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Abstract
Over the past few years, significant progress has been made in the design of organic 
semi-conducting conjugated polymers that readily transport holes or electrons and 
can result in light emission. The conjugated backbone consist mainly of electron-
donating (donor) and electron-withdrawing (acceptor) units as alternating groups 
in a conjugated oligomer or polymer that can be regulated by physical properties 
such as π conjugation length, monomer alteration, inter/intramolecular interactions 
and energy levels. Certainly, it is notable today that the highest occupied molecular 
orbital level of the producing material is localized predominantly on the electron-
donating moiety and lowest unoccupied molecular orbital level on the electron-
accepting moiety. Conjugated oligomers or polymers are used in many detecting 
fields due to their exceptional ability to sense toxic chemicals, metal ions and bio-
molecules. The conjugated polymers have unique delocalized π-electronic “molecu-
lar wires” that can expand the fluorescence intensity considerably. The fluorescence 
intensity of polymers can be quenched by particular quenching molecules. In this 
review, the fluorescence intensity, detecting of multiple metal ions, solubility, pho-
tochemical stability and optoelectronic properties of these conjugated polymers, and 
how they can be regulated by different functional groups, are discussed in detail.
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1 Introduction

A polymer is a macromolecule or large molecule composed of many repeating mon-
omer subunits connected covalently through polymerization. Because of their wide 
ranging properties, synthetic polymers play a significant role in daily life. The large 
molecular weights of polymers produce excellent physical properties such as semic-
rystalline character, toughness, tendency to form glasses and viscoelasticity. Poly-
mers can be classified into different types depending on their physical and structural 
properties: linear, branched, hyperbranched, conducting, cross-linked, hetero and 
homopolymers, etc.

2  Conjugated Polymers

Conjugation is where systems of molecules contain delocalized electrons with 
alternating single and double bonds. Conjugation may lower the total energy of the 
molecule and enhance stability. In conjugation, π electrons behave differently as 
compared with sigma bond electrons. The largest examples of conjugated systems 
include carbon-based conductive polymers such as graphite, graphene and carbon 
nanotubes. Aromatic conjugated molecules follow Huckel’s rule and display unusual 
stability. A typical example is benzene, which has six π-electron systems involved in 
conjugation. The π bonds of the Pz orbitals in benzene carbon atoms are perpendicu-
lar to the benzene plane and overlap with neighboring Pz orbitals. The semiconduct-
ing nature of the conjugated polymer depends on the delocalization of π-electrons 
[1].

Conjugated organic polymers act as semiconductors that conduct electricity due 
to the lower band gap. Their processability and dispersion nature are the major ben-
efit of conjugated conductive polymers. They can deliver high electrical conduc-
tivity with different mechanical properties. Their electrical conductive properties 
can be tuned by advanced dispersion processes and organic synthetic methods [2]. 
Conventional polymers such as polyethylenes have low electron mobility and do not 
supply electrical conductivity due to sigma-bonding electrons. However, the situa-
tion in conjugated polymers is completely different because delocalized Pz orbitals 
increase electron mobility. Conjugated polymers have an energy band between 1.5 
and 3.0 eV; due to this low bandgap, these polymers are employed broadly in photo-
voltaic devices, organic light emitting diodes (OLEDs), sensors, solar cells, organic 
thin film transistors (OTFT) and lasers.

2.1  Background and Scope of Conjugated Polymers

The first polycyclic aromatic compounds showing a semi-conducting nature 
due to halogens with charge–transfer complex were reported in the 1950s [3]. 
Elsewhere, Bell Laboratories reported low resistive (8  Ω  cm) charge trans-
fer complexes in 1954 [3]. In the 1970s, scientists reported metal-conductive 
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tetrathiafulvalene salts [4]. Although technically these compounds are not poly-
mers, this demonstrated that organic molecules can carry current. In 1963, low 
resistive (1 Ω cm) polypyrrole derivatives were reported by Australian scientists 
[5]. Subsequently, high conductive polyanilines were reported in 1968 [6]. In 
1977, Heeger and his team reported high conductive iodine-doped polyacetylene 
[7]. For this innovation, they were awarded the Nobel Prize in 2000. After the 
1980s, OLEDs and photovoltaic devices were developed as a significant applica-
tion of conjugated conductive polymers [8, 9]. Many excellent reviews, research 
papers, and patents have been published on conjugated polymers to promote these 
materials as promising for electroluminescent and optoelectronic applications 
[10–15].

2.2  Structure of Conjugated Polymers

The major categories of conductive polymers are linear backbones such as polyani-
lines, polypyrrole, polyacetylenes and their copolymeric derivatives. Poly(p-phe-
nylene vinylenes) and their alkyl, alkoxy soluble derivatives have been developed 
as optoelectrical semiconducting polymers. Nowadays, poly(3-alkyl thiophene) are 
classical polymers for transistors and solar cells. The different polymer structures 
and their electrical band gaps and conductive values are shown in Table 1.

2.3  Properties of Conjugated Polymers

Conjugated polymers are capable of absorbing a broad range of sunlight because 
of atomic orbital interactions. Conjugated atomic orbitals exhibit single and dou-
ble bond alterations along the entire conjugated polymer backbone. For example, 
the polyacetylene (Fig. 1) backbone consists of tetravalent carbon atoms. Of these, 
three electrons are engaged in framing three  sp2-bonds between two carbon atoms, 
and one electron is involved in forming a bond between carbon and the adjacent 
hydrogen.

These bonds are positioned between two carbon nuclei, which produces a �-bond 
nature. The p-orbital is left with one electron, which interacts with another adjacent 
p-electron from the nearby carbon atom. This leads to formation of highest occupied 
molecular orbital (HOMO) or π-bonding and lowest unoccupied molecular orbital 
(LUMO) or π*-anti bonding; this then resolves further into a valence band (HOMO) 
and a conduction band (LUMO), which is closer to a conjugated polymer material. 
The energy contrast between HOMO and LUMO is illustrated as the energy band 
gap or band gap (Fig. 2).

The π-bonding orbitals of conjugated polymers are positioned out of plane. These 
orbitals reduce the photon energy due to the limited bound to the carbon atom which 
required for photoexcitation. Upon absorption of broad range photons, an electron 
jumps from the valence band to the conduction band, developing an exciton (bound 
electron–hole pair).
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2.4  Types of Conjugated Polymer

Variation in the conjugated backbone structure of polyacetylene, polythiophene, 
poly(para-phenylenevinylene)s, polythiazoles, polybenzothiadiazole has been 
shown to dramatically modify their electronic properties.

2.4.1  Polyacetylene

Polyacetylene is a conceptual structure derived from the polymerization of acetylene 
units to give a backbone chain with repeating ethylene groups  (C2H2)n. This com-
pound is important for doping with Lewis acids and bases, which helps to increase 
conductivity, making it equivalent to metallic semiconductors. The highly dense 
polyacetylene is obtained using the Zeigler Natta catalyst. In 1970, homogeneous 
layers of polyacetylene were synthesized using titanium catalyst (an alternative to 
Ziegler Natta catalyst). Shirakawa and Heeger [21] discovered highly electrical con-
ductive polyacetylene. This polymer attracted intense interest in the field of applica-
tion of organic polymers in microelectronics (semiconductors) and its discoverers 
were awared the Nobel Prize in 2000.

Exposing polyacetylene polymer films to the vapor of p-type dopants (elec-
tron accepting compounds) increases the electrical conductivity of the poly-
mer over undoped polymers. These p-type dopants  (Br2,  I2,  Cl2, and  AsF2) attract 
an electron from the polymer backbone and establish a charge transfer com-
plex between p-dopant and polymer; this leads to increased conductivity. The 

Fig. 1  Schematic representation 
of the �-conjugated system in 
polyacetylene

Fig. 2  Valance and conduction band, bordered by the highest occupied molecular orbital (HOMO) and 
lowest unoccupied molecular orbital (LUMO) energy levels, and separated by the energy bandgap and 
process of photoexcitation
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conductivity properties of polyacetylene depend on both the doping agent and the 
structure. Undoped trans-polyacetylene (7b) polymers possess a conductivity of 
4.4 × 10−5 Ω−1  cm−1, whilst cis-polyacetylene (7a) polymers possess a lesser con-
ductivity of 1.7 × 10−9 Ω−1 cm−1. This conductivity was increased to 0.5 Ω−1  cm−1 
and 38 Ω−1 cm−1 after bromine, iodine doping. These conductivity values are repre-
sented in Table 2.

2.4.2  Polythiophene

In organic electronics, thiophene is one of the building blocks used most regularly 
due to its exceptional optical and electrical properties, and excellent thermal and 
chemical stability. Thiophene is also used widely in optoelectronic applications such 
as OLEDs and OTFTs. Polythiophene (homopolymer) was initially reported as a 
1D-linear conjugated system in 1980 [22]. Polythiophene solubility is enhanced by 
the substitution of solubilizing units. Incorporation of heteroatom (substituents) to 
polythiophene alters the band gap via inductive and mesomeric effects. The struc-
tural advantages of the polymer backbone of polythiophene are shown in Fig. 3.

One of the biggest advantages of thiophene is its regioregularity. The three-sub-
stituted (asymmetry) thiophenes exhibited three probable couplings whilst two mon-
omers are linked among the 2- and 5-positions shown in Fig. 4. The lower band gap 
and effective conjugation length depends on the regioregularity of thiophene. These 
particular couplings are:

Table 2  Cis and trans orientation of polyacetylene

Polyacetylene Structure Conductivity

cis-Polyacetylene

H H H H H

HHHH

7a

σ = 1.7 × 10−9 Ω−1 cm−1

trans-Polyacetylene

H H H H H

HHHH

7b

σ = 4.4  × 10−5 Ω−1 cm−1

Fig. 3  Structural advantages 
of the polymer backbone of 
polythiophene
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(1) Head to tail coupling (HT) or 2,51 coupling (8a).
(2) Head to head coupling (HH) or 2,21 coupling (8b).
(3) Tail to tail (TT) coupling or 5,51 coupling (8c).

Two thiophene-based conjugated polymerscommonly found in the literature are 
poly(3,4-ethylene dioxythiophene) poly(styrene sulfonate) (PEDOT-PSS) (9) and 
poly(3-hexylthiophene) (P3HT) (10) (Fig. 4). PEDOT-PSS is applied widely as hole 
transport material in OLEDs and polymer solar cells. P3HT is used as a electron 
transporting substance (donor) in polymer solar cells. For example, thiophene deriv-
atives such as thiophene-thienopyrazine based copolymer (11) exhibit a very low 
band gap and are used mainly in OTFTs due to their hole mobility nature [23]. The 
power conversion efficiency of thiophene-benzooxadiazole based polymer (12) was 
increased to 1.92% upon increasing the number of thiophene rings in the polymer 
backbone. New fluorene-alt-thienylene based polymers (13) exhibit multicolor lumi-
nescence because of different substituent position in thiophene rings and are mainly 
in electroluminescent devices (Table 3) [24].

2.4.3  Polybenzothiadiazole

2,1,3-Benzothiadiazole (BT) is an electron-accepting heterocyclic moiety that has 
been included with electron-rich species to construct a lower band gap for bulk het-
erojunction polymer solar cells. The electron-deficient nature of benzothiadiazole 
(14a) can be further improved by replacing the carbon atom with a sp2-hybridized 
nitrogen atom to produce aza-benzothiadiazole (14b) (Fig. 5). As well as a sulfur 
atom in benzothiadiazole unit can also be substituted for selenium is called a selino-
benzothiadiazole (14c).

For example (see Table 4), the polymer (15) is the first candidate benzothiadi-
azole-based low band gap polymer to be prepared and applied in polymer solar 
cells [26]. The broad absorption peak of polymer 15 appeared at 775 nm in UV–vis 
absorption spectra, corresponding to the low band gap of 1.73 eV and this copoly-
mer showed 7% of solar cell efficiency. The different ratios of thiophene and benzo-
thiadiazole materials (16) showed distinctive optoelectronic properties [27]. Among 

Fig. 4  Regioregularity of three-substituted thiophene and structures of poly(3,4-ethylene dioxythio-
phene) (PEDOT): poly(styrene sulfonate) (PSS) and poly(3-hexylthiophene) (P3HT)
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these materials, four thiophenes and one benzothiadiazole molecule (16) showed 
1.9  eV low band gap with high charge carrier mobility of 4 × 10−3  cm2  V−1  s−1. 
Those materials have been optomized in OTFT devices. In addition, different ratios 
(3:1, 17 and 2:2, 18) of thiophene- and benzothiadiazole-based push–pull copoly-
mers showed red emission maxima at 618 nm (17) and 634 nm (18). Due to the high 
ratio of thiophenes, polymer 17 showed higher HOMO and lower LUMO values 
(Table 4) [14].

2.4.4  Poly(p‑phenylenevinylene)

Poly(p-phenylenevinylene) (PPV) is one of the primary π-conjugated polymers 
due to its high photoluminescence and conductive properties. PPV was the first 

Table 3  Polythiophene-related conjugated polymers

S. no. Chemical structure HOMO/LUMO Band 
gap

References

1

11

−4.45/−3.41 1.04 [23]

2

12

− 5.36/−3.63 1.82 [25]

3

13

−5.50/−3.20 2.30 [25]

Fig. 5  Structures of benzothia-
diazole, aza-benzothiadiazole, 
and selino-benzothiadiazole

14a 14b                      14c
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conjugated polymer to be utilized as a part of polymer-based LEDs [28]. The highly 
efficient crystalline thin films can be processed by PPV polymers. Almost all PPV 
derivatives exhibit yellow fluorescence and have a small optical band gap, making 
PPV successful in light-emitting applications (LEDs). Moreover, its optoelectronic 
properties can be changed by substitution of functional side groups.

PPVs can be synthesized through various methods to regulate its molecular 
weight and purity. The most popular and versatile method is the Wessling and Zim-
merman sulfonium precursor method shown in Fig. 6. Firstly, the bissulfonium inter-
mediate salt was synthesized from α’-dicholor p-xylene, and was polymerized as 

Table 4  Polybenzothiadiazole-related conjugated polymers

S. no. Chemical structure HOMO/
LUMO

Band 
gap

References

1

15

−  5.3/−  3.57 1.73 [26]

2

16

5.15/3.25 1.90 [27]

3

18

17

5.20/3.24
5.40/3.60

1.96
1.80

[14]
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PPV under mild basic and thermal condition. PPVs are highly crystalline in nature, 
thermally stable and mechanically strong due to their low solubility in atmospheric 
oxygen [29].

One of the biggest advantages of PPVs is the presence of alternative side-
chains on the polymer backbone. PPV derivatives with a variety of substitu-
ents, such as alkoxy, phenyl, halide, silyl, fluorenyl, or cyano groups, have been 
reported. These many substituents have allowed the synthesis of different pho-
toluminescence across the spectrum, such as blue, yellow, green, yellow-green, 
yellow-orange, red and red-orange. Examples of some substituted PPVs and 
their luminescence properties are listed in Table 5.

Unsubstituted PPVs (19) exhibit a lower HOMO value of − 5.1  eV and a 
higher LUMO value of − 2.7 eV, respectively, The corresponding band gap was 
calculated as 2.4  eV. After the introduction of alkoxy substituents on the phe-
nylene ring, the band gap was reduced to 2.2 eV [30]. The energy band of the 
PPV derivative was tuned by adding substituents onto the vinylene linkages. 
These cyano-vinylene linkages lower both the HOMO and LUMO energy val-
ues. PPV derivatives with a cyano group substituted on the vinylene bond have 
been synthesized by Knoevenagel condensation, Wessling, and the Gilch route. 
Alkyl and alkoxy substituents of PPV increase the processability in the conju-
gation form and the cyano group increases the electron affinity of the polymer. 
Examples of a few PPV derivatives and their properties are discussed below 
based on previous literature.

Among PPV derivatives, thienylene-bonded PPVs show admirable opto-
electronic properties. The random and alternative monomer of MEH–PPV and 
thienylene vinylene based polymer (24) (Fig. 7) were synthesized through Wit-
tig–Horner condensation [31]. By increasing the number of thienylene vinylene 
units in the polymer backbone, the optoelectronic properties also increased. 
The optical absorption spectrum was red shifted by 20 nm. The oxidation value 
of polymer 24 was gradually decreased from 0.4  V to 0.08  V. The fill factor 
(FF) (42.6%) and short circuit current density (ISC) (2.68  mA/cm2) were also 
decreased when compared with MEH–PPV (FF: 37.5%, ISC: 2.09 mA/cm2).

Different poly(thiophene) substituted p-phenylenevinylenes have been synthe-
sized with  FeCl3 [32]. The phenyl vinylene units are repeatedly in connection 
with two (25), four (26), and eight (27) thiophenyl moieties across the main pol-
ymer backbone (Fig. 7). The optoelectronic and thermal properties are elevated 

Fig. 6  Synthesis of poly(p-phenylenevinylene) (PPV) through the Wessling and Zimmerman sulfonium 
precursor method
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Table 5  Poly(p-phenylenevinylene) (PPV)-related conjugated polymers

S. no. Chemical structure Emission 
color

Emission 
wavelength 
(nm)

HOMO/
LUMO 
bandgap 
(eV)

1

19

Green 550 − 5.1
− 2.7
2.4

2

20

Red-range 610 − 3.20
− 5.40
2.20

3

21

Red-orange 600 − 5.50
− 3.20
2.30

4

22

Greenish 
yellow

495 − 5.35
− 2.86
2.49

5

23

Green 485 − 5.25
− 2.76
2.49
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as the number of thiophene rings in the polymer chain increases. Among the 
three polymers, 26 showed a lower HOMO value (−6.39 eV) and 27 showed a 
higher HOMO value (−6.12 eV) due to increasing number of thiophene rings. 
The polymer 27 has a lower band gap (2.31  eV) due to the greater number of 
alkyl substituted thiophene units.

2.4.5  Polythiazoles

In recent times, thiazoles containing conjugated polymers have been of enormous 
interest due to their optoelectronic applications. Thiazole is a familiar electron-with-
drawing unit due to the presence of one electron-accepting nitrogen atom of imine 
(–C=N–) instead of a carbon atom at the third position of thiophene. Along with 
the sulfur atom in the thiazole ring, the nitrogen atom enhances the properties of 
conjugated polymers, which is attractive for photovoltaic applications. Moreover, 
thiazole-containing conjugated polymers acts as excellent fluorescence sensors for 
the identification of transition metal ions. Metal coordination of conjugated thiazole 
polymers can either increase or decrease fluorescence. Some examples of thiazole 
derivatives and their properties are discussed below based on previous literature.

Platinum (II) polyenes consisting of bithiazole-oligo(thienyl) ring-based pol-
ymers (28) (Fig.  8) show poor solubility due to polar soluble thiazole rings [33]. 
Due to the higher number of thiophene rings along with a strong withdrawing thia-
zole acceptor, P3 exhibits a higher HOMO value of −5.71 eV and the band gap is 
reduced to 2.06 eV.

Fig. 7  Structures of various PPV-thiophene based conjugated polymers
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Bithiazole acceptor and carbazole (29), dithienopyrrole (30), or dithenosilole (31) 
donor containing conjugated copolymers are synthesized through the Stille coupling 
reaction (Fig.  8) [34]. The donor–acceptor combinations used are very important to 
enhance optoelectronic and photovoltaic properties. Among these polymers, 31 has a 
similar absorption spectrum as P3HT, and higher absorption maxima in both solution 
and film (511, 558 nm) compared with other polymers. The electrical band gaps of 29, 
30, and 31 are 2.53, 1.97 and 2.09. Obviously, the dithienopyrrole containing polymer 
showed a higher HOMO value (− 4.76 eV) due to its high electron-rich nature, which 
will lead to a decrease in the open circuit voltage (Voc).

The multichromic, solution processible and electroactive polymers 32 and 33 were 
synthesized via Suzuki and Stille coupling reactions [15]. Various linear and branched 
alkyl chains were substituted onto fluorene (32) and benzotriazole (33) polymers 
(Fig. 8). The similar HOMO value of −5.34 indicated that there is no influence of alkyl 
and branched chains on the polymer chain. Polymer 33 has lower LUMO (− 3.19 eV) 

Fig. 8  Structures of thiazole-based conjugated polymers
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and band gap (1.79  eV) values when compared with 32 (−3.55  eV, 2.15  eV). The 
strong absorption and lower bandgap values of 33 should be useful for photovoltaic 
applications.

2.5  Donor–Acceptor Conjugated Polymers

Electrochemical low band gap polymers can be synthesized through the incorpora-
tion of donor–acceptor units into the conjugated polymer backbone. This is another 
successful route to the synthesis of narrow bandgap polymers. This approach con-
sists of a sequence of electron donating units (donor) and with electron accept-
ing (acceptor) units. When compared to small molecules and metal complexes, 
donor–acceptor polymers are able to form continuous intramolecular charge transfer 
and intermolecular (through dipole–dipole interactions between donor and accep-
tor molecules on adjacent chains) interactions in the materials. This creates strong 
electronic coupling and closed π-stacking properties that enhance film crystallinity 
and charge transport efficiency. Moreover, conjugated polymers show better sensing 
performance than small molecules due to exciton migration along the conjugated 
chains. The energy levels of donor and acceptor moieties influence the band gap 
of the conjugated polymer. Moreover, the overall absorption energy of the poly-
mer is increased by internal charge transfer between donor and acceptor units [35]. 
The delocalization of π-electrons in the entire conjugated chain may also lead to a 
lower bandgap; this approach was first proposed in 1993 [36]. The combination of 
donor–acceptor units in polymer improves the development of the mesomeric qui-
noid structure (D − A ⟷ D+= A−), over the initiation of a push–pull strategy that 
significantly lowers the band gap value. The band gap of conjugated polymers is 
resolved by the energy value of the LUMO of the acceptor moiety and the HOMO 
of the donor moiety. The lower bandgap of the polymer is influenced by the effect of 
low energy of LUMO and higher energy of HOMO [37, 38]. The band gap is also 
reduced by increasing the the conjugation length of donor–acceptor units. Conjuga-
tion of the polymer backbone can reduce the torsion angle by increasing the planar-
ity [39].

Donor–acceptor based conjugated polymers consist mainly of three groups: (1) 
conjugated backbone, (2) substituents and (3) side chains. The band gap reduction 
and photophysical properties are very dependent on the conjugated backbone, which 
is composed of electron donors and acceptors. The donor–acceptor substituents can 
influence the nanostructure morphology and energy levels. Side chains, such as long 
alkyl or alkoxy chains, increase the molecular weight, solubility, and processability 
for large-scale processing and also increases the HOMO energy level due to their 
electron-donating nature [40, 41]. There are many electron-donating moieties, such 
as thiophene, phenylenevinylenes, carbazole, pyrrole, fluorene and triphenylamine 
moieties with different substituents that enhance the optical and electrical properties. 
The various acceptor units such as thiazole, quinoline, benzothiadiazole, pyrazine, 
oxadiazole, and diketopyrrolopyrrole can be used to improve conductivity through 
lowering of the LUMO value. These donor and acceptor units were combined into 
one backbone through the different polymerization techniques.
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Some examples of donors and acceptors with their properties are shown in 
Table 6. Polymer 36 is synthesized from thiophene donor (34) and 35 by Suzuki 
coupling. Polymer 36 exhibits broad absorption spectrum from 350 to 950 nm, 

Table 6  Different types of donors and acceptors in the conjugated backbone and their properties

Donor Acceptor E
opt
g E

el
g

Td Refer-
ences

Polymer

34

35

1.60 1.63 138 [42]

36

37
38

2.54 2.55 470 [43]

39

40
41

1.09 2.1 300 [44]

42

43 44

2.20 2.26 325 [45]

45

46 47

1.88 1.92 – [46]

48

49

50

1.94 1.93 256 [47]

51
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and has good stability and solubility. Oligomer 39 is synthesized from 37 and 
38 by a Wittig condensation route. The absorption value of 39 is at 382 nm and 
it exhibits bluish green emission maxima at 477 nm. The higher thermal stabil-
ity of 470 °C is due to the quinoline (38) moiety. Polymer 42 was synthesized 
from diphenylamine donor (40) and oxadiazole acceptor (41) through a Wittig 
condensation reaction. Polymer 42 shows absorption at 446 nm and emission at 
532 nm in chloroform solution. Due to the strength of diphenylamine (40), the 
band gap is significantly decreased.

2.6  Synthesis of Conjugated Polymers

Based on polymerization techniques, it is possible to differentiate three main types 
of reaction: polycondensation (step-growth), polyaddition and chain polymeriza-
tion. Monomers are consumed rapidly in polycondensation and polyaddition due to 
decrease in polymerization rate. Stoichiometric amount of the two monomers affect 
the final molecular weight of the polymer. The higher molecular weight of the pol-
ymers are increased mainly by the purity of the monomers. Conjugated polymers 
are synthesized mainly by polycondensation reactions using the various routes such 
Mizoroki–Heck, Suzuki–Miyaura, Stille coupling, and Wittig condensation reac-
tions. These polymerizations proceed by two different monomers and are catalyzed 
by palladium [Pd(0)].

2.6.1  Mizoroki–Heck Coupling Reaction

The polymerization of bis-aryl halides and alkene derivatives to generate photovol-
taic materials with high conductive, optoelectrical and luminescent materials are 
called Heck coupling reactions. Classical Heck conditions require a reducing agent 

Scheme 1  General synthesis of Mizoroki–Heck coupling reaction
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(triphenylphosphine), high temperatures and palladium catalyst (> 120  °C). Of all 
polymers, block copolymers are widely synthesized through the Heck coupling reac-
tion. For example, electron-rich alkoxy substituted p-phenylene vinylene (PPV) (52) 
or triphenylamine (TPA) (53) vinylene and electron-deficient bromo-substituted 
2,1,3-benzothiadiazole (54) polymerize in the presence of Pd(OAc)2 as a catalyst 
and tri(o-tolyl)phosphine as a reducing agent (Scheme 1) [45]. Of these polymers, 
PPV based polymer 55 showed a lower optical band gap value (1.76 eV) than the 
TPA-based polymer 56 (1.86 eV) due to the long conjugation length. In fact, TPA 
based polymer (56) conjugation is disrupted by the nitrogen of the amine group. 
The Heck-synthesized coupled polymers are applied successfully in photovoltaic 
devices.

2.6.2  Suzuki–Miyaura Coupling Reaction

The palladium-catalyzed cross-coupling reaction between alkenyl boranes and aryl 
halides is called the Suzuki coupling reaction and it was first reported in 1979. It is 
a controlled method for the formation of sp2 hybridized C–C bonds, and a success-
ful polymerization method due to many advantageous characteristics, such as the 
easily handled, organoborane starting materials, which are moisture- and air-stable. 
This method releases less-toxic inorganic materials as byproducts when compared 
with the toxic Stille polycondensation reaction. Moreover, it is a stereospecific, con-
venient and requires mild reaction conditions, as well as being regioselective and 
affording large freedom in selection of functionality. Thus, the Suzuki–Miyaura 
reaction is especially helpful for industrial applications. For example, carbazole 
and thioalkyl (61), alkoxy (60) substituted benzothiadiazole-based polymers are 
synthesized through the Suzuki coupling reaction (Scheme 2) [48]. Different elec-
tronic properties were observed through the incorporation of thioalkyl and alkoxy 
groups. The thio group of polymer 61 leads to enlarging Stokes shift up to 224 nm. 

Scheme 2  General synthesis of Suzuki–Miyaura coupling reaction
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The photovoltaic efficiency of 60 is almost double (PCE: 4%) when compared to 61 
(2%).

2.6.3  Stille Coupling Reaction

The C–C coupling between stannanes and aryl halides in the presence of palladium 
catalyst is called the Stille coupling reaction. It is a versatile synthetic reaction and 
has been commonly used for the synthesis of various organic compounds and poly-
mers. It has numerous advantages, as it is regioselective, stereospecific and clas-
sically gives exceptional yields. It can proceed with multifunctional groups and 
it requires only a mild reaction environment. The first polymerization of dihalide 
and organo stannanes monomers were reported in the 1980s. Stille coupling based 
polymerization is used widely in thiophene-based monomers. The indacenodithio-
phene (62)-based donor and cyano-substituted benzothiadiazole (63)-based acceptor 
was polymerized through the Stille coupling reaction, catalyzed by  Pd2(dba)3 and 
reduced by P-(o-tol)3) (Scheme 3) [50]. The synthesized polymer (64) exhibited a 
reduced optical band gap of 1.4 eV and an electrochemical band gap of 1.67 eV and 
is used to investigate charge mobility in OTFT devices.

2.6.4  Wittig Condensation Reaction

The generation of carbon–carbon double bond (alkenes) from aldehydes and phos-
phorous ylides is known as the Wittig reaction. Since its innovation, the Wittig reac-
tion has developed into one of the most effective and important methods for the syn-
thesis of olefins. Phosphorous ylide is one of the active reagents in this reaction, and 
is generally synthesized from a triphenylphosphine and primary or secondary alkyl 
halides followed by a suitable base (e.g., NaH, NaOR, RLi etc.) for deprotonation. 
Based on the alkyl substituents on ylide, three classes can be differentiated: (1) ylide 
containing an alkyl substituent having at least one strong electron deficient group is 

Scheme 3  General synthesis of the Stille coupling reaction
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called stabilized ylide, which stabilizes the electron-rich nature of the carbon; (2) 
ylide alkyl substituents with at least one alkenyl or aryl groups, which are less stable 
carbon, are called semi-stabilized ylide; and (3) ylide containing only alkyl group, 
which does not stabilize the carbon atom, are called nonstabilized ylide. The E or 
Z-stereoselectivity of the formed product is influences by many factors, such as the 
type of aldehyde, type of ylide, nature of the solvent medium, and the counter ion for 
the phosphorous ylide generation. For example, the diphosphonium salt of fluorene 
(66) and thiophene dialdehyde (65) undergo Wittig polymerization in the presence 
of sodium ethoxide (Scheme 4) and those polymers were used in electroluminescent 
devices [24].

Scheme 4  General synthetic reaction and mechanism of Wittig reaction



1 3

Topics in Current Chemistry (2019) 377:12 Page 21 of 39 12

2.6.5  Knoevenagel Condensation

The reaction between active methylene group containing molecules and aldehydes 
in the presence of a base to afford α,β-unsaturated compounds is known as Kno-
evenagel condensation. The active methylene compounds should have two elec-
tron-withdrawing groups. Water is the by-product of the reaction and is separated 
from the reaction by means of azeotropic distillation or the addition of molecular 
sieves. The major advantage of this reaction is that the synthesized major product 
is thermodynamically more stable. For example, the benzothiadiazole based alde-
hyde (68) was reacted with active methylene containing 4-nitrobenzyl cyanide 
(69) in the presence of sodium hydroxide. The resulting compound (70) exhibited 
high thermal decomposition temperature of 450 °C (Scheme 5) [50].

2.7  Applications of Conjugated Polymers

Conjugated semiconducting small molecules, oligomers and polymers have been 
vital materials in teh development and progress of flexible and printable electronics. 
These semiconducting materials have attracted much attention over the last 20 years 
for several electronic device applications, such as OLEDs, organic photovoltaic and 
organic thin film transistors, as well as biological and chemical sensors due to their 
adjustable optical and electrical properties.

2.7.1  Organic Light Emitting Diodes

The emissive electroluminescent layer of OLEDs emits light in response to an 
electric power. A current goal of optoelectronic applications is to replace con-
ventional light sources, such as fluorescent and incandescent lighting, with much 
more power-efficient light sources, is already making an impact in this industry. 
The advantages of LED lighting include self-sustainability, lower monitoring, 
and lower fire risk. OLEDs can be seen to be evolving to become an alternative to 
LEDs in emission applications, and will ultimately replace LCD display technol-
ogy. Conjugated polymers are great innovative materials for the development of 
OLEDs due to their tunable emissive colors, which can be altered by structural 
adjustment. In device fabrication, the emissive conjugated polymer film is coated 
between two electrodes. Transparent indium tin oxide (ITO) glass plates are used 
as the anode and Al, Mg or Ca metals are used as the cathode. During working 
operation, once a voltage is applied beyond the OLED, electrons flow over the 

Scheme 5  General synthesis of Knoevenagel reaction
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device from the cathode to the anode. The electrons jump into the LUMO level 
of the organic layer next to the cathode layer from a reserve from the HOMO at 
the anode side. Recently, this method has also called for the injection of electron 
holes. The electrons and holes are brought towards each other by electrostatic 
forces, and recombine to develop an exciton [51]. The working principle of an 
OLED is shown schematically in Fig. 9.

2.7.2  Photovoltaic Device

Organic semiconductors have enormous potential for the economical production 
of high numbers of photovoltaic cells. The first photoconductive polyaromatic 
molecule was discovered at the beginning of the twentieth century [52]. Even 
though several of these moieties were not stable, they prompted much investiga-
tion aimed at improving the charge transport electronic behavior of these con-
jugated moieties. The first organic solar cell was fabricated on a single organic 
layer sandwiched in between two metal-based electrodes to carry out the work 
function. These devices and systems exhibited very poor power conversion effi-
ciency because of low charge carrier formation and inadequate charge transport. 
Compared to their inorganic counterparts, organic semiconductors have many 
advantages [53]. Previously, monocrystalline silicon materials were used for solar 
cells. Production of these types of solar cells production was costly and energy 
consumption is quite high during fabrication. Nowadays, silicon solar cells 
have been superceded by organic solar cells because of low production costs, 
efficiency, inkjet printing, durability, lightweight nature, flexibility and roll-to-
roll processing [54, 55]. Moreover, organic semiconductor films can absorb the 
majority of incident photons due to the high absorption coefficient. The optical 
and electrochemical band gap of organic conjugated polymers (semiconductors) 
can be decreased by modifying the chemical structure of the polymer, thereby 
controlling the absorption spectrum of the photovoltaic cell, and increasing solar 
cell efficiency.

Fig. 9  General schematic representation of organic light emitting diode (OLED) structure
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2.7.3  Device Structure

The most general structure and schematic architecture of bulk heterojunction (BHJ) 
solar cells are shown in Fig. 10a. In solar cell geometry, the bottom electrode is the 
ITO electrode bearing a negative charge, and the top positive electrode is the metal 
cathode. On top of the ITO electrode, a conductive PEDOT: PSS polymer is depos-
ited to lessen the roughness of the ITO plate. Then, the BHJ polymer layer is depos-
ited through a solution processing method. This BHJ layer is composed of donor 
and acceptor materials. Moreover, a phenyl-C60-butyric acid methyl ester  (PC60BM) 
layer is deposited between the photoactive layer (BHJ layer) and the metal cathode, 
this layer acts as an electron acceptor [56].

2.7.4  Photovoltaic Conversion Process

The photovoltaic conversion process is shown in Fig. 10b. In its simplest form, when 
light passes through ITO glass and touches upon the BHJ (photoactive) layer, elec-
trons jump from the valence band to the conduction band of the semiconducting 
material followed by generating a hole in the valence bond. The generated charges 
(exciton) are then passed to the metal electrode by an internal electric field. Once 
the excitons reach the metal electrode, they dissociated into free electrons and pass 
through an external power circuit, therefore generating electrical current. Excitons 
carrying an internal electric field are usually generated by either a p–n junction in 

Fig. 10  a Schematic representation of bulk heterojunction (BHJ) solar cell. b Band gap diagram display-
ing the hole generation and transport between two electrodes

Fig. 11  Structures of poly[2-
methoxy, 5-(2-ethylhexyloxy)-
1,4-phenylene vinylene] (MEH–
PPV) and cyano-poly(phenylene 
vinylene) (CN–PPV) polymers
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the BHJ active layer, or by a difference in the work function of both electrodes. Ini-
tially, the polymer–polymer solar cell (BHJ) was reported in 1995 [57]. New conju-
gated polymers have improved the open circuit voltage and efficiency of solar cells 
by linking an alkyl thiophene side chain (PCE: 8.42–9.58%) [58–60] with fullerene 
substituents (PCE: > 14%) [61]. Individually fabricated BHJ solar cells now have 
a composition of poly[2-methoxy, 5-(2-ethylhexyloxy)-1,4-phenylene vinylene] 
(MEH–PPV) (71) and cyano-poly(phenylene vinylene) (CN–PPV) (72) (Fig. 11). A 
polymer thin film is formed through spin casting from the polymer solution. Guo 
et al. discovered that photoinduced charge transfer occurs between the two polymers 
[61]. They found low device efficiency at 0.9%, and further improved efficiency in 
consequent bilayer devices. The low efficiency of the device (observed as 2.0 eV) 
was due to the high electrical band gap. Higher electrical band gap polymers were 
capable of absorbing a wide range of the solar spectrum. For example, the polymer 
poly(heteroarylene-vinylene) showed threefold higher power conversion efficiency 
with higher short-circuit current. The manageable solar cell efficiency value was 
calculated as 0.6% [62]. The indacenodithiophene–benzothiadiazole based polymer 
solar cell showed a greater short-circuit value (9.85 mA cm−2) due to the high hole 
mobility and wide photo-electronic response. A good power conversion efficiency of 
4.52% was attained by the polymer and  PC71BM composite [63].

2.7.5  Sensors Based on Conjugated Polymers

A device that observes a signal in the presence of an external substance (i.e., ana-
lyte) is called as a sensor. That signal generally depends upon the quantity, magni-
tude, and strength of the analyte. Generally, the ideal sensor consists of an active 
layer for detecting the analyte molecules and generates a signal from the transducer 

Fig. 12  Schematic representation of the basic sensor system
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(Fig. 12). Signal behavior and intensity depend on the surface of active layer and the 
nature of the analyte. The absorbed signals may be optical or electronic properties of 
the receptor (active layer). The ideal sensor is a cost-effective, convenient, foolproof 
device that responds with great and rapid selectivity to a peculiar target biological or 
chemical material (analyte). Sensor active layers have been achieved by conjugated 
conducting polymers such as polythiophene, polypyrroles, polyanilines and their 
derivatives. In recent years, traditional sensors (metal oxide) have been replaced 
by conjugated polymer-based sensors due to their enhanced characteristics such as 
immediate response time and better sensitivity at ambient temperature.

In the past 20 years, conjugated polymers have been researched by many scien-
tists worldwide and applied in numerous organic electronic devices [64]. Conjugated 
polymers have excellent sensor properties and display high sensitivity in chemical 
and biological target molecules. Chemical sensors based on conjugated polymers 
provide benefit because spectral changes such as absorption and fluorescence shifts 
are caused by conformational changes in polymer backbone upon interacting with 
particular ions. The selectivity and sensitivity of conjugated polymers is related to 
the intrinsic molecular structure of the polymer backbone, which in turn is depend-
ent on the side chains. For example, Huang’s group determined how the side chain 
properties of cationic conjugated polymers had a significant impact on their com-
plex arrangement with DNA [65]. In 2011, a monopyridyl-based conjugated poly-
mer was used successfully to sense silver cation [66].

Fig. 13  a Reaction of ammonia with polyanilines (PANI). b Spin-coated PANI film deposited on the 
interdigitated platinum electrode, above (green) and below (purple) is exposure to  NH3 with respect to 
resistance changes
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2.7.6  Gas Sensors

Among conjugated polymers, polyanilines (PANI) are an extremely important class 
of sensors due to reversible doping or undoping through protonation or deprotona-
tion. Notable responses in optical and electrochemical properties are observed after 
exposure of PANI to gases like ammonia, carbon dioxide, nitrogen dioxide or acidic 
solutions. For example, dodecylbenzene sulfonic acid (DBSA)-doped polyaniline 
(active layer) senses ammonia gas through its DBSA undoping. Therefore, the resist-
ance of preliminary doped PANI film is higher than ammonia-induced undoping 
(Fig. 13). Moreover, the level of ammonia doping also displays changes in optical 
properties; the green color of the polymer film changes markedly to a purple color 
through its absorption spectrum variation. Compared to traditional inorganic mate-
rials, conjugated polymers exhibit enormous advantages, such as tunable electrical 
properties, optical properties, solution processability, room temperature operation, 
molecule structure flexibility, high sensitivity, low density, stable performance, good 
selectivity, rapid response, and recovery.

Diketopyrrolopyrrole (DPP) acceptor based conjugated conductive polymer (73) 
(Fig. 14) includes difluoro phenylene dithiophene and thiophene as donors for the 
active layer of organic field-effect transistors. The synthesized polymer can success-
fully sense ammonia gas. It exhibits high sensitivity towards 1000 ppm of ammonia 
gas by a reliable and gradual negative shift in the transfer curve [67].

Fig. 14  Structure of ammonia 
gas sensing diketopyrrolopyr-
role-(DPP)-based polymer

.

73

Fig. 15  Schematic representation of a bio-sensing system
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2.7.7  Biosensors

Conjugated polymers have also been significant and well recognized in the sens-
ing of biological compounds. A schematic representation of a bio-sensing system 
is shown in Fig. 15. Conjugated polymers can make the conjugation with biological 
molecules due to their bioactivity or biological significance. The conjugated poly-
mers and their blends have developed as capable candidates for high-performance 
biosensing applications, such as the quantitative detection of substrates like glucose, 
triglyceride, hydrogen peroxide, cholesterol, DNA, urea, gonorrhea and other spe-
cies. Present, many biomaterials, including DNA, RNA, enzymes, antibodies, anti-
gens, amino acids, proteins, and enzymes have been incorporated into conjugated 
polymer matrices to generate biologically active systems. Hybrid systems (HYBs) 
consisting of biological molecules have been used as sensors and actuators. The dif-
ferent enzymes have been attached directly or included in the conjugated system as 
dopants. Enzyme activity is dependent mainly upon the potential value of the con-
ducting polymer, which can be applied to modulate enzyme activity [68]. Interest-
ingly, an electronic tongue consists of six types of sensing units such as stearic acid, 
polypyrrole, a PANI oligomer, and a mixture of polypyrrole and PANI, has been 
developed; such sensing systems can distinguish between bitter, sweet, salt, bitter 
and acidic nature using an electrical impedance measurement [69].

The benzothiadiazole based polymer (74) is a convenient sensor for the glu-
cose oxidase enzyme due to the high electron affinity of the benzothiadiazole unit 
(Fig. 16). The oxygen level is decreased after the enzymatic reaction of glucose oxi-
dase, which is a monitor at − 0.7 V vs Ag/AgCl (3.0 M KCl). The biosensor is char-
acterized by numerous parameters such as kinetic parameters, storage and opera-
tional stability [70].

2.7.8  Metal Ion Sensing of Conjugated Polymer

A chemosensor is a chemical sensors sensing particular analyte molecules. Each 
unique molecule acts as a one chemical sensor device. The chemosensor molecule 
may detect one or more elements. Occasionally, one component of the molecule can 
sense two or many elements. Fluorescence is an optical property of a molecule, and 
is defined as the relaxation of an electron from a higher energy state to the ground 
state. Changes in the fluorescence signal are generally called fluorescence chem-
osensors. Recently fluorescent chemosensors have attracted interest in different 
areas due to their ease of measurement, high sensitivity, and selectivity. Fluorescent 

Fig. 16  Structure of glucose 
oxidase enzyme sensed benzo-
thiadiazole-based polymer

74
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chemosensors are generally built from up to three components: a receptor, fluoro-
phore, and spacer. Of these, the spacer is not responsible for fluorescent signal trans-
duction. In the readout process, the signal may show the changes in fluorescence 
intensity or emission wavelength. The main advantage of the fluorescent chemosen-
sor is rapid signal observation, which allows real-space and real-time detection of an 
analyte.

The triphenylamine and fluorene-based conjugated polymer (75) is synthesized 
through a Suzuki coupling reaction (Fig.  17). Fluorescence intensity is markedly 
decreased by the introduction of I−. The visual apparent color changes from color-
less to light yellow. The detection limit of I− is calculated as 2.9 × 10−7 M. Surpris-
ingly, the fluorescence emission of polymer/I− complex was regained rapidly with 
the presence of  Hg2+. This type of sensor is known as a dual channel sensor. The 
detection limit of  Hg2+ is 2.4 × 10−7 M obtained by polymer/I− complex [71].

2.7.9  Mechanism of Analyte Detection

Fluorescent sensing consists of two main types of mechanism:

1. Photoinduced electron transfer (PET)

Fig. 17  Structure of  Hg2+/I− 
sensed triphenylamine-based 
conjugated polymer

75

Fig. 18  Energy diagram of fluorescence “turn-on” process of photoinduced electron transfer before and 
after cation binding
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2. Electron energy transfer (EET).

These two mechanisms have been used widely and extensively in designing che-
mosensors. Fluorescence intensity is altered by both these mechanisms.

2.7.10  Photo‑Induced Electron Transfer

There are two categories of photoinduced electron transfer mechanism. One is flu-
orescence “turn-on” property; the second is fluorescence “turn-off” property upon 
binding cation. The receptors of fluorescence “turn-on” sensors contain a nonbond-
ing and high energy electron pair. These electrons quench the fluorophore in the 
absence of analyte through a rapid intramolecular electron transition between the 
receptor and excited fluorophore (Fig. 18).

The HOMO level of the receptor is lowered due to the coordination between the 
electron pair and Lewis acid cations in the presence of a solvent. This causes a lower 
HOMO level and mobilizes the photoinduced electron transfer process, which effec-
tively turns on the fluorescence.

Sometimes, the receptor may also be involved diffusely in a photophysical pro-
cess. In this process, the LUMO energy level of the cation lies between the HOMO 
and LUMO energy levels of the fluorophore. The nonradiative process is raised 
when the cation binds to the receptor. The resulting fluorescence is changed to turn-
off after sensing, as shown in Fig. 19.

In both mechanisms, the photoinduced electron transfer process takes place either 
before or after cation binding. In a fluorescence “turn-on” sensor, the PET process 
is determined by the HOMO / LUMO level of the fluorophore and the HOMO level 
of the receptor before cation binding. In a fluorescence “turn-off” process, the PET 
process affects the HOMO / LUMO level of the fluorophore and the LUMO level of 
the cation following complex formation.

Fig. 19  Energy diagram of fluorescence “turn-off” process of photoinduced electron transfer before and 
after cation binding
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2.7.11  Electron Energy Transfer

An electron energy transfer process occurs in an excited state alternative to the 
ground state. This is also a different fluorescence quenching mechanism upon cation 
binding. There are two types of electron energy transfer mechanism:

(1) Double electron exchange energy transfer (Dexter).
(2) Dipole–dipole coupling energy transfer.

Of the two, the Dexter energy transfer arises between fluorophore and the cation 
system, as shown in Fig. 20. In this system, the fluorophore reached its ground state 
energy level through a non-radiative decay path. Mainly, the Dexter energy trans-
fer is needed to have convenient contact between the cation and fluorophore with 
shortest orbital overlap. This kind of fluorescence quenching process requires a suit-
able energy level between the fluorophore and the cation. A spacer is also required 
to maintain a short distance and flexibility between the donor and acceptor of the 
fluorophore.

Conjugated polymers are exhibit fluorescence due to their conjugation, and that 
fluorescence depends on the direct response to various metal ions. So, conjugated 
polymers can be used precisely as fluorescent sensors. The sensitivity and unique 
properties of fluorescent conjugated polymers afford new hopes for sensory system 
evolution. Some conjugated fluorescent sensors showed conformational changes 
in the polymer backbone due to interaction with the analyte. For example, poly[3-
oligo(oxyethylene)-4-methylthophene] exhibits fluorescence changes after interac-
tion with alkali metals, and the fluorescence response is dependent upon the alkali 
metal concentration [72].

2.7.12  Fluorescence “Turn‑Off” Conjugated Polymers

Environmental pollution has developed as a major problem due to hasty industri-
alization and urbanization. Many chemical industries, such as battery manufactur-
ing, electroplating, tanning, mining, textile manufacturing, automotive, fertilizer 
manufacturing, coal industries, release different concentrations of heavy metals like 
copper, cadmium, nickel, silver, lead, etc. The Environmental Protection Agency 

Fig. 20  Orbital energy diagram of double-electron exchange energy transfer (Dexter) mechanism among 
the excited fluorophore and cation
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declared 13 transition metals to be causing more pollution. These metal ions are per-
sistent in the environment and non-degradable. Heavy metal ion toxicity is known 
to cause severe health problems, like allergies, premenstrual syndrome, anemia, 
anorexia, Parkinson’s disease, depression, migraine and many others. So, due to 
their low cost, rapid detection, selectivity, and sensitivity, there is great demand for 
improvement of fluorescence-based conjugated polymer sensors for metal cations. 
Among organic ligands, pyridyl ligands (Lewis bases) can coordinate with a greater 
number of transition metal ions. For example, different oligopyridine groups and 

Fig. 21  Structures of the different oligo-pyridine groups and poly[p-(phenyleneethynylene)-alt-
(thienylene ethynylene)] polymer

81                      82                                                                 83

Fig. 22  Synthetic route of polymer 83 
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poly[p-(phenylene ethynylene)-alt-(thienylene ethynylene)] polymer (76) acts as a 
transition metal receptor [73] as shown in Fig. 21.

This combination of polymer and pyridine ligands (78–80) exhibits a highly lumi-
nescence nature due to strong conjugation. The Lewis base (pyridine multi-dentate) 
together with polyarylene ethynylene acts as an excellent chemosensor for highly 
toxic transition metals. Among all pyridine ligands, tolylterpyridine (79) ligand 
based polymer showed maximum fluorescence quenching and sensitivity towards 
metal cations. This is due to the greater distance between receptor (79) and polymer 
backbone, which may develop energy transfer and improve cation quenching sensi-
tivity and selectivity [69].

Polymer 83 was cross-coupled from the monomers of 1,4-diethynyl-2,5-di-
dodecyloxybenzene (81) and aryl halide (82) in the presence of Pd-catalyst 
(Fig. 22). The long dodecyloxy chains of the compound improve the solubility of 
the polymer. The tolylterpyridine ligand-receptor was inserted into the thiophene 
moiety by the Horner-Wittig-Emmons reaction [74]. Due to the different chelat-
ing nature of terpyridine with various transition metals, the synthesized poly-
mer displayed excellent selectivity towards different metal cations such as  Cd2+, 
 Cr6+,  Mn2+, and  Ni2+. Polymer (83) and metal concentration were maintained at 
3.08  µm and 1.54  µm, respectively. Polymer 83 successfully quenched the 29% 
fluorescence intensity of  Ni2+, 79.6% fluorescence intensity of  Cd2+, and quench-
ing was not recognized in the presence of remaining metal cations such as  Ca2+, 
 Pb2+,  Na2+ and  Hg2+.

Stern-Volmer analysis was used to recognize the quenching nature of polymer 
83. Different types of molecular interactions can be observe in quenching. The 
collisional interaction among the quencher and fluorophore is called dynamic 
or collisional quenching. Collisional quenching can be characterized by the 
Stern–Volmer equation.

where, I0= primary fluorescence emission intensity in the absence of quench-
ers; I = fluorescence intensity; Kq = rate constant of collisional quenching; 

I0

I
=

�0

�

= 1 + kq�0[Q]

 

84                                                     85 

Fig. 23  Structures of fluorescence turn-off based conjugated polymers
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τ0 = fluorophore lifetime in the absence of quencher; τ = fluorescence lifetime in the 
presence of quencher; [Q] = concentration solution of quencher.

Quenching takes place between quencher and fluorophore, which results in a 
non-fluorescence complex—this is called static quenching. In this type of quench-
ing, fluorescence intensity is reduced and explored by the following Stern–Volmer 
equation.

where, I0 = original fluorescence intensity of polymer; I = final fluorescence inten-
sity of polymer after metal binding; KSV = Stern-Volmer quenching constant; 
[Q] = quencher (metal ion).

The Stern-Volmer quenching constant of 83 + Ni2+ was calculated as 
5.0 × 10−6 M. The results suggesting that static quenching is mainly raised as a com-
plexation process rather than as dynamic quenching. Among  Co2+,  Cr6+,  Cu2+,  Fe2+, 
 Zn2+,  Ni2+, and  Mn2+ metal ions,  Ni2+ showed a capable response with polymer 83.

The 2,3-di(pyridine-2yl)quinoxaline and fluorene-based conjugated polymer (84) 
was synthesized via the Sonogashira coupling reaction (Fig.  23). The synthesized 
polymer has high selectivity and sensitivity towards silver ion. The visual green 
color is changed to brown-red color and green fluorescence intensity is quenched 
by 85%. The detection limit of  Ag+ is 5 × 10−7 mol L−1, which is an adequately low 
detection limit at a sub-millimolar concentration [75].

Water-soluble thiophene and hydrazide based polymer (85) acts as an excellent 
sensing probe for  Cu2+ and  Hg2+ in water media (Fig. 23). The fluorescence inten-
sity of 85 is decreased upon addition of  Cu2+ and  Hg2+ ions due to complex forma-
tion. Other metal cations did not cause serious fluorescence emission changes. After 
binding with  Cu2+ and  Hg2+ ions, the yellow color fluorescence of the polymer is 
completely quenched. The detection limits for  Cu2+ and  Hg2+ were calculated to be 
2.0 × 10−10 M and 2.0 × 10−9 M, respectively.

2.7.13  Fluorescence “Turn‑On” Conjugated Polymers

The fluorescence quenching (turn-off) process has been widely reported in the lit-
erature, but there are few reports on fluorescence turn-on process towards metal 
cations. Turn-on fluorescence sensors have the enormous advantage of ease of meas-
urment at low concentration with a dark background. Fluorescent polymers with 
“turn-on” capability are due to photoinduced electron transfer [76]. For example, 

I0

I
= 1 + KSV[Q]

Fig. 24  Structure of fluores-
cence turn-on poly[p-(phenylene 
ethylene)-alt-(thienylene ethy-
nylene)] (fluorophore) (PPETE) 
based conjugated polymer

86
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poly[p-(phenylene ethylene)-alt-(thienylene ethynylene)] (fluorophore) (PPETE) 
(86) (Fig. 24) and various amino groups (receptors) act as a fluorescence “turn-on” 
polymers. These polymers are synthesized through the palladium-based cross-cou-
pling reaction [77].

Among both polymers, 86b exhibited various fluorescence “turn-on” properties 
in the presence of a greater number of cations. Polymer 86a displayed a partial fluo-
rescence “turn-on” effect with metal cations. The different nature of these two con-
jugated polymers could be due to two effects: (1) the photoinduced electron transfer 

88

89

Fig. 25  Structures of various fluorescence turn-on based conjugated polymers
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due to amino groups, which have different energy levels before cation binding; (2) 
the greater equilibrium constant for cation binding, which could also be the reason 
for the increased fluorescence-enhancing nature of polymer 86b. Among all transi-
tion metals,  Ca2+,  Zn2+, and  Hg2+ show extra fluorescence intensity changes. The 
fluorescence enhancement of three metal ions is saturated at an early stage (~ 5 µM) 
when the receptor concentration is close to the cation concentration. For 86b, the 
selectivity and sensitivity nature of  Ca2+,  Zn2+, and  Hg2+ ions have been investi-
gated intensively and systematically [77]. The polymer in tetrahydrofuran is treated 
with several metal ions, such as  Li+,  Na+,  K+,  Mg2+,  Mn2+,  Fe2+,  Co2+,  Ni2+,  Cu2+, 
and  Cd2+, in addition to  Ca2+,  Zn2+, and  Hg2+ ions. Most cations increased the fluo-
rescence intensity of 86b.

Another example is triphenylamine and the sulfur-containing (thiophene, ben-
zothiadiazole) red-emitting conjugated polymer (87), which acts as an excellent 
optical probe for the detection of  I− and  Hg2+ ions (Fig.  25) [78]. The fluores-
cent nature of the polymer is drastically quenched by I− addition and the visual 
color of the polymer solution is changed from pale pink to yellow accordingly. 
The color change of polymer solution is clearly observed by the naked eye, so it 
is called a colorimetric probe. The iodine detecting polymer solution was estab-
lished by competing experiments toward different anions with a detection limit of 
2.3 × 10−7 M. Absorption and fluorescence curves of 87/I− were regained quickly 
with the addition of  Hg2+ ions, due to the strong affinity between  Hg2+ and I−. 
The detection limit of  Hg2+ ions was calculated as 1.1 × 10−7 M from 87/I−. The 
entire experiment suggests that synthesized polymer 87 can act as a dual sensor, 
and is a highly selective and sensitive probe for I− and  Hg2+ ions.

Polymer 88 has good selectivity and sensitivity towards  Hg2+ ions with nota-
ble “turn-on” fluorescence (Fig.  25). The polymer has a weak fluorescence in 
DMSO solution due to photoinduced electron transfer from electron-donating 
groups (OH,  NH2) to electron-withdrawing groups. When introducing different 
metal ions into the polymer solution, an obvious fluorescence enhancement was 
observed only in the presence of Hg(II) ions. The blue color emission of polymer 
88 is changed to red in the presence of Hg(II) ions. The fluorescence intensity of 
the polymer solution is gradually increased with the addition of Hg(II) ions from 
1.0 × 10−6 M to 1.0 × 10−4 M. The binding constant of the polymer with Hg(II) 
ions was calculated to be 2.75 × 105 M−1. The result of thermogravimetric analy-
sis revealed that the polymer exhibited good thermal stability (Td, 228 °C) [79].

The phenylthiazole based conjugated polymer (89) is highly selective and sen-
sitive for inorganic  Hg2+ and I− salts (Fig. 25). The synthesized polymer exhib-
its a “turn-off–turn-on” response against I− and  Hg2+ ions in seafood samples. 
The blue color fluorescence of the polymer is quenched by I− and reappears in 
the presence  Hg2+ ions. A colorimetric response is also observed with the poly-
mer. The colorless solution changes to yellow after the addition of I− salts, which 
becomes colorless upon addition of  Hg2+ ions. The detection limit of  Hg2+ is cal-
culated to be 1.86 nM [80].
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3  Conclusion

In this review, we have outlined the background studies, synthesis, properties and 
applications of some of the key conducting organic polymers that have become 
significant in recent years. The described optoelectronic properties of conjugated 
polymers are essential to the understanding of the fundamental electronic struc-
ture of these materials. Key optoelectronic factors, such as absorption, emission, 
solubility, thermal stability, HOMO/LUMO values and energy band gap values, 
have been discussed with representative examples. Further, choice of donor and 
acceptor counterparts of polymer also plays significant role for low band gap and 
solar cell efficiency improvement. Although selection of donor/acceptor combi-
nation and altering of band gap conductivity is still currently ‘state of the art,’ 
most rules of thumb have been pointed out. Several conjugated polymeric sen-
sory systems for metal cation and anion detection have been discussed in this 
review. These discussions about sensor systems help us further understand the 
energy migration and sensing mechanism along these polymer backbones. This 
research influences sensing behavior and may be helpful for the future design of 
new classes of chemosensors, as well as for fundamental studies of the electronic 
properties of semiconducting polymers in confined dimensionalities with attrac-
tive applications in the field of optoelectronics.
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