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Abstract The chemical modification of p-conjugated materials offers a wide range
of possibilities to design and tailor the structural properties such as conjugation
length, molecule-to-molecule interaction, molecular weight, and band gap. This
ability to design and integrate materials showing controlled optical and electronic
properties is significant for fabricating novel optoelectronic devices such as light
emitting diode (LEDs) and solar cells. Conjugated polymer based solar cells
(CPSCs), reflect high potential for commercialization as they can be designed to
emit desirable electroluminescence, along with ease of fabrication, low production
costs as well as low environmental impact. The present chapter focuses on some
conjugated polymers used for the preparation of light emitting diodes (CPLEDs)
and Organic Solar Cells with special emphasis on poly(phenylenevinylene)s,
polyfluorenes, polycarbazoles and poly(thiophene)s.

1 Introduction

Optoelectronic properties of p-conjugated polymers such as polyaniline (PANI),
polypyrrole (PPy), poly(thiophene) (PTh) and their numerous derivatives have been
extensively explored as the band gap of these polymers can be easily tuned to
design a wide range of solar cells/light emitting diodes (LEDs) [1–5]. Moreover,
these amazing organic molecules exhibit electroluminescence and photolumines-
cence when stimulated by light of suitable wavelength. Due to economic advan-
tages over many other device fabrication techniques, conjugated polymers find
potential application in designing/fabricating solar cells and LEDs [6–10].
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Conjugated polymers are generally prepared by chemical/electrochemical
polymerization techniques which are initiated by oxidation of the monomer fol-
lowed by propagation through coupling of two radical cations leading to the for-
mation of polymers in oxidized state [11–15]. The electrical conductivity in these
polymers can be increased to several orders of magnitude by altering their band gap
and doping is one such technique [16–20]. Conducting polymers exhibit absorption
in the visible spectrum which is generally associated with p-p* transitions [21, 22].
The p-conjugated systems are generally formed by the overlap of pz orbitals of
carbon. In nitrogen containing conjugated polymers, the pz orbitals of nitrogen also
participate in conjugation. The combination of the electron donating/withdrawing
substituents are therefore the deciding factors for the semiconducting properties of
these polymers and by changing the bond alteration via the introduction of
donor/acceptor functional groups, the band gap can be narrowed/widened [23, 24].

Light in these polymers is generated by the fast decay of excited molecular states,
producing color which depends on the energy difference between the excited states
and the molecular ground level. As most of the organic conjugated polymers possess
low electron affinity, they exhibit hole-transporting properties [25, 26]. The electron
affinity of such polymers corresponds to the lowest unoccupied molecular orbital
(LUMO) while the ionization potential corresponds to the highest occupied molec-
ular orbital (HOMO), Fig. 1. The ionization potential in these polymers generally lies
between 2–3 eV and can be suitably altered by using various functional groups. Most
of the conjugated polymer form films that are amorphous and the impurities formed
during the synthesis lead to the creation of inner gap states.

2 Fabrication of Polymer Light Emitting Diode (PLEDs)
Based on Conjugated Polymers

PLED device can be fabricated by two ways: single layer and multi-layer structures.
The former depends on highly emittingmaterial for effective injection and transport of
electrons and holes (the majority charge carrier) and also cause the radiative decay of
excited molecular states to ground state [27, 28]. The simple technique of fabrication

Fig. 1 Formation of HOMO and LUMO in conjugated polymers
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of a polymer based light emitting diode consists of an electroluminescent conjugated
polymer and two electrodes. One of the electrodes must be transparent to allow
transmission of light during electroluminescence effect and is usually referred to the
hole injecting electrode (ITO). Doped conjugated polymers having a high work
function (/) are also used as hole injecting electrodes while the electron injecting
electrode is made up of a lowwork function material, Fig. 2. Opposite charge carriers
are injected into the conjugated polymer from anode to cathode. Holes are ejected
from the valence band (p) (HOMO level) whereas electrons are introduced in the
conduction band (p*) (LUMO level) of the conjugated polymer. There exist barriers
on both electrodes for the injection of electrons as well as holes, i.e.,DEh andDEe and
the barrier for electron injection is higher than the barrier for hole injection. The
singlet or triplet states are created by the injected opposite charge carriers and the
singlet state radiatively decays to give light. conjugated polymers have either holes or
electrons as majority charge carriers [29, 30]. In single layer PLED devices, the
electroluminescence takes place in the vicinity of the cathode due to higher mobility
of holes in the conjugated polymers which lowers the luminescence efficiency due to
non-radiative recombination process. However, it is difficult to balance the injection
as well as transport of two charges in a single-material matrix over a specified voltage
range and the imbalance between the charges leads to an increase in the voltage
causing loss of luminance efficiency. This can be prevented by the addition of an
electron transporting layer via the formation of a two-layer device which separates the
cathode from the electroluminescent polymer layer [31–35].

3 Synthesis of Conjugated Polymers

Conjugated polymers are synthesized using various organic polymeric reactions to
obtain desired chemical structures. Some of these reactions are discussed in the
proceeding section.

Fig. 2 Mechanism of charge
generation by conjugated
polymers in PLED.
Reproduced with permission
from Elsevier, A. Pron,
P. Rannou, Processible
conjugated polymers: from
organic semiconductors to
organic metals and
superconductors, Prog.
Polym. Sci., 27(1), 2002,
135–190
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3.1 Dehydrohalogenation Reactions

These reactions are carried out in presence of strong bases such as such as potas-
sium tert-butoxide, sodium hydride [36]. Dehydrohalogenation has been used to
synthesize unsubstituted polyphenylenevinylene (PPV) using dichloroxylene/
sodium hydride and DMF solvent, Fig. 3.

Glich polymerization is a dehydrohalogenation reaction which has been widely
adopted to synthesize alkyl/alkoxy substituted PPV derivatives [37]. The reaction is
a two-step process and is reported to proceed through the formation of quin-
odimethane intermediate which is generated by radical/living chain anionic poly-
merization, Fig. 4.
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The molecular weight of the polymer can be controlled by optimizing the
reaction parameters such as temperature, time, solvent, concentration of the
monomer, and amount of base. It has been widely used for the synthesis of
homopolymers and copolymers of PPV.

3.2 Precursor Route Polymerization

This polymerization strategy is extensively used for the synthesis of PPV and its
substituted derivatives. Wessling and Zimmerman [38] developed a method for the
synthesis of PPV via thermo-conversion of sulfonium intermediate (prepolymer)
into PPV to yield its film. In the Wessling precursor route 1,4-xylylene-bis-(dialkyl
sulfonium)-dichloride is used which upon elimination of tetrahydrothiophene and
HCl yields PPV polymer, Fig. 5. The thermo-conversion mechanism yields
pin-hole free thin films of conjugated polymers applicable for PLED fabrication.
The thermo-conversion temperatures can be lowered to as low as 100 °C using
bromide derivatives which can help in the fabrication of flexible PLED devices.

In the halo-precursor route, p-xylylene dichloride is used to obtain a halo pre-
cursor which upon elimination of HCl at 250 °C produces either PPV or its
derivative. Tetrahydrothiophene salts are generally preferred due to low tempera-
ture stability of the prepolymer and also due to ease of conversion to PPV.

3.3 Transition Metal Catalyzed Coupling Reactions

This technique is generally adopted for the synthesis of heterocycles possessing
strongly electron-withdrawing groups which generally tend to increase the reaction
rate and product yield.
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Fig. 5 Wessling Zimmerman Reaction for the synthesis of PPV
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3.3.1 Kumada Coupling Reaction

This is a cross-coupling reaction, that is utilized for producing C=C bonds via the
reaction of Grignard reagents with functional groups such as with alkyl, vinyl or
aryl in presence of tetrahydrofuran (THF). Poly(3-alkyl thiophenes) have been
synthesized by this reaction, Fig. 6 [39].

3.3.2 McCullough Coupling Reaction

McCullough method has been widely adopted to synthesize poly(3-alkylthiophene).
In this method, 2-bromo-3-alkylthiophene is treated with lithium diisopropylamide
(LDA) at −40 °C to form 2-bromo-3-alkyl-5-lithiothiophene which is converted into
a Grignard reagent by reacting with MgBr2�(OEt2) to yield 2-bromo-5-(magnesio-
bromo)-3-alkylthiophene, Fig. 7. Ni(dppp)Cl2 catalyzed cross coupling of
2-bromo-5-(magnesiobromo)-3-alkylthiophene is then done to produce poly
(3-alkylthiophene) [39, 40]. In the Grignard metathesis polymerization,
2,5-dibromo-3-alkythiophene monomer is used and is reacted with Grignard reagent
to give 2-bromo-5-(magnesiobromo)-3-alkylthiophene followed by cross-coupling
reaction in the presence of nickel catalyst to produce poly(3-alkylthiophene).

3.3.3 Suzuki Coupling Reaction

This is a Pd catalyzed coupling reaction in which organic halides are reacted with
boronic acids to form aryl derivatives of poly(para-phenylenes), polyfluorenes,
Fig. 8 [40].

3.3.4 Heck Coupling

This coupling reaction of Pd mediated olefin arylation is the reaction between an
organic halide with a vinylbenzene derivative that produces carbon-carbon double
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Fig. 6 Synthesis of alkylated thiophenes via Kumada coupling reaction
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bond, with trans-selectivity. It is generally preferred for the preparation of PPV
related block copolymers, Fig. 9 [41].

3.4 Condensation Polymerizations

Condensation polymerization reactions are also utilized to develop light emitting
conjugated polymers which are classified as given below.

3.4.1 Wittig Reaction

Wittig polycondensation route has been widely used for the preparation of alter-
nating copolymers in which carbonyl compounds such as aldehyde and ketone are
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Fig. 7 Synthesis of alkylated thiophenes via McCullough coupling reaction

Fig. 8 Synthesis of PF via Suzuki coupling reaction

Fig. 9 Synthesis of PPV derivative via Heck reaction
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reacted with phosphonium salts of conjugated monomers in presence of base such
as KOBu, Fig. 10 [42, 43].

3.4.2 Knoevenagel Condensation Polymerization

This reaction takes place between aldehyde groups with active methylene species
and requires strong electron withdrawing substituent groups such as cyano group
[43, 44]. Employing Knoevenagel condensation, numerous PPV related homo and
copolymers with CN containing vinylene units have been reported which are pre-
pared using monomers such as 1,5-bis(hexyloxy)-2,6-naphthalenediacetonitrile and
1,5-bis(hexyloxy)-2,6-naphthalenedicarbaldehyde in the presence of a strong base
is shown in Fig. 11.

3.4.3 Horner-Emmons Condensation Polymerization

Horner-Emmons condensation consists of substituted phosphonate ester reacted
with terephthaldehyde in presence of potassium tert-butoxide to produce alternating
copolymer, Fig. 12 [45].
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Fig. 10 Synthesis of poly(m-phenylenevinylene) derivative via Wittig reaction
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4 Common Conjugated Polymers Used in PLEDs

Many conjugated polymers are used in PLEDs such as poly(phenylenevinylene)
(PPV) [46] and its derivatives [47], poly(carbazole) and its modified derivatives
[48], polyfluorenes [49], polyphenylenes [50], poly(phenylene ethynylenes) [51],
and polyalkylthiophenes [52]. For most electroluminescent polymers, Calcium
provides an effective polymer-metal junction and effectively injects electrons into
the conjugated polymer. As internal electric field in a conjugated polymer is lower
than that of a semiconductor, it slows down the migration of ions from the ITO to
the hole transporting layer. Hence by varying the choice of metal (showing high
work function), enhancement of drive voltage and device efficiency are observed.
This observation substantiates the tunneling model for cathodic charge injection
through the Schottky barrier [53–56].

4.1 Polyfluorene and Its Derivatives

Polyfluorenes are polymers with C6 or higher substituents at C9 position which are
soluble in conventional organic solvents and are strong blue emitters when excited
with UV irradiation [57]. Copolymers consisting of 9,9-dialkylfluorene and various
aromatic amines have been investigated [58, 59]. The hole mobility of amine
copolymers are quite high and therefore the preparation and properties of alter-
nating copolymers of fluorine with various monomers such as thiophene, bithio-
phene, triarylamine, etc. have been extensively explored [60–65]. It has been
reported that cyano-stilbene based copolymers emit green light, while bithiophene
based fluorene copolymers emitted yellow light. Thus, the choice of comonomer
can be used as an effective tool to design and optimize polymers with well-balanced
hole-electron-transport characteristics, Fig. 13 [66].
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Fig. 12 Synthesis of MEH-PPV via Horner-Emmons condensation polymerization
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4.2 Polyphenylene (PPP) and Its Derivatives

Poly(p-phenylene) (PPP) is a widely explored conjugated polymer in the field of
PLED materials, Fig. 14 [67]. The presence of large band gap in the polymer reveals
its blue emission characteristics. PPPs are insoluble and intractable in nature and
therefore researchers have explored routes to synthesize soluble PPP films and a
variety of PPP precursor routes have been discussed in literature [68]. PPP precursor
routes involve the thermal elimination such as the elimination of two equivalents of
acetic acid (per monomer unit) from poly-1,4-(5,6-diaceto-2,3-cyclohexene). This

.

CH3CH3

R

R = 

C3 CH 3

N
H

S S N

N,N-diphenylaniline

1,1'-{1,4-phenylenedi[(E)ethene-2,1-diyl]}dibenzene

2,2'-bithiophene

2,2'-dimethyl-1,1'-biphe
nyl

9H-carbazole

Si
C8H17

H17C8

N

S

O

N

NO

S
CH3

CH3

 polyfluorene containing (2,7-dibenzosilole) 
unit 

C8H17
H17C8

N

S

CN
CN

polyfluorene containing malononitrile

Ge
C8H17

H17C8

S
N

S+

N

S

Germanium based polyfluorene

n

n

n

n

n

n

n

n
n

H

Fig. 13 Various derivatives of polyfluorene

Fig. 14 Strucutre of poly
(phenylene)

356 U. Riaz and S.M. Ashraf



enables aromatization of the polymer chain rings and formation of PPP structure
[68, 69]. As the reactions require relatively high temperatures, reduction of
molecular weight takes place. Therefore, limited success has been achieved in the
precursor approach to synthesize PPP and more interest has been focused on the
preparation and characterization of PPPs bearing alkyl, alkoxy, and aryl units
[70–75]. Polymerization reaction in these derivatives has been carried out via
aryl/Suzuki coupling approaches. High molecular weights have been achieved
which are good enough to cast films, and blue-emitting diodes having reasonable
efficiencies have been formulated [74, 75].

Schlüter and Wegner [76] have formulated PPP derivatives with alkyl side
chains through transition-metal-catalyzed polycondensations, Suzuki coupling of
arylboronic acids and bromoarenes while Yamammoto [77] reported
nickel-catalyzed coupling of substituted dihalobenzenes, hydroquinone bistriflates,
and bis(mesylates) [78–80]. The inclusion of solubilizing side groups on the PPP
backbone suffers from a major drawback that the additional substituents consid-
erably twist the substituted phenylene rings out of plane causing a decrease in the
interaction of the aromatic p-electron system accompanied by a drop in fluores-
cence quantum yield. The twist cannot occur if the PPP backbone is planarized by
transforming it into a ladder polymer. Scherf and Müllen [81] synthesized regular
ladder-type polymers derived through a two-step route in which a soluble poly
(p-phenylene) was prepared by Suzuki aryl-aryl coupling of monomers. The ladder
formation occurred with high regularity, with no defects such as cross-linking or
incomplete cyclization. The molar masses of soluble, ladder-type poly
(p-phenylene)s (LPPPs) were reported to be high. The phenylene rings in the ladder
polymers are highly planar and the homopolymer shows a broad emission between
650 and 450 nm in the solid state, in contrast to the polymers sharp fluorescence
emission around 450 nm in solution. The large Stokes shift (yellow emission) is
especially enhanced after annealing, and has been attributed to the formation of
excimers owing to interchain interactions and p-stacking between the planarized
conjugated segments. The mechanism of generation of an intra-chain polaron-
exciton involves coupling between electron and vibrational excitations as each
inserted charge causes strong geometric distortion of the lattice, which displays a
quinonoid-based structure. When radiant combination takes place, photons with an
energy higher than that which separates the energy levels of two polarons (or
bipolarons) are formed, which generates lattice coupling. The excited electron–hole
pair can be localized on the same molecule (Frenkel exciton) or over different
molecules (Wannier exciton) [82, 83].

4.3 Poly(Phenylene Vinylene) (PPV) and Its Derivatives

Poly(phenylene vinylene) (PPV) exhibits linear rigid-rod-like structure, with a good
tendency to form crystalline morphology, Fig. 15 [84–88]. However, due to lack of
functional groups to enhance solubility, this system is intractable and not
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processible directly from solution but shows the tendency to emit yellow light under
electrical stimulation. A variety of solvent-processable versions of PPV, and PPV
copolymers have been synthesized [89, 90]. Since solvent processability is a
desirable property for polymeric emitting systems, PPVs that can be cast as films
have been developed [90]. Solution processable PPV precursors have been syn-
thesized via thermal elimination of tetrahydrothiophene and hydrogen chloride at
temperatures between 150–300 °C via Wessling condensation route [38].

2-methoxy-5-(2¢-ethylhexyloxy) derivative (MEH-PPV) is the most investigated
derivative of PPV. The presence of alkoxy substituent have shown to impart red
emission and hence, MEH-PPV exhibits an orange electroluminescence as com-
pared to yellow-green emitted by PPV. The Wessling sulfonium reaction is gen-
erally adopted for the synthesis of the dialkoxy PPVs which involves base-initiated
dehydrohalogenation polymerization of 1,4-bis(halomethyl)-2,5-dialkoxybenzene
monomers [83, 84]. This reaction produces highly soluble and highly pure PPVs.
LED devices based on soluble PPVs have shown very good performance and have
led to considerable commercial interest in developing materials of this type. The
choice of the monomer is significant because those monomer units which cause
weak p interactions between phenyl rings, result in the production of a large band
gap. The introduction of non-conjugated sequences, which diminish the degree of
conjugation, have been used to induce a blue shift in the emission of PPV.

PLEDs based on poly(phenylene ethynylene) (PPE) have been developed via
Sonogashira coupling of diethynylbenzenes and dihalobenzenes [91–93]. Poly
(phenylene ethynylene) exhibits yellow emission (kmax = 600 nm) [94] whereas its
alkoxy derivative reveals red-orange emission [94]. A blue green emission can be
attained via the introduction of 2,5-pyridinediyl unit (kmax = 480 nm). Poly
(3,4-dialkyl-1,6-phenylene ethynylene)s reveal blue emission (kmax = 410 nm)
which can be prepared by palladium cross-coupling reaction of a
3,4-dialkyl-1,6-diiodobenzene with 3,4-dialkyl-1,6-diethynylbenzene [94]. Apart
from several other factors, steric interactions in PPEs cause twisting of the polymer
chains thereby reducing the effective conjugation length, which limits their effective
application as stable PLEDs.

Fig. 15 Chemcial structure
of poly(phenylene vinylene)
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4.4 Polythiophene and Its Derivatives

Thiophene derivatives represent a good example of how color of emission can be
varied in PLEDs by modifying the polymer structure, Fig. 15 [95–99]. Soluble poly
(3-alkylthiophene)s have been prepared by polymerization of 3-alkylthiophene
monomers in the presence of excess ferric chloride, or by nickel-catalyzed coupling
of dihalothiophenes with thiophene-bis(magnesium halide)s [100, 101].
3-alkylthiophenes homopolymers and copolymers exhibit red electroluminescence
(kmax = 640 nm) having alkyl chain lengths in the range of 6–22 carbon atoms
[102–105].

Doping these alkyl thiophenes with fluorescent dyes is reported to enhance the
device efficiency and the frequency of emission is found to be dependent on reg-
ularity of the side chains on the polymers, Fig. 16. Alkylated polythiophenes were
reported by Hadziioannou et al. [105] who found a correlation between emission
maxima and the inverse number of alkylated thiophenes between two consecutive
head-to-head coupled dyads.
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Thus, (i) showed an emission maximum at 460 nm (2.7 eV), while (ii) and
(iii) had emission maxima at 530 (2.35 eV) and 550 nm (2.25 eV), respectively.
Similarly, poly(3-hexylthiophene) revealed a blue-shift with increasing amounts of
head-to-head dyads as reported by Holdcroft and Xus, Fig. 17 [98, 99]. The blue
shifts were obtained by introducing bulky substituents and also by substitution at
both the 3rd and 4th positions of poly(3-hexylthiophene) [104–106]. The blue shifts
can be attributed to twisting of the conjugated backbone due to the presence of
bulky substituents. Greater control of emission colors requires the ability to control
polymer regioregularity. When thiophenes were polymerized using ferric chloride
as initiator, the resulting polymers showed region-randomness with head-to-tail
(2,5′-) coupling, varying from 52 to 80 % [105, 106], while coupling of oligomeric
alkylthiophenes resulted in the formation of regioregular copolymers [107, 108].
More general routes for the synthesis of regioregular (head-to-tail) poly
(3-alkylthiophene)s have been developed by McCullough et al. [108, 109] and
Rieke et al. [100–111]. They carried out nickel-catalyzed coupling of
2-halo-5-metallothiophenes. Poly(3-alkylthiophene) copolymers with side chains
containing terminal azide groups have also been synthesized revealing polarized
emission from stretch-oriented polythiophenes [111]. Oriented films of poly[3-
(10-methoxydecyl) thiophene] deposited by Langmuir ± Blodgett techniques were
reported to emit polarized electroluminescence [105–111].

5 Fabrication of Solar Cells Using Conjugated Polymers

Organic semiconductor films are generally photo-sensitive and photo-induced electron
transfer from a donor-acceptor-type moeity/functional group introduces free charge
carriers. The positive charge carriers are created on the donor layer, i.e., p-type, whereas
negative charge carriers are created on the acceptor layer, i.e., n-type. These
donor-acceptor-type bilayer devices thus work like p-n junctions, Fig. 18. The most
common representatives of hole conducting donor-type semiconducting polymers are:
derivatives of phenylene vinylene such as poly[2-methoxy-5-(3,7-dimethyloctyloxy)]-
1,4-phenylenevinylene) (MDMOPPV), poly(3-hexylthiophene) (P3HT), fluorine
derivatives such as (poly(9,9′-dioctylfluorene-co-bis-N,N′-(4-butylphenyl-1,4-
phenylenediamine) (PFB), Fig. 19. These polymer-based photovoltaic materials are
commonly solution processed at low temperatures [112–117].
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Soluble precursor polymers can also be converted into the final semiconducting
form with a post-deposition conversion reaction [118]. For the formulation of
organic solar cells spin-coating, doctor blading, as well as screen-printing methods
are generally applied as they lead to upscaling of the production with low-energy
consumption. For the fabrication of a bilayer heterojunction device, p-type and
n-type organic semiconductors are sequentially stacked on top of each other in
various combinations [119]. The excitons created within a distance of 10–20 nm
are only able to reach the interface which results in loss of absorbed photons away
from the interface leading to low quantum efficiencies [120]. Hence, the efficiency
of bilayer solar cells is limited by the generation of charges within the range of 10–
20 nm from donor-acceptor interface. The thickness of the film also plays a crucial
role and thick film affects the absorbing material, resulting in a minimum pho-
tocurrent at the maximum of optical absorption spectrum. In bulk hetero junction
devices, the donor-acceptor moieties are taken in bulk volume which creates
donor-acceptor phase separation within 10–20 nm length scale and each interface is
within a distance less than the exciton diffusion length from the absorbing site. This
increases the interfacial area between the donor and acceptor phases and results in
improved solar cell efficiency [121, 122].

In the bilayer heterojunction devices, the donor-acceptor phases are separated
from each other and can selectively contact the anode and cathode, whereas in the
bulk heterojunction both phases are intimately mixed and there is no preferred
direction for the internal fields of separated charges, Fig. 20. The electrons and
holes are thus created within the volume having concentration gradient (diffusion)
as driving force. The separated charges require percolated pathways and the donor-
acceptor phases form bicontinuous interpenetrating network [123]. Bulk hetero-
junction devices are sensitive to the morphology in the blend [124]. Majority of

Fig. 18 Mechanism for donor-acceptor heterojunction solar cells. (1) Photoexitation of the donor
to generate a Coulomb correlated electron-hole pair, an exciton. (2) Exciton diffusion to the D-A
interface. A distance longer than the maximum diffusion length (max LD) will lead to relaxation of
the exciton. (3) Bound exciton dissociation at the D-A interface to form a geminate pair. (4) Free
charge transportation and collection at electrodes. Reprinted with permission from ACS, Y.-
J. Cheng, S.-H. Yang, and C.-S. Hsu, Synthesis of Conjugated Polymers for Organic Solar Cell
Applications Chem. Rev. 2009, 109, 5868–5923
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conjugated polymers have band gaps higher than 2 eV, which limits the possibility
of harvesting solar photons to about 30 %. This is because organic materials have a
large band gap (2–3 eV), which can absorb only a small portion of the incident
solar light. A band gap of 1.1 eV can absorb 77 % of the solar irradiation and
because the absorption coefficients of organic materials are as high as 105 cm−1, a
layer of 100 nm thickness is enough to absorb most of the photons [124, 125]. The
primary photo-excitations in organic materials do not directly produce free charge
carriers but to coulombically bound electron-hole pairs, called excitons. Hence for
optimum dissociation of excitons, strong electric fields are necessary which can be
supplied via externally applied electrical fields or via interfaces. The exciton dif-
fusion length should be of the same order of magnitude as the donor acceptor phase

Fig. 19 Common organic semiconductors used in organic solar cells a poly[2-methoxy-5-(3′,7′-
dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV), b perylene, c poly(triaryl amine),
d poly[(9,9-di-n-octylfluorenyl-2,7-diyl) ((F8T2)), e Phenyl-C61-butyric acid methyl ester-alt-2,2′-
bithiophene-5,5′-diyl)] (PCBM), f poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]
dithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) (PTB7)
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separation length otherwise, their energy is lost for the power conversion before
reaching the interface due to exciton decay via radiative/nonradiative pathways.
The exciton diffusion lengths in conjugated polymers are usually reported to be in
the range of 10–20 nm.

Blending of conjugated polymers with electron acceptors is a very efficient way
to break photo-excited excitons into free charge carriers. Ultrafast photophysical
studies reveal that photo-induced charge transfer in such blends is much faster than
other competing relaxation processes. For producing highly efficient photovoltaic
devices, the charges generated need to be transported to the appropriate electrodes
within their lifetime and the charge carriers need a driving force to reach the
electrodes. A gradient in the chemical potentials of electrons and holes (quasi Fermi
levels of the doped phases) is built up in a donor-acceptor junction which is
determined by the difference between the highest occupied molecular (HOMO)
level of the donor and the lowest unoccupied molecular orbital (LUMO) level of the
acceptor. This internal electrical field determines the maximum open circuit voltage
(Voc) and contributes to a field-induced drift of charge carriers.

6 Conjugated Polymers Used in Organic Solar Cells

6.1 Phenylene-Vinylenes and Its Derivatives

Poly(p-phenylenevinylene) is reported to be insoluble as discussed earlier and
therefore difficult to process in solid state. Wittig reaction has been used to develop

Fig. 20 a Bilayer Device fabrication and b Bulk heterojunction device fabrication. Reprinted with
permission from ACS, S. Gunes, H. Neugebauer, and N. S. Sariciftci, Chem. Rev. 2007, 107,
1324–1338
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PPV but the major drawbacks of precursor approach include the generation of toxic
side products during the solid-state, incomplete thermal conversion or oxidation
causing structural defects as well as undefined molecular weight. The incorporation
of long alkyl or alkoxy chains into the phenylene monomer is seen to produce
solubility, Soluble derivatives of phenylene-vinylenes, such as poly(2-methoxy-5-
((2′-ethylhexyl)oxy)-1,4-phenylenevinylene) (MEH-PPV), poly[2-methoxy-5-
(3′,7′-dimethyloctyloxy)-1,4-phenylene vinylene) (MDMO-PPV) mixed with sol-
uble derivatives of fullerenes, such 1-(3-methoxycarbonyl)propyl-1-phenyl-[6, 6]-
methanofullerene (PCBM) are known to produce 2.5 % efficient solar cells [126].
Shaheen et al. [123] prepared MDMO-PPV: PCBM in the weight ratio of 1:4 for
obtaining a power conversion efficiency of 2.5 % using chlorobenzene as a solvent.
The electron mobility of pure PCBM has been reported to be higher than the hole
mobility of pure MDMO-PPV [124]. Hoppe et al. [75] demonstrated that increasing
PCBM content increases the size of these PCBM nanoclusters. To study the rela-
tionship between morphology and performance in bulk heterojunction solar cells,
MDMO-PPV/ PCBM blends have been investigated in detail [126–128].
Mihailetchi et al. [128] developed a model for quantitative description of the
behavior of PPV:PCBM bulk heterojunction solar cells.

The introduction of cyano linkages in place of vinylene linkages is seen to lower
both LUMO and HOMO levels by *0.5 eV, with little effect on the magnitude of
the band gap. With the introduction of cyano groups, the conjugated backbone
undergoes twisting due to steric hindrance. Cyano functionalized PPVs exhibit high
electron affinities and electron-transport properties as a result of the
electron-withdrawing effect of the cyano side group. It therefore acts as a suitable
electron acceptor in photovoltaic devices in either bilayer or bulk heterojunction
device configuration [129–133].

To further lower the band gap of cyan based PPVs below 2 eV, thiophene units
with lower aromaticities have been incorporated into the main chain to form a D-A
arrangement. Vanderzande et al. [132] developed copolymers based on the bis
(1-cyano-2-thienylvinylene) phenylene prepared by Knoevenagel condensation to
construct cyanovinylene linkages, Fig. 21.

Reynold et al. [133] developed CN-PPV derivatives containing dioxythiophene
moieties in the main chain which revealed narrow band gaps ranging between 1.5–
1.8 eV and good solubilities in common organic solvents, Fig. 22.

6.2 Poly(3-Alkylthiophenes) and Its Derivatives

Poly(3-alkylthiophenes) (P3ATs) and regioregular poly(3-alkylthiophenes)
(RRP3AT) (P3HT:poly(3-hexylthiophene), P3OT:poly(3-octylthiophene), and
P3DDT:poly(3 dodecylthiophene) are used as electron donors in heterojunction
solar cells showing conversion efficiencies up to 5 % [134–137]. The influence of
the alkyl side chain length of regioregular P3HT, P3OT, and P3DDT on the
electrochemical and optical properties was studied by Al Ibrahim et al. [134]. It was
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found that with longer side chain length, the band gaps were slightly increased
while absorption coefficient revealed a decrease upon increasing the side chain
length containing polythiophenes due to chromophore dilution. Using regioregular

Fig. 21 Structures of CN-PPV derivatives

Fig. 22 Structures of CN-PPV derivatives containing dioxythiophene
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poly(3-hexylthiophene) (RR-P3HT) as donor and PCBM as acceptor, bulk
heterojunction solar cells have been developed revealing 75 % quantum efficiencies
and power conversion efficiencies up to 5 % [135, 136]. The high efficiency of
these devices has been reported to be due to the presence of microcrystalline
lamellar stacking in the solid state packing which reduces recombination of elec-
trons and holes. Regioregular P3HT shows interchain interactions that cause a red
shift of the optical absorption due to stacking. Padinger et al. [138] investigated the
effect of annealing on P3HT based solar cells by applying an external voltage which
was shown to cause recrystallization along with reduction in the free volume as well
as density defects at the interface. Chiravaze et al. [139] investigated that P3HT
showed pronounced red shift upon thermal annealing at a temperature above 110 °
C for 4 min. The hole mobility in the P3HT component was found to increase by
more than 3 orders of magnitude.

Polyisothianaphthene (PITN), Fig. 23, is also a polythiophene derivative where
all the thiophene rings are fused to a benzene ring at the 3,4-positions of thiophene.
It possesses a band gap of 1 eV, which is smaller than that of polythiophene.
The PITN main chain favors the quinoid form to preserve aromaticity causing a
change in the thiophene aromaticity [140].

Hillmyer and co-workers [141] developed Isothianaphthalene (ITN)—thiophene
copolymer using distannyl-isothianaphthene (obtained via lithiation of isothianaph-
thalene in presence of n-butyl lithium in tetramethylethylenediamine (TMEDA) and
THF followed by reaction with trimethyltin chloride). It was found that this molecule
could be used as a precursor to prepare the ITN-fluorene copolymer/ITN–thiophene
through Stille coupling with 9,9-dihexyl-2,7-dibromofluorene/ bis(bromothienyl)-
isothianaphthene, Fig. 24.

Fig. 23 Structure of
Polyisothianaphthene (PITN)

Fig. 24 Synthesis of ITN—thiophene copolymer using distannyl-isothianaphthene and bis
(bromothienyl)-isothianaphthene
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6.3 Polypyrrole and its Derivatives

Pyrrole ring containing polymers have been synthesized via Stille coupling of
2,5-bis(5-(trimethylstannyl)-2-thienyl)-N-dodecylpyrrole and
4,7-dibromo-2,1,3-benzothiadiazole) using Pd(PPh3)2Cl2 as the catalyst and higher
molecular weights are attained using distannyl monomer, Fig. 25 [142–144]. This
polymer reveals a low band gap of 1.6 eV and efficient photoinduced electron
transfer, was reported by photoinduced absorption and photoluminescence
quenching of the former. The solar cell device based on the pyrrole ring derivative
with /PCBM exhibited 1 % efficiency when used in the weight ratios P131:PCBM
ratio of 1:3. The addition of diketopyrrolopyrrole unit has shown to impart high
electron and hole mobility both close to 0.1 cm2/(V s) in an FET device. Janssen
and co-workers [144] reported a conjugated polymer synthesized using
quaterthiophene and diketopyrrolopyrrole units, Fig. 26.

6.4 Porphyrin Based Polymers

Porphyrin derivatives reveal good photochemical and thermal stabilities due to their
large p-conjugation systems which have been found suitable for organic photonic
and electronic applications [145–147]. Porphyrin molecules have been well estab-
lished to serve as potential photosensitizers in dye-sensitized solar cells. Soluble
porphyrin-dithienothiophene copolymers have been synthesized using Sonogashira

Fig. 25 Synthesis of pyrrole containing copolymer via Stille coupling of 2,5-bis(5-(trimethyl-
stannyl)-2-thienyl)-N-dodecylpyrrole and 4,7-dibromo-2,1,3-benzothiadiazole

Fig. 26 Synthesis of diketopyrrolopyrrole containing polymer via Yamamoto coupling

Photochemical Behavior and Optoelectronic Applications of Some … 367



coupling reaction [147]. The introduction of diethynyldithienothiophene into the
porphyrin main chain is found to reduce steric hindrance, and enhances conjugation,
which helps in improving the charge-transport property. However, to ensure suffi-
cient solubility of the porphyrin-containing polymer for solution processing, a large
aliphatic chain insulating portion must be incorporated into the porphyrin unit, and
this is known to have a negative effect on the charge transport.

6.5 Poly(Carbazole) and Its Derivatives

The carbazolemonomer has a fused pyrrole ringwhichmakes tricyclic carbazole fully
aromatic and electron-rich due to the presence of nitrogen group. The introduction of
alkyl chains showing good solubility when alkylation is carried out at 9-position,
Fig. 27. Leclerc et al. [148, 149] developed 4,7-dithien-2-yl-2,1,3-benzothiadiazole
(DTBT) based poly(N-alkyl-2,7-carbazole) (PC) exhibiting enhanced thermal sta-
bility, relatively high molecular weight and good solubility. He also developed
4,7-dithien-2-yl-2,1,3-benzothiadiazoxaline (DTBX) based polycarbazole as
accepting unit which showed good hole mobility due to its symmetrical backbone and
well organized structure.
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In order to improve the solubility and close packing of polymer, Hashimoto
developed a 10-carbon chain alkyl derivative of polycarbazole which also exhibited
similar photovoltaic parameters as those of DTBT based polycarbazole. Qin et. al.
[150] designed a carbazole derivative showing planar polymer conformation by
introducing two octyloxy chains onto benzothiazole (BT) ring and an octyl chain onto
carbazole ring. Cao [151] developed a series of carbazole-based two-dimensional
polymers having HOMO energy levels as the conjugated backbone but their LUMO
levels were governed by narrow band gap side chains. The 2-ethyl-hexyl chains had
little influence on the photovoltaic performance but heptadecanyl chains on carbazole
led to a significant decrease in the photovoltaic performance. Hence, alkyl chains on
carbazole unit had important influence on the hole transporting ability of the resultant
polymers. The presence of short alkyl chains resulted in high mobility than bulkier
alkyl side-chains. The bulky alkyl chains possibly cause imbalanced electron trans-
port and consequently decreased fill factor of polymer [152].

7 Conclusion and Future Prospects

Several strategies have been adopted to tailor the band gap of conjugated polymers
and significant progress has been made in synthesis, as well as structural modifi-
cation of conjugated polymers. These materials show impressive applicational
potential in energy harvesting, as well as designing of opto-electronic devices
However, large-scale synthesis of these materials with optical tunability is highly
desirable. Fabrication of highly crystalline conjugated polymers is still a challenge.
The reproducibility and stability of doping level is also required. Conjugated
polymer based organic-inorganic hybrid structures is a highly promising field of
research, to enhance the above-mentioned properties and to address the corre-
sponding challenges multifunctional conjugated polymers need to be designed and
developed to open up new avenues of research in the field of energy harvesting and
opto-electronic device fabrication.

Acknowledgment The corresponding author Dr Ufana Riaz wishes to acknowledge the
Department of Science and Technology (DST)—Science and Engineering Research Board
(SERB), India, vide sanction no. SB/S-1/PC-070-2013 for financial assistance.

References

1. Nordén, B., Krutmeijer, E.: The Nobel Prize in Chemistry: Conductive Polymers. The Royal
Swedish Academy of Sciences (2000)

2. Wynne, K.J., Street, G.B.: Conducting polymers. A short review. Ind. Eng. Chem. Prod.
Res. Dev. 21, 23–28 (1982)

3. Brédas, J.L., Street, G.B.: Polarons, bipolarons, and solitons in conducting polymers. Acc.
Chem. Res. 18, 309–315 (1985)

Photochemical Behavior and Optoelectronic Applications of Some … 369



4. Moliton, A., Hiorns, R.C.: Review of electronic and optical properties of semiconducting
p-conjugated polymers: applications in optoelectronics. Polym. Int. 53, 1397–1412 (2004)

5. Choo, D.J., Talaie, A., Lee, Y.K., Jang, J., Park, S.H., Huh, G., Yoo, K.H., Lee, J.Y.:
Examination of EL and PL properties of MCHM-PPV and MEH-PPV: a study towards
introduction of a new series of thin film EL devices. Thin Solid Films 363, 37–41 (2000)

6. Waltman, R.J., Bargon, J.: Electrically conducting polymers: a review of the electropoly-
merization reaction, of the effects of chemical structure on polymer film properties, and of
applications towards technology. Can. J. Chem. 64, 76–95 (1986)

7. Bakhshi, A.K., Bhalla, G.: Electrically conducting polymers: materials of the twentyfirst
century. J. Sci. Ind. Res. India 63, 715–728 (2004)

8. Blouin, N., Michaud, A., Leclerc, M.: A low-band gap poly(2,7-Carbazole) derivativefor use
in high-performance solar cells. Adv. Mater. 19, 2295–2300 (2007)

9. Blouin, N., Michaud, A., Gendron, D., Wakim, S., Blair, E., Neagu-Plesu, R., Belletete, M.,
Durocher, G., Tao, Y., Leclerc, M.: Toward a rational design of poly(2,7- carbazole)
derivatives for solar cells. J. Am. Chem. Soc. 130(2), 732–742 (2008)

10. Boudreault, P.L.T., Michaud, A., Leclerc, M.: A new poly(2,7-dibenzosilole) derivative in
polymer solar cells. Macromol. Rapid Commun. 28(22), 2176–2179 (2007)

11. Boudreault, P.L.T., Wakim, S., Blouin, N., Simard, M., Tessier, C., Tao, Y., Leclerc, M.:
Synthesis, characterization, and application of indolo[3,2-b]carbazole semiconductors.
J. Am. Chem. Soc. 129(29), 9125–9136 (2007)

12. Chan, S.-H., Chen, C., Chao, T., Ting, C., Ko, B.-T.: Synthesis, characterization, and
photovoltaic properties of novel semiconducting polymers with thiophenephenylene-thiophene
(TPT) as coplanar units. Macromolecules 41(15), 5519–5526 (2008)

13. Burroughes, J.H., Bradley, D.D.C., Brown, A.R., Marks, R.N., Mackay, K., Friend, R.H.,
Burns, P.L., Holmes, A.B.: Light-emitting diodes based on conjugated polymers. Nature
347, 539–542 (1990)

14. MacDiarmid, A.G.: “Synthetic metals”: a novel role for organic polymers. Curr. Appl. Phys.
1(4–5), 269–279 (2001)

15. Hou, J., Chen, H.-Y., Zhang, S., Chen, R.I., Yang, Y., Wu, Y., Li, G.: Synthesis of a low
band gap polymer and its application in highly efficient polymer solar cells. J. Am. Chem.
Soc. 131(43), 15586–15587 (2009)

16. Liang, Y., Wu, Y., Feng, D., Tsai, S.-T., Son, H.-J., Li, G., Yu, L.: Development of new
semiconducting polymers for high performance solar cells. J. Am. Chem. Soc. 131(1), 56–59
(2009)

17. Kirchmeyer, S., Reuter, K.: Scientific importance, properties and growing applications of
poly(3,4-ethylenedioxythiophene). J. Mater. Chem. 15, 2077–2088 (2005)

18. Hollinger, J., Jahnke, A.A., Coombs, N., Seferos, D.S.: Controlling phase separation and
optical properties in conjugated polymers through selenophene–thiophene copolymerization.
J. Am. Chem. Soc. 132(25), 8546–8547 (2010)

19. Berggren, M., Inganas, O., Gustafsson, G., Rasmusson, J., Andersson, M.R., Hjertberg, T.,
Wennerstrom, O.: Light-emitting diodes with variable colours from polymer blends. Nature
372, 444–446 (1994)

20. Faraggi, E.Z., Chayet, H., Cohen, G., Neumann, R., Avny, Y., Davidov, D.: Tunable
electroluminescence and photoluminescence in phenylenevinylene-naphthylenevinylene
copolymers. Adv. Mater. 7, 742–745 (1995)

21. Tasch, S., List, E.J.W., Hochfilzer, C., Leising, G., Schlichting, P., Rohr, U., Geerts, Y.,
Scherf, U., Mullen, K.: Efficient red-and orange-light-emitting diodes realized by excitation
energy transfer from blue-light-emitting conjugated polymers. Phys. Rev. B 56(N8), 4479–
4483 (1997)

22. Gruner, J., Hamer, P.J., Friend, R.H., Huber, H.-J., Scherf, U., Holmes, A.: A high efficiency
blue-light-emitting diode based on novel ladder poly (p-phenylene)s. Adv. Mater. 6, 748–
752 (1994)

23. Gin, D., Conticello, V.: Poly (p-phenylene): new directions in synthesis and application.
Trends Polym. Sci. 4, 217–223 (1996)

370 U. Riaz and S.M. Ashraf



24. Yang, Y., Pei, Q., Heeger, A.: Efficient blue polymer light-emitting diodes from a series of
soluble poly (paraphenylene)s. J. Appl. Phys. 79, 934–942 (1996)

25. CIE Report 86Ð1990: Commission Internationale de l’Eclairage. Vienna, Austria (1990)
26. Tessler, N., Cleave, V., Pinner, D.J.: Polymer LEDs as a physics tool. Isr. J. Chem. 40(2),

147–152 (2000)
27. Steuber, F., Staudigel, J., Stossel, M., Simmerer, J., Winnacker, A., Spreitzer, H., Weissortel,

F., Salbeck, J.: White Light emission from organic LEDs utilizing spiro compounds with
high-temperature stability. Adv. Mater. 12, 130–133 (2000)

28. Scharber, M.C., Wuhlbacher, D., Koppe, M., Denk, P., Waldauf, C., Heeger, A., Brabec, C.
J.: Design rules for donors in bulk-heterojunction solar cells—towards 10 % energy
conversion efficiency. Adv. Mater. 18(6), 789–794 (2006)

29. Scully, S.R., McGehee, M.D.: Effects of optical interference and energy transfer on exciton
diffusion length measurements in organic semiconductors. J. Appl. Phys. 100, 34–907
(2006)

30. Shaw, P.E., Ruseckas, A., Samuel, I.D.W.: Exciton diffusion measurements in poly(3-hexyl
thiophene). Adv. Mater. 20(18), 3516–3520 (2008)

31. Slooff, L.H., Veenstra, S.C., Kroon, J.M., Moet, D.J.D., Sweelssen, J., Koetse, M.M.:
Determining the internal quantum efficiency of highly efficient polymer solar cells through
optical modeling. Appl. Phys. Lett. 90(14), 143506–143508 (2007)

32. Sotzing, G.A., Lee, K.H.: Poly(thieno[3,4-b]thiophene): A p- and n-dopable polythiophene
exhibiting high optical transparency in the semiconducting state. Macromolecules 35(19),
7281–7286 (2002)

33. Tang, W., Hai, J., Dai, Y., Huang, Z., Lu, B., Yuan, F., Tang, J., Zhang, F.: Recent
development of conjugated oligomers for high-efficiency bulk-heterojunction solar cells. Sol
Energy Mater. Sol C 94(12), 1963–1979 (2010)

34. Zhou, E., Yamakawa, S., Zhang, Y., Tajima, K., Yang, C., Hashimoto, K.: Indolo[3,2-b]
carbazole -based alternating donor–acceptor copolymers: synthesis, properties and photo-
voltaic application. J. Mater. Chem. 19(41), 7730–7737 (2009)

35. Hoeg, D.F., Lusk, D.I., Goldberg, E.P.: Poly-p-xylylidene. J. Polym. Sci. Part B Polym. Lett.
2, 697–701 (1964)

36. Neef, C.J., Ferraris, J.P.: MEH-PPV: improved synthetic procedure and molecular weight
control. Macromolecules 33, 2311–2314 (2000)

37. Jen, K.Y., Oboodi, R., Elsenbaumer, R.T.: Processible and environmentally stable
conducting polymers. Polym. Mater. Sci. Eng. 53, 79–85 (1985)

38. Wessling, R.A., Zimmerman, R.G.: Polyelectrolytes from bissulfonium salts. U.S. Patent
No. 3401152 (1968)

39. Elsenbaumer, R.L., Jen, K.Y., Oboodi, R.: Processible and environmentally stable
conducting polymers. Synth. Met. 15, 169–172 (1986)

40. Nehls, B.S., Preis, E., Füldner, S., Farrell, T., Sherf, U.: Microwave-assisted synthesis of
1,5-and 2,6-linked naphthylene-based ladder polymers. Macromolecules 38, 687–694 (2005)

41. Pasco, S.T., Lahti, P.M., Karasz, F.K.: Synthesis of substituted poly (p-phenylenevinylene)
copolymers by the Heck method for luminescence studies. Macromolecules 32, 6933–6937
(1999)

42. Edmonds, M., Abell, A.: Modern Carbonyl Olefination. Wiley-VCH, Verlag GmbH & Co.
KGaA, Weinheim (2004)

43. Liao, J., Wang, Q.: Ruthenium-catalyzed knoevenagel condensation: a new route toward
cyano-substituted poly(p-phenylenevinylene)s. Macromolecules 37, 7061–7063 (2004)

44. Park, L.S., Han, Y.S., Kima, S.D., Kim, D.U.: Synthesis of poly (alkoxyphenylene
vinylene-co-phenylene vinylene) type copolymers and electro-optic properties. Synth. Met.
117, 237–239 (2001)

45. Zheng, Q., Jung, B.J., Sun, J., Katz, H.E.: Ladder-type oligo-p-phenylene-containing
copolymers with high open-circuit voltages and ambient photovoltaic activity. J. Am. Chem.
Soc. 132(15), 5394–5404 (2010)

Photochemical Behavior and Optoelectronic Applications of Some … 371



46. Song, S., Park, S.H., Jung, J., Kim, I., Lee, K., Jin, Y., Suh, H.: Increasing of stability
depended on the position of alkoxy group in PPV. Synth. Met. 161, 1186–1193 (2011)

47. Jin, Y., Kim, J.Y., Song, S., Xia, Y., Kim, J., Woo, H.Y., Lee, K., Suh, H.: The influence of
tetrakis-ethylhexyloxy groups substituted in PPV derivative for PLEDs. Polymer 49, 467–
473 (2008)

48. Jin, Y., Kim, J.Y., Park, S.H., Kim, J., Lee, S., Lee, K., Suh, H.: Syntheses and properties of
electroluminescent polyfluorene-based conjugated polymers, containing oxadiazole and
carbazole units as pendants, for LEDs. Polymer 46, 12158–12165 (2005)

49. Park, J.-W., Park, S.J., Kim, Y.-H., Shin, D.-C., You, H., Kwon, S.-K.: Pure color and stable
blue-light emission-alternating copolymer based on fluorene and dialkoxynaphthalene.
Polymer 50, 102–106 (2009)

50. Lee, T.H., Lai, K.M., Leung, L.M.: Hole-limiting conductive vinyl copolymers for AlQ
3-based OLED applications. Polymer 50, 4602–4611 (2009)

51. Park, M.H., Yun, C., Huh, J.O., Do, Y., Yoo, S., Lee, M.H.: Synthesis and hole-transporting
properties of vinyl-type polynorbornenes with ethyl ester linked triarylamine side groups.
Synth. Met. 160, 2000–2007 (2010)

52. Xia, C., Wang, X., Lin, J., Jiang, W., Ni, Y., Huang, W.: Organic light-emitting devices
(OLED) based on new triphenylamine derivatives. Synth. Met. 159, 194–200 (2009)

53. Kim, S.-K., Yang, B., Park, Y., Ma, Y., Lee, J.-Y., Kim, H.-J., Park, J.: Synthesis and
electroluminescent properties of highly efficient anthracene derivatives with bulky side
groups. Org. Electron. 10, 822–833 (2009)

54. Wang, J., Leung, L.M.: Synthesis and characterization of blue light emitting N,N-
dimethylpyren-1-amine and its vinyl polymer. Adv. Mater. Res. 557–559, 722–726 (2012)

55. Leung, L.M., Wang, J., Wong, M.Y., Law, Y.C., Lai, K.M., Lee, T.-H.: Charge balance
conductive vinyl polymers for homojuncton organic light emitting diodes (OLEDs). In:
IEEE Proceedings 978-1-4577-1964-6/12, 2012, SCET2012: 594–597

56. Grell, M., Bradley, D., Inbasekaran, M., Woo, E.: A glass-forming conjugated main-chain
liquid crystal polymer for polarized electroluminescence applications. Adv. Mater. 9, 798–
802 (1997)

57. Bernius, M., Inbasekaran, M., Woo, E., Wu, W., Wujkowski, L.: Fluorene-based
polymers-preparation and applications. J. Mater. Sci. Mater. Electron 11, 111–116 (2000)

58. Redecker, M., Bradley, D., Inbasekaran, M., Wu, W., Woo, E.: High Mobility hole transport
fluorene-triarylamine copolymers. Adv. Mater. 11, 241–246 (1999)

59. Ohmori, Y., Tada, N., Fujii, A., Ueta, H., Sawatani, T., Yoshino, K.: Organic
electroluminescent device with RGB emission. Thin Solid Films 331, 89–95 (1998)

60. Redecker, M., Bradley, D., Inbasekaran, M., Woo, E.: Nondispersive hole transport in an
electroluminescent polyfluorene. Appl. Phys. Lett. 74, 1400–1403 (1999)

61. Redecker, M., Bradley, D., Baldwin, K., Smith, D., Inbasekaran, M., Wu, W., Woo, E.: An
investigation of the emission solvatochromism of a fluorene-triarylamine copolymer studied
by time resolved spectroscopy. J. Mater. Chem. 9, 2151–2153 (1999)

62. Zeng, G., Yu, W.-L., Chua, S.-J., Huang, W.: Spectral and thermal spectral stability study
for fluorene-based conjugated polymers. Macromolecules 35(18), 6907–6914 (2002)

63. Park, J.-W., Park, S.J., Kim, Y.-H., Shin, D.-C., You, H., Kwon, S.-K.: Pure color and stable
blue-light emission-alternating copolymer based on fluorene and dialkoxynaphthalene.
Polymer 50, 102–106 (2009)

64. Veldman, D., Ipek, O., Meskers, S.C.J., Sweelssen, J., Koetse, M.M., Veenstra, S.C., Kroon,
J.M., Bavel, S.S., Loos, J., Janssen, R.A.J.: Compositional and electric field dependence of
the dissociation of charge transfer excitons in alternating polyfluorene copolymer/fullerene
blends. J. Am. Chem. Soc. 130(24), 7721–7735 (2008)

65. Gadisa, A., Mammo, W., Andersson, L.M., Admassie, S., Zhang, F., Andersson, M.R.,
Inganäs, O.: A new donor–acceptor–donor polyfluorene copolymer with balanced electron
and hole mobility. Adv. Funct. Mater. 17(18), 3836–3842 (2007)

372 U. Riaz and S.M. Ashraf



66. Herguth, P., Jiang, X., Liu, M.S., Jen, A.K.-Y.: Highly efficient fluorene- and
benzothiadiazole-based conjugated copolymers for polymer light-emitting diodes.
Macromolecules 35(16), 6094–6100 (2002)

67. Vilbrandt, N., Gassmann, A., Seggern, H., Rehahn, M.: Blue-greenish electroluminescent
poly(p-phenylenevinylene) developed for organic light-emitting diode applications.
Macromolecules 49(5), 1674–1680 (2016)

68. Liu, L., Han, T., Wu, X., Qiu, S., Wang, B., Hanif, M., Xie, Z., Ma, Y.: Aggregation
Behaviors of ladder-type poly(p-phenylene) in dilute solutions and spin-coated films.
J. Phys. Chem. C 119(21), 11833–11838 (2015)

69. Grem, G., Leditzky, G., Ullrich, B., Leising, G.: Realization of a blue-light-emitting device
using poly(p-phenylene). Adv. Mater. 4(1), 36–37 (1992)

70. Stille, J.K., Gilliams, Y.: Poly(p-phenylene). Macromolecules 4(4), 515–517 (1971)
71. Kovacic, P., Jones, M.B.: Dehydro coupling of aromatic nuclei by catalyst-oxidant systems:

poly(p-phenylene). Chem. Rev. 87(2), 357–379 (1987)
72. Baker, K.N., Fratini, A.V., Resch, T., Knachel, H.C.: Crystal structures, phase transitions

and energy calculations of poly(p-phenylene) oligomers. Polymer 34(8), 1571–1587 (1993)
73. Yamamoto, T., Morita, A., Miyazaki, Y., Maruyama, T., Wakayama, H., Zhou, Z.H.,

Nakamura, Y., Kanbara, T., Sasaki, S., Kubota, K.: Preparation of p-conjugated poly
(thiophene-2,5-diyl), poly(p-phenylene), and related polymers using zerovalent nickel
complexes. Linear structure and properties of the p-conjugated polymers. Macromolecules
25(4), 1214–1223 (1992)

74. Kang, J.T.-S., Harrison, B.S., Bouguettaya, M., Foley, T.J., Boncella, J.M., Schanze, K.S.,
Reynolds, J.R.: Near-infrared light-emitting diodes (LEDs) based on poly(phenylene)/
Yb-tris(b-diketonate) complexes. Adv. Funct. Mater. 13(3), 205–210 (2003)

75. Bredas, J.L., Silbey, R., Boudreaux, D.S., Chance, R.R.: Chain-length dependence of
electronic and electrochemical properties of conjugated systems: polyacetylene, polyphe-
nylene, polythiophene, and polypyrrole. J. Am. Chem. Soc. 105(22), 6555–6559 (1983)

76. Rehahn, M., Schlüter, A.-D., Wegner, G.: Soluble poly(para-phenylene)s. 1. Extension of
the Yamamoto synthesis to dibromobenzenes substituted with flexible side chains. Polymer
30(6), 1054–1059 (1989)

77. Yasuda, T., Yamamoto, T.: Synthesis and Characterization of new luminescent
1,10-phenanthroline- and pyridine-containing p-conjugated polymers. Their optical response
to protic acid, Mn+, and solvents. Macromolecules 36, 7513–7519 (2003)

78. Yamamoto, T., Fang, Q., Morikita, T.: New soluble poly(aryleneethynylene)s consisting of
electron-accepting benzothiadiazole units and electron-donating dialkoxybenzene units.
Synthesis, molecular assembly, orientation on substrates, and electrochemical and optical
properties. Macromolecules 36, 4262–4267 (2003)

79. Fahlman, M., Lögdlund, M., Stafstrtöm, S., Salaneck, W.R., Friend, R.H., Burn, P.L.,
Holmes, A.B., Kaeriyama, K., Sonoda, Y., Lhost, O., Meyers, F., Brédas, J.L.: Experimental
and Theoretical Studies of the electronic structure of poly(p-phenylenevinylene) and some
ring-substituted derivatives. Macromolecules 28, 1959–1965 (1995)

80. Yamamoto, T., Muramatsu, Y., Lee, B.L., Kokubo, H., Sasaki, S., Hasegawa, M., Yagi, T.,
Kubota, K.: Preparation of new main-chain type polyanthraquinones. chemical reactivity,
packing structure, piezochromism, conductivity, and liquid crystalline and photonic
properties of the polymers. Chem. Mater. 15, 4384–4393 (2003)

81. Scherf, U., Müllen, K.: The synthesis of ladder polymers. In: Synthesis and Photosynthesis
Volume 123 of the series Advances in Polymer Science, pp. 1–40 (2005)

82. Garay, R.O., Baier, U., Bubeck, C., Müllen, K.: Low-temperature synthesis of poly
(p-phenylenevinylene) by the sulfonium salt route. Adv. Mater. 5, 561–564 (1993)

83. Heller, C.M., Campbell, I.H., Laurich, B.K., Smith, D.L., Bradley, D.D.C., Burn, P.L.,
Ferraris, J.P., Müllen, K.: Solid-state-concentration effects on the optical absorption and
emission of poly (p-phenylene vinylene)-related materials. Phys. Rev. B 54, 5516–5520
(1996)

84. Wudl, F., Barbara, S., Srdanov, G.: U.S. Patient No. 5189136 (1993)

Photochemical Behavior and Optoelectronic Applications of Some … 373



85. Choo, D.J., Talaie, A., Lee, Y.K., Jang, J., Park, S.H., Huh, G., Yoo, K.H., Lee, J.Y.:
Examination of EL and PL properties of MCHM-PPV and MEH-PPV: a study towards
introduction of a new series of thin film EL devices. Thin Solid Films 363, 37–41 (2000)

86. Jeong, H.Y., Lee, Y.K., Talaie, A., Kim, K.M., Kwon, Y.D., Jang, Y.R., Yoo, K.H., Choo,
D.J., Jang, J.: Synthesis and characterization of the first adamantane-based poly
(p-phenylenevinylene) derivative: an intelligent plastic for smart electronic displays. Thin
Solid Films 417, 171–174 (2002)

87. Wudl, F., Sigurd, H.: United States Patent. 5679757 (1997)
88. Ahn, T., Ko, S.W., Lee, J., Shim, H.K.: Novel Cyclohexylsilyl- or phenylsilyl-substituted

poly(p-phenylene vinylene)s via the halogen precursor route and Gilch polymerization.
Macromolecules 35, 3495–3505 (2002)

89. Swanson, L.S., Lu, F., Shinar, J., Ding, Y.W., Barton, T.J.: Proc. SPIE Int. Soc. Opt. Eng.
1993, 101–110 (1910)

90. Weder, C., Wrighton, M.S.: Efficient solid-state photoluminescence in new poly
(2,5-dialkoxy-p-phenyleneethynylene)s. Macromolecules 29, 5157–5165 (1996)

91. Schmitt, G., Eiselt, P., Giesa, R., Schmidt, H.-W.: Synthesis and properties of para-linked
aromatic polycondensates containing 3,3,4,4 -biphenyltetracarboxylic-N, N-bis
(4-aminobiphenyl) diimide units. Macromol. Chem. Phys. 200, 1879–1888 (1999)

92. Swanson, L.S., Shinar, J., Ding, Y.W., Barton, T.J.: Photoluminescence, electrolumines-
cence, and optically detected magnetic resonance study of 2,5-dialkoxy derivatives of poly
(p-phenyleneacetylene) (PPA) and PPA-based light-emitting diodes. Synth. Met. 55, 1–6
(1993)

93. Weder, C., Wagner, M.J., Wrighton, M.S.: Solid state structure and photoluminescence
properties of poly(2,5-dialkoxy-p-phenylene ethynylene)s. In: L.R. Dalton (ed.) Organic
Solid State Materials III. Mat. Res. Soc. Symp. Proc. 413, 77–84 (1996)

94. Tada, K., Onoda, M., Hirohata, M., Kawai, T., Yoshino, K.: Blue-green electroluminescence
in copolymer based on poly (1, 4-phenylene ethynylene). Jpn. J. Appl. Phys. 35, L251–L253
(1996)

95. Ohmori, Y., Uchida, M., Muro, K., Yoshino, K.: Visible-light electroluminescent diodes
utilizing poly(3-alkylthiophene). Jpn. J. Appl. Phys. 30(2)3, L1938–L1944 (1991)

96. Dyreklev, P., Berggren, M., Inganäs, O., Andersson, M.R., Wennerstrom, O., Hjertberg, T.:
Polarized electroluminescence from an oriented substituted polythiophene in a light emitting
diode. Adv. Mater. 7, 43–45 (1995)

97. Bolognesi, A., Bajo, G., Paloheimo, J., Östergärd, T., Stubb, H.: Polarized electrolumines-
cence from an oriented poly (3-alkylthiophene) langmuir–blodgett structure. Adv. Mater. 9,
121–124 (1997)

98. Mao, H., Holdcroft, S.: Grignard synthesis of p-conjugated poly (3-alkylthiophenes):
controlling molecular weights and the nature of terminal units. Macromolecules 25, 554–558
(1992)

99. Mao, H., Xu, B., Holdcroft, S.: Synthesis and structure-property relationships of
regioirregular poly(3-hexylthiophenes). Macromolecules 26, 1163–1169 (1993)

100. Marsella, M.J., Swager, T.M.: Designing conducting polymer-based sensors: selective
ionochromic response in crown ether-containing polythiophenes. Polym. Prepr. 33, 1196–
1197 (1992)

101. Tian, J., Wu, C.-C., Thompson, M.E., Sturm, J.C., Register, R.A., Marsella, M.J., Swager, T.
M.: Electroluminescent properties of self-assembled polymer thin films. Adv. Mater. 7, 395–
398 (1995)

102. Gill, R.E., Malliaras, G.G., Wildeman, J., Hadziioannou, G.: Tuning of photo-and
electroluminescence in alkylated polythiophenes with well-defined regioregularity. Adv.
Mater. 6, 132–135 (1994)

103. Tian, J., Wu, C.-C., Thompson, M.E., Sturm, J.C., Register, R.A.: Photophysical properties,
self-assembled thin films, and light-emitting diodes of poly (P-pyridylvinylene) s and poly
(P-pyridinium vinylene)s. Chem. Mater. 7, 2190–2198 (1995)

374 U. Riaz and S.M. Ashraf



104. Marsella, M.J., Fu, D.-K., Swager, T.M.: Synthesis of regioregular poly (methyl pyridinium
vinylene): an isoelectronic analogue to poly (phenylene vinylene). Adv. Mater. 7, 145–147
(1995)

105. Gill, R.E., Malliaras, G.G., Wildeman, J., Hadziioannou, G.: Tuning of photo-and
electroluminescence in alkylated polythiophenes with well-defined regioregularity. Adv.
Mater. 6, 132–135 (1994)

106. McCullough, R.D., Lowe, R.D.: Enhanced electrical conductivity in regioselectively
synthesized poly (3-alkylthiophenes). J. Chem. Soc. Chem. Commun. 70–72 (1992)

107. McCullough, R.D., Lowe, R.D., Jayaraman, M., Anderson, D.L.: Design, synthesis, and
control of conducting polymer architectures: structurally homogeneous poly
(3-alkylthiophenes). J. Org. Chem. 58, 904–912 (1993)

108. Chen, T.-A., Rieke, R.D.: The first regioregular head-to-tail poly(3-hexylthiophene-2,5-diyl)
and a regiorandom isopolymer: nickel versus palladium catalysis of 2(5)-bromo-5(2)-
(bromozincio)-3-hexylthiophene polymerization. J. Am. Chem. Soc. 114(10), 087–10088
(1992)

109. Chen, T.-A., Wu, X., Rieke, R.D.: Regiocontrolled synthesis of poly(3-alkylthiophenes)
mediated by rieke zinc: their characterization and solid-state properties. J. Am. Chem. Soc.
117, 233–244 (1995)

110. Sandstedt, C.A., Rieke, R.D., Eckhardt, C.J.: Solid-state and solvatochromic spectra of a
highly regular polythiophene. Chem. Mater. 7, 1057–1059 (1995)

111. Wang, H.L., Marsella, M.J., Fu, D.-K., Swager, T.M., MacDiarmid, A.G., Epstein, A.J.:
Photophysics of poly(p-pyridine): Blue electroluminescent devices from a soluble conju-
gated polymer. Polym. Mater. Sci. Eng. 73, 473–474 (1995)

112. Nalwa, H.S.: Handbook of Conductive Molecules and Polymers, vol. 1–4. Wiley, Chichester
(1997)

113. Lane, P.A., Rostalski, J., Giebeler, C., Martin, S.I., Bradley, D.D.C., Meissner, D.:
Electroabsorption studies of phthalocyanine/perylene solar cells. Sol. Energy Mater. Sol.
Cells 63, 3–13 (2000)

114. Rostalski, J., Meissner, D.: Photocurrent spectroscopy for the investigation of charge carrier
generation and transport mechanisms in organic p/n-junction solar cells. Sol. Energy Mater.
Sol. Cells 63(1), 37–47 (2000)

115. Hoppe, H., Sariciftci, N.S.: Organic solar cells: an overview. J. Mater. Chem. 19, 1924–1945
(2004)

116. Singh, B., Sariciftci, N.S.: Progress in plastic electronics devices. Ann. Rev. Mater. Res. 36,
199–230 (2006)

117. Winder, C., Sariciftci, N.S.: Low bandgap polymers for photon harvesting in bulk
heterojunction solar cells. J. Mater. Chem. 14, 1077–1086 (2004)

118. Bundgaard, E., Krebs, F.C.: Low band gap polymers for organic photovoltaics. Sol. Energy
Mater. Sol. Cells 91, 954–985 (2007)

119. Kroon, R., Lenes, M., Hummelen, J.C., Blom, P.W.M., de Boer, B.: Small bandgap
polymers for organic solar cells (polymer material development in the last 5 years). Polym.
Rev. 48, 531–582 (2008)

120. Thompson, B.C., Fre´chet, J.M.J.: Polymer–fullerene composite solar cells. Angew. Chem.
Int. Ed. 47, 58–75 (2008)

121. Mayer, A.C., Scully, S.R., Hardin, B.E., Rowell, M.W., McGehee, M.D.: Polymer-based
solar cells. Mater. Today 10, 28–33 (2007)

122. Roncali, J.: Synthetic principles for bandgap control in linear p-conjugated systems. Chem.
Rev. 97, 173–206 (1997)

123. Shaheen, S., Brabec, C.J., Sariciftci, N.S., Padinger, F., Fromherz, T., Hummelen, J.C.:
2.5 % efficient organic plastic solar cells. Appl. Phys. Lett. 78, 841–844 (2001)

124. Yokoyama, H., Kramer, E.J., Rafailovich, M.H., Sokolov, J., Schwarz, S.A.: Structure and
diffusion of asymmetric diblock copolymers in thin films: a dynamic secondary ion mass
spectrometry study. Macromolecules 31, 8826–8830 (1998)

Photochemical Behavior and Optoelectronic Applications of Some … 375



125. Hoppe, H., Niggemann, M., Winder, C., Kraut, J., Hiesgh, R., Hinsch, A., Meissner, D.,
Sariciftci, N.S.: Nanoscale morphology of conjugated polymer/fullerene-based
bulk-heterojunction solar cells. Adv. Funct. Mater. 14, 1005–1011 (2004)

126. Gebeyehu, D., Brabec, C.J., Padinger, F., Fromherz, T., Hummelen, J.C., Badt, D.,
Schindler, H., Sariciftci, N.S.: The interplay of efficiency and morphology in photovoltaic
devices based on interpenetrating networks of conjugated polymers with fullerenes. Synth.
Met. 118, 1–9 (2001)

127. Martens, T., Hoen, J.D., Munters, T., Beelen, Z., Goris, L., Monca, J., Oliesloeger, M.D.,
Vanderzende, D., De Schopper, L., Andriessen, R.: Disclosure of the nanostructure of
MDMO-PPV: PCBM bulk hetero-junction organic solar cells by a combination of SPM and
TEM. Synth. Met. 138, 243–247 (2003)

128. Mihailetchi, V., Van Duren, K.K., Blom, P., Hummelen, J.C., Janssen, R., Kroon, J.,
Rispens, M., Verhees, W., Wienk, M.: Charge transport and photocurrent generation in poly
(3-hexylthiophene): methanofullerene bulk-heterojunction solar cells. Adv. Funct. Mater. 16,
699–708 (2006)

129. Granstro¨m, M., Petritsch, K., Arias, A.C., Lux, A., Andersson, M.R., Friend, R.H.:
Laminated fabrication of polymeric photovoltaic diodes. Nature 395, 257–260 (1998)

130. Halls, J.J.M., Walsh, C.A., Greenham, N.C., Marseglia, E.A., Friend, R.H., Moratti, S.C.,
Homles, A.B.: Efficient photodiodes from interpenetrating polymer networks. Nature 376,
498–500 (1995)

131. Gupta, D., Kabra, D., Kolishetti, N., Ramakrishnan, S., Narayan, K.S.: An efficient
bulk-heterojunction photovoltaic cell based on energy transfer in graded-bandgap polymers.
Adv. Funct. Mater. 17, 226–232 (2007)

132. Colladet, K., Fourier, S., Cleij, T.J., Lusten, L., Gelan, J., Vanderzande, D., Nguyen, L.H.,
Neugebauer, H., Sariciftci, S., Aguirre, A., Janssen, G., Goovaerts, E.: Low band gap
donor-acceptor conjugated polymers toward organic solar cells applications.
Macromolecules 40, 65–72 (2007)

133. Thompson, B.C., Kim, Y.G., Reynolds, J.R.: Spectral broadening in MEH-PPV:
PCBM-based photovoltaic devices via blending with a narrow band gap
cyanovinylene-dioxythiophene polymer. Macromolecules 38, 5359–5362 (2005)

134. Al Ibrahim, M., Roth, H.K., Schroedner, M., Kalvin, A., Zhokhavets, U., Gobsch, G.,
Scharff, P., Sensfuss, S.: The influence of the optoelectronic properties of poly
(3-alkylthiophenes) on the device parameters in flexible polymer solar cells. Org.
Electron. 6, 65–77 (2005)

135. Ahn, T., Choi, B., Ahn, S.N., Han, S.N., Lee, H.: Electronic properties and optical studies of
luminescent polythiophene derivatives. Synth. Met. 117, 219–221 (2001)

136. Chirvaze, D., Chiguvare, Z., Knipper, M., Parisi, J., Dyakonov, V., Hummelen, J.C.:
Electrical and optical design and characterisation of regioregular poly (3-hexylthiophene-2,
5diyl)/fullerene-based heterojunction polymer solar cells. Synth. Met. 138, 299–304 (2003)

137. Takahashi, K., Tsuji, K., Inote, K., Yamaguchi, T., Kanura, T., Murata, K.: Enhanced
photocurrent by Schottky-barrier solar cell composed of regioregular polythiophene with
merocyanine dye. Synth. Met. 130, 177–183 (2004)

138. Padinger, F., Rittberger, R., Sariciftci, N.S.: Effects of postproduction treatment on plastic
solar cells. Adv. Funct. Mater. 13, 85–88 (2003)

139. Chirvaze, D., Parisi, J., Hummelen, J.C., Dyakonov, V.: Influence of nanomorphology on
the photovoltaic action of polymer? Fullerene composites. Nanotechnology 15, 1317–1326
(2004)

140. Wudl, F., Kobayashi, M., Heeger, A.J.: Poly (isothianaphthene). J. Org. Chem. 49, 3382–
3384 (1984)

141. Qin, Y., Kim, J.Y., Frisbie, C.D., Hillmyer, M.A.: Distannylated isothianaphthene: a
versatile building block for low bandgap conjugated polymers. Macromolecules 41, 5563–
5570 (2008)

376 U. Riaz and S.M. Ashraf



142. Dhanabalan, A., van Duren, J.K.J., van Hal, P.A., van Dongen, J.L.J., Janssen, R.A.J.:
Synthesis and characterization of a low bandgap conjugated polymer for bulk heterojunction
photovoltaic cells. Adv. Funct. Mater. 11, 255–262 (2001)

143. van Duren, J.K.J., Dhanabalan, A., van Hall, P.A., Janssen, R.A.J.: Synth. Met. 121, 1587
(2001)

144. Wienk, M.M., Turbiez, M., Gilot, J., Janseen, R.A.J.: Narrow-bandgap diketo-pyrrolo-
pyrrole polymer solar cells: the effect of processing on the performance. Adv. Mater. 20,
2556–2560 (2008)

145. Rochford, J., Chu, D., Hagfeldt, A., Galoppini, E.J.: Tetrachelate porphyrin chromophores
for metal oxide semiconductor sensitization: effect of the spacer length and anchoring group
position. Am. Chem. Soc. 129, 4655–4665 (2007)

146. Feng, J., Zhang, Q., Li, W., Li, Y., Yang, M., Cao, Y.J.: Novel porphyrin-grafted poly
(phenylene vinylene) derivatives: Synthesis and photovoltaic properties. Appl. Polym. Sci.
109, 2283–2290 (2008)

147. Huang, X., Zhu, C., Zhang, S., Li, W., Guo, Y., Zhan, X., Liu, Y., Bo, Z.: Porphyrin−
Dithienothiophene p-conjugated copolymers: synthesis and their applications in field-effect
transistors and solar cells. Macromolecules 41, 6895–6902 (2008)

148. Blouin, N., Michaud, A., Leclerc, M.: A low-bandgap poly(2,7-carbazole) derivative for use
in high-performance solar cells. Adv. Mater. 19(17), 2295–2300 (2007)

149. Peng, B., Najari, A., Liu, B., Berrouard, P., Gendron, D., He, Y., Zhou, K., Zou, Y., Leclerc,
M.: A new dithienylbenzotriazole-based poly(2,7-carbazole) for efficient photovoltaics. Adv.
Mater. 211, 2026–2033 (2010)

150. Qin, R., Li, W., Li, C., Du, C., Veit, C., Schleiermacher, H.-F., Andersson, M., Bo, Z., Liu,
Z., Inganas, O., Wuerfel, U., Zhang, F.: A planar copolymer for high efficiency polymer
solar cells. J. Am. Chem. Soc. 131(41), 14612–14613 (2009)

151. Duan, C., Chen, K.-S., Huang, F., Yip, H.-L., Liu, S., Zhang, J., Jen, A.K.Y., Cao, Y.:
Synthesis, characterization, and photovoltaic properties of carbazole-based two-dimensional
conjugated polymers with donor-p-bridge-acceptor side chains. Chem. Mater. 22(23), 6444–
6452 (2010)

152. Wang, M., Hu, X., Liu, P., Li, W., Gong, X., Huang, F., Cao, Y.: Donor-acceptor conjugated
polymer based on naphtho[1,2-c:5,6-c]bis[1, 2, 5]thiadiazole for high-performance polymer
solar cells. J. Am. Chem. Soc. 133(25), 9638–9641 (2011)

Photochemical Behavior and Optoelectronic Applications of Some … 377


	11 Photochemical Behavior and Optoelectronic Applications of Some Conjugated Polymers
	Abstract
	1 Introduction
	2 Fabrication of Polymer Light Emitting Diode (PLEDs) Based on Conjugated Polymers
	3 Synthesis of Conjugated Polymers
	3.1 Dehydrohalogenation Reactions
	3.2 Precursor Route Polymerization
	3.3 Transition Metal Catalyzed Coupling Reactions
	3.3.1 Kumada Coupling Reaction
	3.3.2 McCullough Coupling Reaction
	3.3.3 Suzuki Coupling Reaction
	3.3.4 Heck Coupling

	3.4 Condensation Polymerizations
	3.4.1 Wittig Reaction
	3.4.2 Knoevenagel Condensation Polymerization
	3.4.3 Horner-Emmons Condensation Polymerization


	4 Common Conjugated Polymers Used in PLEDs
	4.1 Polyfluorene and Its Derivatives
	4.2 Polyphenylene (PPP) and Its Derivatives
	4.3 Poly(Phenylene Vinylene) (PPV) and Its Derivatives
	4.4 Polythiophene and Its Derivatives

	5 Fabrication of Solar Cells Using Conjugated Polymers
	6 Conjugated Polymers Used in Organic Solar Cells
	6.1 Phenylene-Vinylenes and Its Derivatives
	6.2 Poly(3-Alkylthiophenes) and Its Derivatives
	6.3 Polypyrrole and its Derivatives
	6.4 Porphyrin Based Polymers
	6.5 Poly(Carbazole) and Its Derivatives

	7 Conclusion and Future Prospects
	Acknowledgment
	References


