge carriers (polarons, bipolarons, and solitons), their mobility,
and the mobility of excitons in pristine and doped conjugated polymers are strongly
affected by the dopant, doping state, and the inherent properties of conjugated
systems such as chain conformation, aggregation state, and shape and size of the
material. Possessing many advantages such as tunable absorption/emission spectra
and conductivity, chemical structure diversity, as well as being environmentally
friendly, may facilitate the use of conjugated polymers in many applications,
such as in energy storage (fuel cells, batteries, and electrochemical capacitors),
photocatalysts for dye removal and water splitting, and in photovoltaics. The major
drawbacks of conjugated polymers are their low stability and lower conductivity
as compared to metals, which limits their use in transistors and memory devices.
Overcoming the current drawbacks in conjugated polymers will increase their
potential as candidates for diverse novel applications.
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