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||| Preface ||}

Conjugated polymers have received considerable technological
interest due to the combination of physical properties of polymers (low
density, processibility, solubility, etc.) with the optoelectronic properties of
semiconductors and have been extensively studied due to their potential
applications in organic optoelectronic devices, such as photovoltaic cells, thin
film transistors, organic light emitting diodes, electrochromic devices etc. In
addition to this, conjugated organic polymers have received considerable
attention, because of their advantages, such as being light weight, flexible and
having a facile large-scale fabrication. These are considered to be one of the
most promising materials to lower the cost of the energy generated when
compared to inorganic material based solar cells. Such conjugated polymeric
materials are used as active layers in optoelectronic devices. For instance,
conjugated polymers and their doped forms were considered as potential
alternatives for metals in the field of device fabrication. The major intention
of the present study was to synthesize low band gap conjugated polymers
which have the ability to absorb from the visible region and possessing both

photovoltaic and nonlinear optical property.

Major objectives of the present study are:
=  Theoretical designing of low band gap conjugated polymers using
Density Functional Theory (DFT) in the periodic boundary condition
(PBC).
=  Synthesis of Monomers and designed low band gap polymers using
different synthetic strategies including Direct Arylation Polymerization,
SuzukiCoupling Polymerization,Gilch Polymerization and Knoevenagel

Polycondensation.

= Explore the third-order nonlinear optical properties of synthesized

polymers.



= Explore the application of the conjugated polymers as active layer in
photovoltaic devices and fabrication of solar cells using different
configurations.

The thesis is divided into six chapters

The first chapter gives a concise introduction to conjugated polymers
and their applications in different optoelectronic devices. The first section of
the introduction chapter describes the fundamental concepts and structural
aspects of conjugated polymers. Second section deals with the concepts of
theoretical investigation and designing of conjugated polymers. Various
routes for the synthesis of conjugated polymers are discussed in the third
section of this chapter. Fourth section illustrates the various technological
aspects of device fabrication in organic photovoltaics and donor-acceptor
concept in band gap modelling. The last section describes the fundamentals
of nonlinear optical properties of conjugated polymers and their application
in optical limiting devices.

The second chapter includes the methods for the synthesis of monomers.
Seven dibromo derivatives of different monomers were synthesized which were
suitable for the synthesis of conjugated copolymers via Direct Arylation and
Suzuki Polymerization routes. Two bromomethylated derivatives of monomers
were synthesized for Gilch Polymerization reaction and one cyanomethyl
derivative of monomer was synthesized for the synthesis of cyanovinylene
polymer. All the monomers synthesized were characterized by different
spectroscopic and analytical techniques.

Third chapter deals with the theoretical studies of monomers, D-A
binary units and polymers using Gaussian 09 software. Monomers and D-A
units were optimized using density functional theory (DFT) and total
optimization process included DFT/B3LYP/6-31G formalism. Band gap,
oscillator strength and excitation energies were calculated using time
dependent density functional theory (TD-DFT) calculations. Conjugated
polymers were optimized by applying periodic boundary condition (PBC).



In the fourth chapter, the synthesis of twelve conjugated copolymers
by different synthetic strategies like Direct Arylation Polymerization,
Suzuki Coupling Polymerization, Gilch Polymerization and Knoevenagel
Polycondensation were demonstrated. The synthesized polymers were
characterized by different spectroscopic techniques including *H NMR and
IR spectroscopy. GPC (Gel Permeation Chromatography) technique was
used for finding the molecular weights of polymers. Absorption spectra
were recorded for all the samples and from the onset value of absorption
peak, optical band gaps were calculated. Emission spectra of copolymers
were measured in different solvents and found to be in the visible range.
Thermal stability of polymers was investigated by TG-DTA. The redox
behavior of all the copolymers was investigated using cyclic voltammetry.
HOMO and LUMO energy values and electrochemical band gaps of
copolymers were calculated. Band gaps obtained from optical and
electrochemical methods are in good agreement with the band gaps obtained
from theoretical calculations.

Fifth chapter is about the Photovoltaic and Nonlinear Optical
applications of the synthesized polymers. Summary and conclusion of the
work done is presented in the sixth chapter. References are given at the end
of each chapter.
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Chapter 1

AN INTRODUCTION TO CONJUGATED
POLYMERS AND THEIR APPLICATIONS

1.1 Introduction
[y 1.2 Computational Methods
N 1.3 General Routes for the Synthesis of Conjugated Polymers
§ 1.4 Organic Photovoltaics
B 1.5 Nonlinear Optics
1.6 Scope of the Thesis

1.1 Introduction

Conjugated polymers have received considerable technological
interest due to the combination of physical properties of polymers like low
density, processibility, solubility, etc. and the optoelectronic properties of
semiconductors. The semiconducting behavior of conjugated polymers make
them applicable in organic optoelectronic devices'™ such as photovoltaic
cells,>® thin film transistors, organic light emitting diodes,®® electrochromic
devices etc.!® As being light weight, flexible and having facile processes for
large-scale fabrication, conjugated polymers are considered to be one of the
most promising materials to lower the cost of the energy generated when
compared to inorganic material based solar cells.**™® Conjugated polymeric
materials and their doped forms are used as active layers in optoelectronic
devices and were considered as potential alternatives for metals in the field

of device fabrication.}”*°
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The first section of the introductory chapter describes the fundamental
concepts and structural aspects of conjugated polymers. Second section deals
with the concepts of theoretical investigation and designing of conjugated
polymers. Various routes for the synthesis of conjugated polymers are
discussed in the third section of this chapter. Fourth section illustrates the
various technological aspects of device fabrication in organic photovoltaics
and donor-acceptor concept in band gap modelling. The last section describes
the fundamentals of nonlinear optical properties of conjugated polymers and
their application in optical limiting devices.

The band gap of a polymer is directly related to its conjugation along
the backbone. Another factor which affects the band gap of the organic
material is the bond length alteration (BLA). Band gap can be controlled
through reduction of bond length alteration. Increasing the aromaticity of
the polymer backbone does not ensure a low band gap, but it is more stable
and thus represents the ground-state structure. Instead, more effective way
of lowering the band gap in conjugated systems is increasing the quinoid
character thereby decreasing the bond length alteration of the polymeric
backbone (Figure 1.1).%%
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Figure 1.1: (A) Aromatic and quinoid resonance structures of polythiophene;

(B) band gap reduction of polymer due to enhanced quinoidal
character®
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Another important factor which affects the band gap is the planarity of
the polymer backbone. Monomer aromaticity and heteroatom in heterocyclic
systems are responsible for the planarity (Figure 1.2). The strong electron
affinity of heteroatom leads to lower band gap values.? It has also been
proposed that monomer aromaticity determines the confinement potential
and delocalization of the m-electrons. As the confinement within the ring
becomes stronger, the delocalization length along the backbone decreases,
resulting in larger Egq values.?* The last factor to consider is interchain
coupling that can occur via stacking in the solid state, resulting in increased
electron delocalization and a reduction in band gap. Reduced molecular
ordering can increase the spatial distance between polymer chains, reducing
interchain coupling and increasing band gap. Such molecular ordering can

also directly affect the charge mobility of materials.

1.9eV 1.7eV
A\ H Electron affinities
/ S LN S: 200 kJ /
S N : mol
\ /1n DR J 1n N: -7 kJ/mol
2.0eV 3.0eV

Figure 1.2: lllustrative examples of molecular effects on band gap?

Band gap control has always been an essential synthetic strategy in the
field of conjugated polymers. In 1992, Wynberg and co-workers introduced

the concept of the donor-acceptor (D-A) approach to conjugated polymer
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design.® Various strategies like ladder polymerization, donor-acceptor
polymerization etc. are used for band gap control. The donor-acceptor (D-A)
approach as a powerful synthetic tool in controlling the band gaps of
conjugated polymers, was first introduced by Havinga et al.?>?® which was
utilized to achieve narrow and low band gap polymers. The donor-acceptor
concept is important not only for the band gap control, but also for
providing the possibility of combining properties of two different moieties.
In the donor-acceptor copolymers, the low band gap is ascribed to an
intramolecular charge transfer (ICT) between the electron-rich and electron
poor units. The actual band gap correlates with the energy difference
between the highest occupied molecular orbital (HOMO) of the electron-
rich donor unit and the lowest unoccupied molecular orbital (LUMO) of the
electron-poor acceptor moiety. The band gap can be narrowed or widened
on the basis of the strength of donor and acceptor units. Therefore, the
strength of the donor and acceptor materials that are combined has a
significant effect on the resulting band gap. One advantage of utilizing
conjugated polymers for technological applications is the ability to tune the
material properties at the molecular level. This is typically accomplished

through synthetic modification of the monomeric units.?’2°

1.1.1 Strategies for Band Gap Reduction

This section discusses the general design strategies used to control the
band gaps of conjugated polymers. Considering the skeleton of a polyaromatic
conjugated polymer such as polyphenylene, poly(phenylene vinylene), and
polythiophene, there are two possible resonance structures for the ground
state with nondegenerate energy. The first is called the aromatic form. In the

case of thiophene polymers (Figure 1.1A), each thiophene unit maintains its
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aromaticity with confined z-electrons. Delocalization of the z-electrons
along the conjugated backbone converts double bonds into single bonds and
synchronously transforms single bonds into double bonds, leading to a
resonance structure referred to as the quinoid form.?’ The quinoid form is
energetically less stable when compared to the aromatic form. Quinoid
structure has a small band gap because it requires destruction of the aromaticity
and a loss in the stabilization energy.?? As the quinoid contribution increases,
the carbon-carbon single bonds between two adjacent rings adopt more
double bond character and the bond length alteration starts to decrease.
Overall, the HOMO-LUMO band gap decreases linearly as a function of the
increasing quinoid character. For example, polyisothianaphthene (PITN)®
tend to favor the quinoid form to selectively maintain the benzene aromaticity

which make PITN a low band gap conjugated polymer.

In a similar manner, quinoidization by aromatic exchange, poly(thieno
[3,4-b]pyrazine)®! or poly(thieno [3,4-b]- thiophene)** with primary thiophene
rings fused with another aromatic pyrazine or thiophene ring at the p-position
have also been synthesized to promote quinoid population and achieve low

band gap conjugated polymers (Figure 1.3).

CeHiz  CeHis
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[ 2/ \g ]
S n

Poly (thieno [3,4-b] pyrazine) Poly (thieno [3,4-b] thiophene)

Figure 1.3: Chemical Structures of Poly (thieno [3,4-b] pyrazine) and Poly
(thieno [3,4-b] thiophene)
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There are other various useful strategies for reducing the band gap of
conjugated polymers including molecular modification used to impose steric
or electronic effects on conjugated main chains and planarization between
adjacent aromatic units which allows parallel p-orbital interactions to extend
conjugation and facilitate delocalization. This in turn results in band gap

reduction by reducing the BLA.*

1.1.2 The Donor-Acceptor Approach in Band Gap Control

A more powerful strategy in designing low band gap conjugated
polymers is the synthesis of alternating donor-acceptor (D-A) copolymers.®
Through the introduction of push-pull driving forces, electron delocalization
and the formation of quinoid mesomeric structures over the conjugated
backbone can be facilitated, resulting in the reduction of BLA. By introducing
electron rich donor unit and electron deficient acceptor unit in the same
polymer backbone, the valence and conduction bands get broadened and a
small HOMO-LUMO separation in between. This can be elucidated in a more
simple way by introducing the concept of hybridization of the molecular orbital

between the donor and acceptor in the D-A polymer (Figure 1.4).

A
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Figure 1.4: lllustration of hybridization of the molecular orbital
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According to the rules of perturbation theory, the HOMO of the donor
segment will interact with the HOMO of the acceptor segment to yield two
new HOMOs for the D-A polymer. Similarly, the LUMO of the donor will
interact with that of the acceptor to produce two new LUMOSs of the D-A
polymer. After the electrons redistribute themselves from their original non
interacting orbitals to the new hybridized orbitals of the polymer, a higher
lying HOMO and a lower lying LUMO are formed. This leads to a narrowing
of the optical band gap.*® Figure.1.4 shows the hybridization process of the
HOMOs and LUMOs of a D-A system. This concept has served as a basis
for structural modification of many conjugated systems. By carefully
selecting the structures of the donors and acceptors and their respective
electron donating and withdrawing strengths, conjugated polymers with

controlled energy levels and band gaps can be synthesized.

1.2 Computational Methods

The major aspect of the conjugated polymer research is the synthesis
of organic polymeric materials with suitable electronic and structural
characteristics for the various applications. Theoretical modelling of
monomeric units and conjugated polymers will help to avoid the expense
and wastage of chemicals and thereby helps to design conjugated polymers
with low band gaps. A theoretical model or method is a way to model a
system using a specific set of approximations. These approximations are
combined with a calculation algorithm and are applied to atomic orbitals,

defined by the basis set in order to compute molecular orbitals and energy.*®

In general, the methods can be separated into 4 main types: semi

empirical, ab initio, density functional and molecular mechanics. The
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selection of theoretical model depends on the size of the system and on the
level of approximation. Density functional theory (DFT) methods are
becoming more and more popular because the results obtained are
comparable to the ones obtained using ab initio methods. DFT methods
account for electron correlation by estimating the interaction of an electron
with the total electron density.*”*® Most popular DFT method is B3LYP
(Becke, three-parameter, Lee-Yang-Parr). (Becke 3-Parameter®® method for
calculating that part of the molecular energy due to overlapping orbitals,

plus the Lee-Yang-Parr (LYP)*’ method of accounting for correlation).

Two different types of theoretical methods are available for the band
gap calculation of conjugated polymers. The first method is the oligomer
method. Using this method, band gap of polymers can be calculated by
plotting the reciprocal of oligomer length (1/n) as a function of HOMO-
LUMO gap (in eV) of oligomer which requires repeated calculations until
convergence is reached.*’** Second method is the periodic boundary
condition (PBC) method along with the density functional calculations.
PBCs are a set of boundary conditions which are used for approximating
large polymeric systems by using a small part of the chain (unit cell). The
PBC-DFT method was implemented in the Gaussian 03*° and Gaussian 09*°
quantum chemical codes. Gaussian type orbitals (GTOs) are implemented in
the Gaussian software packages.*’ For calculating the periodic boundary
condition of polymers, Bloch Functions were employed to transform
Gaussian type orbitals to crystal orbitals.”® Band gaps obtained by DFT
method by applying periodic boundary conditions are usually in good

agreement with that obtained by experimental data. T. M. Pappenfus et al.,
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have performed DFT calculations on a series of D-A copolymers using the
oligomer method and periodic boundary conditions.”® They have demonstrated
that the two methods agree well with one another and correlated with
experimental data obtained.

On the basis of band structure and electronic property studies of a
series of vinylene-linked polymers by performing hybrid functional with
periodic boundary conditions in conjunction with nucleus-independent
chemical shift (NICS) and bond length alteration (BLA), B. M. Wong et al.
came to a conclusion that the aromatic <> quinoidal level-crossing is a more
effective way of lowering the band gap in conjugated systems.”® Heyd-
Scuseria-Ernzerhof (HSE06) functional®® incorporating a screened Hartree-
Fock interaction has been introduced which was more computationally
effective than traditional hybrid functional, B3LYP. In the present work,
HSEO06 in combination with 6-31G basis set was used for calculating the

electronic properties of the D-A conjugated polymers.

1.3 General Routes for the Synthesis of Conjugated Polymers

During the past decades, considerable knowledge (theoretical and
experimental) has been gained and many synthetic strategies are available for
the synthesis of conjugated polymers. In addition to chemical oxidative® or

electrochemical®®®®

polymerizations, transition metal catalyzed cross-coupling
reactions provide a particularly powerful synthetic strategy for Csp?-Csp? and
Csp-Csp? bond formation.> This section discusses the general introduction to
metal mediated polymerization and Knoevenagel polycondensation, with a
particular focus on Pd and Ni catalyzed polymerization reactions. Pd

catalyzed (Suzuki,® Negishi,®® Heck,*® Sonogashira® and Stille®* coupling
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polymerizations) and Nickel catalyzed (Kumada Corriu®®) reactions are
often used for the synthesis of conjugated polymers.

1.3.1 Suzuki Coupling Polymerization Reaction

The Suzuki cross-coupling of aryl halides with organoboronic acids or
esters has become one of the most widely investigated and used synthetic
methods for C-C bond formation. It is widely used to synthesize polyolefins,
styrenes, and substituted biphenyls. The general scheme for the Suzuki
coupling reaction includes a carbon-carbon single bond formation by
coupling an organoboron species with a halide using a palladium catalyst and
a base. The advantage of Suzuki coupling polymerization is the less toxic
nature, mild reaction conditions, economical and ecofriendly (even water

can be used as solvent) nature of the reaction.

/SS\ n

N_ N
s

ey |

Catalyst-Aliquat 336, K,CO;, Pd(PPhj),, toluene, 80 °C, 72 h.

Scheme 1.1: Synthesis of Benzochalcogenadiazole Based Polymers®

L. Gregory et al. synthesized two cyclopentadithiophene

benzochalcogenadiazole donor-acceptor (D-A) copolymers via Suzuki
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polymerization reaction (Scheme 1.1). The band gaps of S- and Se- containing
polymers were calculated to be 1.59 eV and 1.46 eV respectively. The results
imply that the substitution of heavy atoms into the acceptor can narrow the
band gap of a D-A polymer.®®

1.3.2 Heck Polymerization

A new conjugated copolymer, poly[1,4-dioctyloxyphenylene-2,5-
diylethenylene-(2,3-dipyridine-2-ylquinoxaline-5,8-diyl)ethylene] (PPV-BD)
was synthesized successfully by Chen et al., in which the electron-donating
unit was alkoxy substituted phenyl ring, and the electron-accepting unit was
a quinoxaline (Scheme 1.2). The resulting polymer had a low band-gap of
1.98 eV. The results showed that introduction of quinoxaline units has led to
a reduction of the band gap of poly(p-phenylenevinylene) (PPV) copolymers

and can be used for detection of TNT in solution.®*

\ Pd(OAC)

+ - =
\ N\ /N tris(2-methylphenyl)phosphine c N N
C
sH,70 Br4<:>78r TEA, DMF
N

Scheme 1.2: Synthesis of PPV-BD Polymer

Huo et al. synthesized alternating copolymers of electron-rich
arylamine/dialkoxyphenylene and electron-deficient 2,1,3-benzothiadiazole.
They studied the photovoltaic properties of the copolymers by fabricating
the bulk heterojunction device.®® The bulk heterojunction-type polymer

solar cell was fabricated with the blend of the copolymer, DP-BT and
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PCBM as the photosensitive layer which gave a power conversion efficiency of
0.39 % (Scheme 1.3).

N'S\N
\\_@TAQ_\\ N 3\ /E Pd(OAc), M@ M
Br
CeHy7 Plo-tol)s CsH17

TEA, DMF

Scheme 1.3: Synthesis of DP-BT Polymer

1.3.3 Sonogashira Coupling Reaction

The traditional reactants in the Sonogashira coupling reaction are
vinyl or aryl halides and terminal alkynes. The reaction has been generally
performed in a system involving a Palladium catalyst, Copper lodide
co-catalyst, and supplemental amines.®® Demir et al. synthesized thermally
curable polybenzoxazines from Diiodobisbenzoxazine (DIBB), Diacetylene
bisbenzoxazine (DABB), and Diacetylene bisether (DABE) by Sonogashira

coupling reaction®” (Scheme 1.4).

DABE

© \foov % 0«4

O Pd(PPh3)4 cul

O Diisoporylamine, toluene

Pd(PPhg),, Cul
N Diisoporylamine, toluene
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piBB |
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Scheme 1.4: Synthesis of Benzoxazine Polymers by Sonogashira Coupling
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1.3.4 Stille Coupling Reaction

The Stille cross-coupling reaction is a versatile C-C bond forming
reaction between organic stannane and organic halides. This reaction is more
suitable for thiophene-containing polymers using monomers with stannyl
groups on the thiophene ring. W. H. Lee et al. synthesized two donor—acceptor
conjugated polymers composed of new acenaphtho[1,2-c] thiophene or
thiophene as electron donors and 1,3-dithien-2-yl-thieno[3,4-c]pyrrole-4,6-
dione (DTTPD) as the electron acceptor by Stille cross-coupling reaction
(Scheme 1.5). They observed that polymer: PCBM bulk heterojunction device
fabricated showed power conversion efficiency (PCE) of up to 3.28 %.%

n Sn—
x Pd(dba)3/P o-tol)s

Chlrobenzene

PDTTPDA

\S d(dba)s/P(o-tol)z
— n
/ Chlrobenzene

R=CH2CH(CgH17)C1oH21 PDTTPDT

Scheme 1.5: Synthesis of Polymers by Stille Coupling Reaction

1.3.5 Yamamoto Coupling Reaction

Yamamoto dehalogenation coupling reactions provide Nickel-mediated
self-polymerization of single monomers. The advantage of Yamamoto coupling
is that only a single component of monomer can self-polymerize to afford the

alternating D-A polymer with moderate to high molecular weight. Janssen and
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co-workers reported a new conjugated polymer based on alternating electron-
rich quaterthiophene and electron-deficient diketopyrrolopyrrole units®
by the Yamamoto coupling which exhibited an ideal band gap of 1.4 eV
(Scheme 1.6.A). The device using P/PCBM gave power conversion efficiency
(PCE) of 3.2 %. They also reported side chain substituted conjugated
polymer (Scheme.1.6.B) that consisted of alternating electron-rich bithiophene

and electron deficient benzothiadiazole unit.”

N O Ci2Has N__O Ci2Has
s M\ ) a
A. Br s \ / A\ Br Ni(COD), s \ / \
\ \_ S s P \ \_ Sy s
\ | 2,2"-bipyridine \ | n
Ci2Has 07N CiaHzs 07 "N

S
N" °N .S,

N N
Br. S " s._Br s \_ s
B. OI%_O_S\IO w» Wﬂ
ﬁ/—g } HO)> \{; 2,2"bipyridine /\/9 //% HO)> OLQ
Scheme 1.6: Synthesis of Polymers by Yamamoto Coupling Reaction

1.3.6 Gilch Polymerization Reaction

This reaction is useful in the synthesis of phenylene vinylene polymers.
Usually Gilch polymerization route is used for the self-polymerization of
monomers in the presence of potassium tert-butoxide to yield homopolymer.
Neef et al. published a typical Gilch route to the synthesis of solution-
processable poly(2-methoxy-5-((2’-ethylhexyloxy)-1,4-phenylene vinylene)
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(MEH-PPV) which is depicted in Scheme 1.7A."* In addition to PPV
homopolymer derivatives, monomers with different side chains can also be
randomly copolymerized by the Gilch route to afford a variety of interesting
PPV derivatives. Tan et al. synthesized 3,5-dialkoxybenzyl pendant containing
MEH-PPV derivatives. The feeding ratio of two monomers can be varied to
fine-tune the steric and electronic properties of the resultant polymer
(Scheme.1.7B); a photovoltaic device was fabricated using a Polymer: PCBM
blend which showed PCE value of 1.41 %."
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excess t-BuOK Q \ O
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O
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Br, \
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Scheme 1.7: Synthesis of PPV Polymers via Gilch Route
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The molecular orbital energy levels of phenylene vinylene polymers can
also be tuned by incorporating electronic substituents into the conjugated
vinylene backbone. M. Ganstrom et al. synthesized cyano group incorporated
phenylene vinylene polymer (CN-PPV) by means of a facile Knoevenagel
polycondensation between terephthalaldehyde and 1,4-bis (cyanomethyl)
benzene in the presence of the base, t-BuOK (Scheme 1.8). Compared to
MEH-PPV, the new CN-PPV lowered both the LUMO and HOMO levels
by ~0.5 eV. Electron-withdrawing effect of the cyano side group creates a
low-lying LUMO level so that it can function as a suitable electron acceptor in
photovoltaic devices, in either a bilayer or a bulk heterojunction configuration.
For example, a bilayer device fabricated by CN-PPV as the n-type layer
showed PCE of 1.9 %."

Scheme 1.8: Synthesis of CN-PPV by Knoevenagel Polycondensation Reaction

1.3.7 Direct Arylation Polymerization

Direct Arylation polymerization is an important methodology that
emerged only recently. This reaction is the coupling of aryl halides with
catalytically activated C-H bonds which provides a desirable and economical
alternative to standard cross-coupling reactions for the construction of new C-C
bonds. Direct arylation is used to synthesize polymers that were previously

difficult to prepare due to the instability of organometallic monomers. The
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major drawback of direct (hetero) arylation, however, is the lack of C-H bond
selectivity which results in cross-linked material during polymerization
reactions. The cross-linking can be avoided by blocking the 3- and 4- positions
of thiophene based monomers. A. Kumar et al. reported a single step reductive
polymerization of ProDOT derivatives in the presence of Pd catalyst which
gave the corresponding direct arylated polymers™ (Scheme.1.9).
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S
CGH13 C6H13

Scheme 1.9: Synthesis of Thiophene Based Polymers by Direct Arylation
Polymerization Route

1.4 Organic Photovoltaics

Conjugated polymers fulfill the two most important requirements needed
for photovoltaic device materials: they absorb light effectively and are able to
carry charge. Therefore, they are used as active material in organic photovoltaic

(OPV) devices. Two general classes of OPVs are organic small molecule based
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devices and organic polymer semiconductor based devices. Small molecule
semiconductor based devices are generally processed by vapor deposition
under high vacuum, while the polymer semiconductor based devices are
processed from solution. Here, active layer is sandwiched between two
electrodes and it consists of organic polymeric materials instead of inorganic
silicon. Organic layer has two phases: donor, an electron donator, and
electron withdrawing acceptor. Conjugated materials are commonly used in
both roles.”

The general working principle in such solar cells involves the
photoexcitation of the donor material by absorbing light energy to generate
excitons. This electron-hole pair diffuses to the donor-acceptor (D-A)
interface and dissociates into holes and electrons. The fully separated free
charge carriers transport to the respective electrodes in the opposite direction
with the aid of the internal electric field, which generates the photocurrent and
photovoltage. The process of conversion of light into electricity can be

schematically described by the following Figure 1.5.

Cathode

Acceptor
material

Donor
material

D*(Hole) ~~.___
(iv)™> p+

Anode

Figurel.5: Energy conversion process in photovoltaic devices
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1.4.1 Bilayer Heterojunction Devices

Tang implemented a bilayer heterojunction architecture containing a
p-type layer for hole transport and an n-type layer for electron transport to
improve the photocurrent of the solar cell device.”® The bilayer device
structure is shown in Figure 1.6. The donor layer and acceptor layer are
deposited on the transparent conducting oxide coated glass plate layer by
layer. The metal electrode was coated on the top of the active layer by
vacuum evaporation technique. By absorbing photons from sun light, donor
and acceptor creates excitons. These excited species move towards the
interface and dissociated into free charges. In bilayer heterojunction devices,
the separated layer of donor and acceptor has small interfacial area which
limits the amount of free charge carriers from reaching the interface. The
limited lifetime of excitons only allow the electron-hole pair to diffuse a short
distance, probably between 5 nm and 14 nm.”"®" If the donor creates excitons
far away from the heterojunction interface, which will result in the decay of
excitons to the ground state without the chance to reach the acceptor. This
leads to the loss of absorbed photons and quantum efficiency. Consequently,
the performance of bilayer heterojunction devices is greatly limited by the

small area of charge-generating interface between the donor and acceptor.

Figure 1.6: Schematic representation of bilayer heterojunction
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1.4.2 Bulk Heterojunction Devices

Yu et al. introduced the concept of a bulk heterojunction (BHJ) to
overcome the difficulty of reduced quantum efficiency in the case of bilayer
heterojunction devices.?? By blending donor and acceptor materials together,
an interpenetrating network with a large D-A separation between the two
components in bulk was obtained. In this way, much enhanced quantum
efficiency of charge separation can be achieved by any absorbing site in the
composite which is within a few nanometers of the donor-acceptor interface.
The formation of a continuous network creates two channels to transport
holes in the donor domain and electrons in the acceptor domain, resulting in
efficient charge collection. The fabrication of the device can be simplified
by employing solution processing techniques as the bulk heterojunction
configuration requires only single active layer to create an internal D-A
heterojunction, without having any interfacial erosion problems which
bilayer configuration faced. Figure 1.7 illustrates the standard bulk
heterojunction architecture where an active layer of the D-A polymer is
sandwiched between two electrodes. Sariciftci and co-workers discovered
efficient photo induced electron transfer in conjugated polymer-fullerene
composites.®® Buckminsterfullerene (Cgo) has proven to be an ideal n-type

material due to its various intrinsic advantages.

Figure 1.7: Schematic representation of bulk heterojunction
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In the case of polymer/fullerene organic photovoltaic devices, active
layers are composed of hole-transporting polymeric materials as donors
and electron transporting fullerene derivatives as acceptors.®* Well defined
nanostructured active layer is essential for the effective photoelectric
conversion processes. First, it possesses a relatively low-lying lowest
unoccupied molecular orbital(LUMO) energy level which is thermodynamically
favorable to accepting electrons from an excited p-type material. The triply
degenerate Cso LUMO enables it to be reduced by up to six electrons, which

reflects its unique stabilization of negative charges.®

Yokozawa et al.®> and McCullough et al.2® developed the controlled
polymerization of regioregular poly(3-hexylthiophene). A number of
regioregular polythiophene-based donor-type block copolymers have been
developed®®? and investigations have been carried out on their application as
donor materials in OPVs. For example, poly(3-hexylthiophene)- block-poly(3-(2-
ethylhexyl)thiophene),”  poly(butylthiophene)-block-poly (octylthiophene)**®
and poly(4-vinyl triphenylamine)-block-poly(3-hexylthiophene)-block poly(4-
vinyl triphenylamine)® were found to exhibit clear lamellar phase separation
and have been studied widely because of their potential applications as
acceptor materials instead of fullerene derivatives in OPVs.* % In contrast to
donor materials, the fullerene derivative, PCBM, is the only conventional
acceptor material for OPVs. One of the major reasons for using PCBM is its
high electron mobility (ca. 0.002 cm?/V s). However, there are also considerable
drawbacks for use in OPVs:

() Negligible light absorption in the visible-near-IR regions.
(i) Less compatibility with donor polymeric materials.

(iii) High cost for synthesis and purification.
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S. H. Park et al.' fabricated bulk heterojunction solar cell using
copolymer, poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4,7-di-2-thienyl-
2,1,3-benzothiadiazole) (PCDTBT) by blending with PC7,BM acceptor,
gave a power conversion efficiency of 6.1 %. Y. Liang et al.'®® developed
bulk heterojunction solar cells by blending thieno[3,4-b]thiophene and
benzodithiophene polymers with PC71BM as active layer and achieved a
power conversion efficiency of 7.4 %.

The investigation of non-fullerene acceptor materials that can potentially
replace PCBM in OPVs is, thus, increasingly necessary, which gives rise to
the possibility of fabricating all-polymer (polymer/polymer) photovoltaic
device. (Figure 1.8 B). All-polymer photovoltaic architecture offers potential
advantages over conventional fullerene-based OPVs, such as more efficient
light absorption due to the acceptor polymer and relatively high open-circuit
voltages.’® Although D-A block copolymer have electron-transporting
properties, broad light absorption and nano morphology derived from the
D-A block structure, the number of D-A block copolymers as acceptor
material is still limited. Even though these polymers have synthetic
difficulties, the recent advancements in the synthesis and applications of

D-A block copolymer for all-polymer photovoltaics are highlighted.'®

Y. Zhou et al.'® fabricated all polymer solar cell by selecting isoindigo
polymers as the donor material because of their low band gaps, strong
absorption, good hole charge transport etc. and substituted N,N’-Dioctyl-
3,4,9,10-perylenedicarboximide (PTCDI) polymer as the acceptor polymer
due to its good electron transporting property and good solubility. This all-

PSC achieved a power conversion efficiency of 4.2 %. Z. Li et al.'’
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constructed all polymer solar cells (all-PSCs) with naphthalenediimide-
bithiophene-thiophene random polymers. The acceptor polymer, PNDI-T10
is miscible with the low band gap donor polymer PTB7-Th, and the blend
promotes efficient exciton dissociation and charge transport. The balanced
hole and electron mobility gave the best solar cell performance with a power
conversion efficiency of 7.6 %.

A) Polymer/fullerene - OPVs B) All Polymer OPVs

Donor material  acceptor Donor material Non-fullerene acceptor material
material PCBM

Figure 1.8: Device architecture of (A) polymer/fullerene organic photovoltaics
(OPVs) and (B) all-polymer OPVs.

1.4.3 Design and Structural Organization of Polymeric Materials for
Photovoltaic Device Architecture

1.4.3.1 D-A Copolymer as p-type Material

The most important characteristics for determining the optical and
electrical properties of a conjugated polymer are the band gap and the
HOMO-LUMO energy levels which in turn greatly influence the ultimate

photovoltaic performance. The photovoltaic mechanism involves the
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conversion of light energy to electrical energy in a device by absorbing
sunlight by the photoactive materials. The wavelength of the maximum
photon flux density of the solar spectrum is located at approximately 700 nm,
which corresponds to a low energy of 1.77 eV.'® The absorption spectrum
of a conjugated polymer needs to cover both the red and near infrared
ranges to exploit the endless source of solar energy and match the greater
part of the solar spectrum. Hence it can harvest the maximum photon flux. It
is highly desirable to develop conjugated polymers with broader absorption
through narrowing their optical band gap. The low band gap conjugated
polymers have been intensely studied by realizing the ultimate goal of
developing organic conducting metals without the need of doping. The band
gap can be reduced by either raising the HOMO or lowering the LUMO
level of the polymer or by compressing the two levels closer together
simultaneously. It has been demonstrated that the open-circuit voltage in
BHJ photovoltaics with ohmic contacts is linearly dependent on the
magnitude of the built-in potential, defined as the difference between the
HOMO level of a p-type polymer and the LUMO level of an n-type
material. The donor with the lower HOMO level will better reach the
theoretically attainable open circuit voltage (Voc), whereas reduction in a
polymer’s band gap to broaden the absorption coverage by lifting up the
HOMO level will inevitably result in a loss of open circuit voltage. On the
other hand, the LUMO level of p-type materials has to be at least 0.3 eV
higher than that level of the n-type material to guarantee the formation of a
downhill driving force for the energetically favorable electron transfer and
overcome the binding energy of the intrachain exciton.'®** Achieving a

narrow band gap for conjugated polymer may result in the lowering of
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LUMO level eventually being lower than that of the fullerene, thus hampering
the efficient electron transfer. The effort to find new p-type polymers for
polymer solar cells is not solely directed to pursuing low band gaps, but also
to controlling the band gap by modulating the HOMO-LUMO levels to their

optimal values.

Z. Zhang et al."*? synthesized copolymers from benzodithiophene and
benzotriazole units, namely, poly{4,8-bis(2-ethylhexyloxy)benzo[1,2-b;3,4-
b]dithiophene-2,6-diyl-alt-2-octyl-4,7-di(thiophen-2-yl)-2H-benzo[d][1,2,3]
triazole-5°,5-diyl} (PBDTDTBTz) and poly{4,8-bis(2-ethylhexyloxy)
benzo[1,2-b;3,4-b]dithiophene-2,6-diyl-alt-2-dodecylbenzotriazole-4,7-diyl}
(PBDTBTZ), via Stille coupling polymerization method. Photovoltaic
performance of the synthesized copolymers blended with PCBM as acceptor,
were investigated. The photovoltaic device with the PBDTDTBTz/PC7:BM
showed a power conversion efficiency of 1.7 %, while PBDTBTz gave a

power conversion efficiency of 1.4 %, under illumination.

1.5 Nonlinear Optics

Nonlinear optics (NLO) is the branch of optics that describes the
behavior of light in nonlinear media. More specifically, NLO includes the
studies of the interaction of light with matter in which the response of the
material system to the applied electromagnetic field is nonlinear in the
amplitude of this field. At low intensity of light, typical of non-laser
sources, the properties of materials remain independent of the intensity of
illumination."®* The superposition principle holds true in this regime, and
light waves can pass through materials or be reflected from boundaries and

interfaces without interacting with each other. Laser sources, on the other
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hand, can provide sufficiently high light intensities to modify the optical
properties of materials. Light waves can then interact with each other,
exchanging momentum and energy, and the superposition principle is no
longer valid. This interaction of light waves can result in the generation of
optical fields at new frequencies, including optical harmonics of incident

radiation or sum- or difference-frequency signals.***

The physical origin of nonlinearities involving transition between
discrete molecular states is the electric dipole interaction between the
electrons in atoms and molecules and an electromagnetic field. The
dielectric polarization P responds nonlinearly to the applied optical field. In
an optical system, a nonlinear response can occur when there is sufficiently

intense illumination. The nonlinearity is exhibited in the polarization () of

the material, which is often represented by a power series expansion of the

total applied optical field (E):

() =80(X(1)E1+X(2)E2+X(3)E3+---) ................................ (1.1)

Here ¥ is the linear susceptibility representing the linear response (i.e.
linear absorption and the refractive index) of the material. The two lowest
order nonlinear responses are accounted for by the second and third order

nonlinear susceptibilities *® and x®.1*°

The nonlinearity may be of microscopic or macroscopic origin. The
polarization density P = N p is a product of the individual dipole moment
p induced by the applied electric field and the number density of dipole

moments N. The nonlinear behavior may reside either in p or in N (Figure 1.9).
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(a) Linear (b) Nonlinear

Figure 1.9: The P-¢ relation for (a) a linear dielectric medium and
(b) a nonlinear medium

The relation between P and ¢ is linear when ¢ is small, but becomes
nonlinear when & acquires values comparable to inter atomic electric fields,
which are typically ~ 10°-10® V/m. Figure 1.9 shows the linear and nonlinear
behavior of light in a medium. The origin of a nonlinear response of an
optical material to light is the dependence of the number density N on the
optical field. If the external applied optical electric fields are typically small
in comparison with characteristic interatomic or crystalline fields, even when

focused laser light is used, the nonlinearity is usually weak.*®

1.5.1 Nonlinear Absorption (NLA)

At high input optical intensities, there is an intensity-dependent
change in a material’s refractive index, which results in an intensity-
dependent absorption change. Nonlinear refractive index and absorption
changes play the key role in many important nonlinear phenomena such as
optical switching or soliton generation.!*” There is a possibility for a
material to absorb more than one photon before relaxing to the ground state

in the case of higher intensity of radiation. The nonlinear absorption is
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arising from either direct multiphoton absorption, saturation of the single
photon absorption, or free-carrier absorption in the case of solids.

1.5.1.1 Two Photon Absorption (TPA)

Two-photon absorption is the simultaneous absorption of two photons of
identical or different frequencies in order to excite a molecule from the ground
state to a higher energy state. The sum of the energies of the two photons is
equal to the energy difference between the involved lower and upper states of
the molecule. Two-photon absorption is a third-order process which is several
orders of magnitude weaker than linear absorption at low light intensities.
Figure 1.10 shows the schematic representation of two photon absorption
process. The atomic transition rate due to TPA depends on the square of the
light intensity, thus it is a nonlinear optical process, and can dominate over

linear absorption at high intensities.*®

Excited state

Virtual state

y

Ground state —————————

Figure 1.10: Energy scheme of a two photon excitation process
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The nonlinear absorption is proportional to the intensity of incident

light (1) and is given by equation (1.2)**°

where o is the linear absorption coefficient and {3 is the two photon absorption

coefficient.

1.5.1.2 Multiphoton Absorption

Multiphoton absorption means simultaneous absorption of a number
(>2) of photons, accompanied by the transition of an absorbing molecule
from a lower energy level to a higher level.*?® The absorption of (n+1)

photons from a single beam is given by equation (1.3)

dl
= —(@ YOOI (1.3)

where y@+D s the (n+1) photon absorption coefficient.

1.5.1.3 Saturable Absorption (SA)

Saturable absorption is a property of materials where the absorption of
light decreases with increasing light intensity. Most materials show some
saturable absorption only at very high optical intensities. When the absorption
cross-section from excited state is smaller than that from ground state,
molecules in the ground state of a material become excited into an upper
energy state at such a rate that there is insufficient time for them to decay
back to the ground state before the ground state becomes depleted, and the

absorption subsequently saturates.**
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1.5.1.4 Reverse Saturable Absorption (RSA)

Reverse saturable absorption is a class of nonlinear absorption in
which the excited state absorption is large compared to the ground state
absorption. It is known as reverse saturable absorption. At high incident
laser energies, the nonlinear absorber gives large absorption and low
incident laser energies results in lower absorption. The performance of
such nonlinear optical materials can be limited by the accompanying linear
absorption at low input energy. However, transparency is at low input
energy, but higher absorption at high input energy can be achieved with
multi-photon absorbers (MPA) in which two or more photons are absorbed

simultaneously.**

1.5.1.5 Free Carrier Absorption (FCA)

In semiconductors, if the absorbed photon has energy greater than
the band gap, the electron will be promoted to the conduction band and it
acts as a free carrier. The free carrier generated will contribute to current
flow when a field is applied. The excited electron will rapidly relax to the
bottom of the conduction band, where it will recombine with an excited hole
in the valence band after a characteristic recombination time. However, while
retaining in the conduction band, it can absorb another photon if the intensity

is sufficiently high. This process is called free carrier absorption.'?*

1.5.2 Optical Power Limiting

With the extensive use of high power laser in various applications,
much interest is currently being directed towards the search for new
nonlinear optical materials for passive optical limiters which are used to

protect human eyes and solid state optical sensors from intense laser
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beams.'??

Optical limiter exhibits linear transmittance at low powers, but it
becomes slightly opaque at high incident intensities. Optical limiting effect
results from intensity dependent optical nonlinear processes like (a) nonlinear
absorption (NLA), (b) nonlinear scattering (NLS), (c) nonlinear refraction
(NLR) (d) optically induced phase transitions and (e) photo refraction (PR).!*
An optical limiter is a device designed to keep the power, irradiance, energy
or fluence transmitted by an optical system below some specified maximum
value regardless of the magnitude of the input which maintains a high

transmittance at low input powers.

The minimum criteria identified for a material to act as an effective

optical limiter are,"®

= Having a high linear transmittance
= A fast response time (e.g. picoseconds or faster)

= A low limiting threshold (the input corresponding to the break

point in the curve).
= Low optical scattering

= A broad band response (e.g. the entire visible spectrum)

1.5.3 Nonlinear Refraction (NLR)

Nonlinear refraction is the change in spatial distribution of the
refractive index of a medium when a material is exposed to electromagnetic
radiation of suitable frequency. The nonlinear refraction property of a
material could be due to Raman induced Kerr effect, electronic polarization,

molecular orientation effects, thermal contributions, and photorefractive
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effects. The nonlinear refraction property of a material can be utilized for
various applications like optical switching, optical data processing, optical
logic gates and passive laser mode-locking. The relation between nonlinear

refraction and intensity of illumination is given by equation (1.4),**®

where ‘ng’ is the linear refractive index and ‘ny’is nonlinear refraction
coefficient. Several physical mechanisms like molecular orientational effect,
Raman induced Kerr effect, electronic polarization etc. contribute to the

nonlinear refraction property of a material.**

1.5.4 Z-scan Technique for NLO Characterization

In 1989, Sheik Bahae developed Z-scan single beam technique for
measuring the magnitude of nonlinear absorption as well as sign and
magnitude of nonlinear refraction.®*?” This technique offers simplicity and
high sensitivity when compared to other methods. Z-scan is based on the
principle of spatial beam distortion. When a laser beam of high intensity
propagates through a nonlinear material, the variation in photo-induced
refractive index may lead to self-focusing of the beam. The propagation and
self-refraction can be studied using this technique. The third order nonlinear
optical properties of solids, liquids and liquid crystals can be studied by this

method.

The experimental setup for single beam z-scan is given in Figure 1.11.
In this set up, if the transmitted light is measured through a finite aperture
placed in the far field as the sample is moved in z-direction, then it is

referred to as closed aperture (CA) Z-scan technique. However, if the
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transmitted light is measured without an aperture, then it is referred to as
open aperture (OA) Z-scan technique. Here the output is sensitive only to
non-linear absorption of a material. Closed aperture and open aperture z-
scan methods yield the real and imaginary parts of nonlinear susceptibility,

respectively.'?!%

Beam splitter Sample Detector
Laser D2
- —
Lens 7 +Z
Aperture
D
Detector

Figure 1.11: Schematic representation of the experimental setup
for Z-scan technique.

1.5.4.1 Open Aperture (OA) Z-scan

In open aperture Z-scan, the detector is sensitive only to intensity
variations of the transmitted light and not the phase variations of the light. Open
aperture Z-scan is used to measure the nonlinear absorption of the medium. If
the sample has two photon absorption (TPA), the measure of transmitted light
will be minimum at the focal point.?® On the other hand, transmission
maximum will be obtained at focal point if the sample is a saturable
absorber. S. Narayanan et al.*?’ investigated the third order nonlinear optical
properties of copolymer, poly(2,5-(3,4-ethylenedioxythiophene)-alt-2,7-(9,9-
dioctylfluorene)) by Z-scan technique. The open aperture Z-scan traces of

the polymers gave a reverse saturable absorption graph with a positive
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nonlinear absorption coefficient. The study showed that the nonlinear
absorption fitted well with the theoretical fit derived from two photon
absorption (TPA). The third-order nonlinear optical properties of 3,4-
ethylenedioxythiophene-quinoxaline copolymers were also reported by
S. Narayanan et al.'”® The open aperture Z-scan traces showed that the
copolymers exhibited reverse saturable absorption with positive nonlinear
absorption. The theoretical fitting confirmed that two photon absorption
(TPA) could be the process involved in the optical absorption.

1.5.4.2 Closed Aperture (CA) Z-scan

Apart from the open aperture technique, closed aperture Z-scan is
based on the self- refraction and self- phase modulation effects. The high
intense light is allowed to pass through an aperture and the transmitted light
is measured as a function of the sample position Z with respect to the focal
plane using a single Gaussian beam. In closed aperture z-scan technique, the
medium behaves like thin lens of variable focal length due to change in
refractive index at each position (n = ng + nu1).*** The beam irradiance
enhances when the material with negative non-linear refractive index is
brought closer to focus. This enhancement leads to self-lensing in the
sample. A negative self-lensing prior to focus will tend to collimate the
beam, which will result in beam narrowing at the aperture which causes an
increase in transmission (peak). As the sample passes the focal plane to the
right in z direction, the same self-defocusing enhances the beam divergence
causing a beam broadening at the aperture, leads to a decreased transmission
(valley). A peak in the transmittance curve followed by valley in the

transmittance curve reveals the negative non-linearity of a material.

I Department of Applied Chemistry, CUSAT



An Introduction to Conjugated Polymers and their Applications

Whereas, valley-peak configuration represents positive nonlinear refraction
of the medium.*® In order to determine the sign and magnitude of nonlinear
refraction property of copolymer, poly(2,5-(3,4-ethylenedioxythiophene)-alt-
2,7 -(9,9-dioctylfluorene)), closed aperture Z-scan technique was performed.*?’
The closed aperture trace of the polymer showed peak-valley characteristics
which indicated the negative nonlinear refractive index due to self-defocusing.
S. Narayanan et al.'?® reported the nonlinear refractive indices of 3,4-
ethylenedioxythiophene-quinoxaline copolymers by closed aperture Z-scan
studies. The copolymers showed negative nonlinear refraction coefficient

and peak-valley traces because of the self-defocusing behavior.

1.6 Scope of the Thesis

=  Designing of novel conjugated polymers whose band gap lies in
the semiconducting range using Density Functional Theory in the

Periodic Boundary Condition (PBC) formalism.

= Synthesis of Conjugated polymers by adopting appropriate

synthetic Procedures.

= Explore the application of the synthesized conjugated polymers
as active layer in the heterojunction photovoltaic devices using
ZnO and LiF as the electron transport materials and MoO3; and
PEDOT: PSS as hole transport layers.

= Explore the application of conjugated polymers in nonlinear

optical devices.
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Chapter 2

SYNTHESIS AND CHARACTERIZATION OF
MONOMERS

2.1 Introduction

2.2 Results and Discussion
2.3 Experimental Procedure
2.4 Conclusion

Contents

The optoelectronic properties of conjugated polymeric materials can be
utilized for the fabrication of organic electronic and photonic devices. When
key structural requirements are met, these materials exhibit unique properties
such as solution processability, large charge transporting capabilities, broad
optical absorption etc. Herein, the synthesis and characterization of monomers
which are used for preparing the desired conjugated polymers are reported.
Detailed description of experimental procedures are presented.

2.1 Introduction

The development of bulk heterojunction polymer solar cells (PSCs)
has become an interesting area of research because of the high manufacturing
cost of inorganic material based solar cells.»? Researchers have focused on
the synthesis of new photovoltaic conjugated polymers and the development
of device fabrication technologies based on low cost, light weight, easily
proceessable organic semiconductors.® Conjugated polymers with low band

gaps, suitable energy levels and high charge carrier mobility are responsible
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for the performance of PSCs.*® For device applications, it is important to
control the electronic band structure of the polymer to achieve a band gap of
the desired magnitude and frontier orbitals, HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular orbital), of
proper energies.” The band gap can be tuned by introducing suitable donor
and acceptor moieties or introducing linker units. The combination of high-
lying HOMO levels (residing on the donor units) and low-lying LUMO
levels (residing on the acceptor units) result in an overall low band gap for
the polymer. The band gap can be narrowed or widened on the basis of the
choice of donor and acceptor units, or more specifically, the difference in
electron density between the donor and acceptor units along the polymer
backbone.® Another strategy is the introduction of electron-withdrawing
groups in particular positions in the conjugated polymer chain.®'® Organic
materials with a large absorption range (low band gap) can be synthesized
which can harvest photons at longer wavelength and improve the efficiency
of organic photovoltaic devices, due to a better overlap of the absorption

spectrum and the solar spectrum.

One advantage of utilizing conjugated polymers for technological
applications is the ability to tune the material properties at the molecular
level. This is typically accomplished through synthetic modification of the
monomeric units or the combination of dissimilar units to make copolymeric
systems.™* Donor-acceptor (D-A) conjugated polymers are promising candidates
for high mobility polymeric semiconductors.’**® M. He et al. have developed
polycyclic aromatic unit comprising six rings, (5,11-bis(2-octyldodecyl)
dithieno[3,2-b:3',2-b"Inaphtho-[1,2-b:5,6-b"]dithiophene) (DTNDT). Four
donor-acceptor (D-A) conjugated polymers, which are named P-BT, P-2FBT,
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P-11D, and P-DPP, were synthesized with DTNDT as the donor unit and 2,1,3-
benzothiadiazole (BT), 5,6-difluorobenzo[c][1,2,5]thiadiazole (2FBT), isoindigo
(11D), and diketopyrrolopyrrole (DPP) as the acceptor unit, respectively.
P-BT, Ar=BT

P-2FBT, Ar=2FBT

P-1ID, Ar=IID
P-DPP, Ar=DPP

CgH
R gH17
! Ri= R2=C12Has
CioH24
R
N/S\N N/S\N v 0 R% 0
\ /) \ / N N
S [\
S
5 } { 2 O O \ / s
F F 0~ "N N
\ (0]
R, Ro
BT 2FBT 11D DPP

Figure 2.1: Chemical Structures of D—A Conjugated Polymers, P-BT,
P-2FBT, P-11D, and P-DPP
The semiconducting properties of the polymers were characterized with
bottom gate and top contact (BGTC) organic thin film transistors (OTFTSs).
All four polymers showed p-type transport behavior, and the hole mobilities
were 0.023, 0.078, 0.50, and 1.80 cm?/(V s) for P-BT, P-2FBT, P-1ID, and
P-DPP, respectively.® The study indicated that DTNDT is a promising

building block for high performance polymeric semiconductors.

A. Zhang et al.?* investigated the influence of chemical structures on
the microstructure of the conjugated polymers and hence affecting their
performance in organic field effect transistors (OFETS). It has been widely
reported that, by using the coplanar conjugated backbone?*?? and the
flexible side chains by introducing van der Waals interactions,?® conjugated

polymers can exhibit good crystal properties. Many reports show that
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conjugated polymers containing fluorine atoms show enhanced crystallinity
with “edge-on” orientation, resulting in high mobilities in OFETs compared
to the nonfluorinated polymers (Figure 2.2). In this study, fluorinated DPP
polymers provided hole mobilities below 1.80 cm® V* s (Figure 2.2 B),
while nonfluorinated DPP polymers exhibited high hole mobilities up to
11.16 cm? V* s (Figure 2.2 A), which is also among the highest reported
hole mobilities. Less crsytallinity and enhanced “face-on” orientation of the
polymers are responsible for the poor hole mobilities in FET devices. These
results help to understand the relation between chemical structure and
charge transport properties, which can be used to design new conjugated
polymers towards high performance OFETs.? Functionalization of conjugated
polymers with conjugated side chains includes introducing spacer group
between the polymer backbone and side chain. This may influence the
electronic properties of the polymer and in turn efficiency. It is very important
to design suitable monomers for the synthesis of polymers as it may affect the

method of polymerization and yields.

Figure 2.2: Nonfluorinated and fluorinated DPP Polymers
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Poly(phenylenevinylene) (PPV)-based polymers are commonly
used as donor materials in organic solar cells. Poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) and poly[2-methoxy-5-
(3',7'-dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV) are two
representatives of PPV-based polymers that have exhibited efficiencies of
~2 % in organic solar cells, when used in combination with PCBM as
electron acceptor.?*?” The band gap of PPV-based organic materials is in the
range of 2.3 eV. Therefore, it does not capture the near-infrared region of the
electromagnetic spectrum.?®*° This limits the short-circuit current of
PPV-based organic solar cells and ultimately the power conversion efficiency.
Figure 2.3 shows the two widely used examples of PPV-based organic

S el

MEH-PPV MDMO-PPV

Figure 2.3: Structure of the most common poly(phenylvinylene)
materials, MEH-PPV and MDMO-PPV

materials.

Common problems with the materials already discussed above are
the large band gap and high-lying HOMO level. In order to harvest a
greater fraction of energy from the sun and also improve the Voc, it is
essential that the band gap of the polymer materials is reduced and the

HOMO level is lowered. One strategy that has been used successfully to
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achieve this is to construct organic materials with backbone having
alternating electron-donor and electron-acceptor units forming D-A
co-polymers.**3 Thiophene is the most commonly used building block for
the synthesis of conjugated copolymers for photovoltaic and optoelectronic
applications because of its excellent electrical and optical properties.®®
One polymer that was designed based on the repeating alternating electron-
donor and electron-acceptor units is poly[N-9'-heptadecanyl-2,7-carbazole-
alt-5,5-(4',7'-di-2-thienyl-2’,1’,3'-benzothiadiazole)] (PCDTBT)*  which
contains repeating units of electron-donating carbazole and electron-
withdrawing benzothiadiazole. PCDTBT has a band gap of 1.88 eV and
HOMO level of 5.50 eV. The device made from PCDTBT showed a PCE
of 3.6 %. By modifying PCDTBT-based device through addition of optical
spacer, solution processing and device engineering, the efficiency has
been raised to ~7 %.%*® Polymers based on repeating units of cyclopenta
[2,1-b:3,4-b"] dithiophene (CPDT) and dithieno [3,2-b:2",3’-d] silole (DTS)
showed lower band gaps of approximately 1.5 eV.3"*® The polymers,
poly [(4,4-bis(2-ethylhexyl)-cyclopenta-[2,1-b:3,4-b'] dithiophene)-2,6-diyl-
alt-(2,1,3-benzothiadiazole-4,7-diyl)] (PCPDTBT) and poly[(4.,4'-bis(2-
ethylhexyl) dithieno[3,2-b:2’,3"-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole-
4,7-diyl)] (PSBTBT) synthesized from these units showed absorption up to
850 nm and showed PCE of ~ 5 %. The performance of the polymers can be
related to the strong intramolecular interactions between the donor and
acceptor units. The structures of PCPDTBT and PSBTBT are shown in
Figure 2.4.
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5l

/\/\
s” s

PCPDTBT PSBTBT

Figure 2.4: Structures of PCPDTBT and PSBTBT which gave PCE of
5% in organic photovoltaic cell

Fluorene based conjugated polymers have been widely used in organic
light emitting diodes, and photovoltaics due to their high photoluminescence
quantum yield, chemical and high thermal stability and good charge transport
properties. Polyfluorene has a band gap of ~3.0 eV, which limits its ability
to harvest light from the solar spectrum and application in photovoltaic cells.
Therefore, inorder to achieve low band gap value, it is necessary to introduce
electron withdrawing units to fluorene backbone by copolymerization
procedure. Electron-deficient 2,1,3-benzothiadiazole units have been widely
incorporated into PF-based copolymers to alter the energy levels and
fine-tune the emitting color over the entire visible region.* In spite of the high
hole mobility and weak electron transport nature of polyfluorene, alternating
poly(9,9-dioctylfluorene- co-benzothiadiazole) (PF1) exhibited a reduced
LUMO level and thereby enhanced electron mobility (10 cm?/(V s)).
Thus the electron deficient benzothiadiazole units can be considered as an

electron-transport material.*’
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{ !I !/ \! ]”
CgH17 CgH;; N\S/N CgH17 CgH47 g’

PF1 PF2
Figure 2.5: Chemical structures of PF1 and PF2

The photovoltaic performance of the ternary blend solar cell based on
P3HT: PCBM:PF1 (1.0:0.6:1.4, wt %) showed a higher PCE value of 1.94 %
than that of the binary blend P3HT:PCBM (1:2, wt %). The charge-carrier
properties of PF1 can be further modulated by copolymerizing fluorene with
the 4,7- bis(3-hexylthiopen-5-yl)-2,1,3-benzothiadiazole unit to yield the
polymer PF2.** With two additional electron-rich thiophene rings attached
to both sides of the benzothiadiazole unit, the hole mobility of PF2 was

expected to be improved compared to that of PF1.3

2.2 Results and Discussion

2.2.1 Synthesis of Monomers

3,4-ethylenedioxythiophene, 9,10-anthracenediboronic acid bis(pinacol)
ester, 4,4’-dibromobiphenyl and 2,5-thiophene dicarboxaldehyde were
purchased from Sigma Aldrich and used directly without further purification.
All other monomers were synthesized according to reported procedures and
characterized by spectroscopic techniques. HPLC grade solvents were used
directly and other solvents were dried and distilled when necessary according

to the standard procedures.
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2.2.1.1 Synthesis of Fluorene Based Monomers

2,7-Dibromofluorene** was prepared by the bromination of 9H-
Fluorene which on air oxidation in the presence of KOH in THF gave 2,7-
dibromofluorenone.*®  9,9-bis(4-diphenylaminophenyl)-2,7-dibromofluorene**
was synthesized by treating 2,7-dibromofluorenone with triphenylamine in
the presence of methanesulfonic acid at 140 'C. The synthetic route for the
preparation of the compounds is shown in Scheme 2.1.

Q.O FeCls, CHCl,, Br, Br Q'O Br

KOH, O,
o
O triphenyl amine,

(0]
‘methanesulfonic acid
Br Q.O Br  140°C,6h Br Q.O Br

Scheme 2.1: Synthesis of 9,9-bis(4-diphenylaminophenyl)-2,7-dibromofluorene

Q
O
O

The dibromofluorene was treated with 1-bromooctane in the
presence of KOH in DMSO to give 2,7- dibromo-9,9-dioctylfluorene). The
above product was treated with n-butyl lithium and 2-isopropoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane in dry THF at -78 °C to form 2,7-bis
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene® (Scheme
2.2).
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Br2, CHC|3, FeC|3
) T e A e

C8H17Br, KOH,
DMSO
o, BuLi, -78°C
- e o A D
(@]
CgH17CgH17 CgH17CgH47

OCH(CH3)2

Scheme 2.2: Synthesis of 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
9,9-dioctylfluorene

2.2.1.2 Synthesis of 3,4-dimethoxythiophene

In the synthesis of 3,4-dimethoxythiophene,* first step involved the
condensation of diethyl thiodiglycolate and diethyloxalate to give the 3,4-
dihydroxythiophene dicarboxylic ester followed by methylation using
freshly prepared dimethyl sulphate. This was followed by the hydrolysis
of the ethyl ester with conc. HCI to form 3,4-dimethoxythiophene 2,5-
dicarboxylic acid. Finally, the above product was decarboxylated at 120 °C
to obtain the 3,4-dimethoxy thiophene as dark coloured liquid which was
purified with column chromatography to yield a colourless liquid as the

final product (Scheme 2.3).
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NaN
CoHs00C™ "S™ "COOCHs  go4 Ethoxide HO  OH
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MeO OMe MeO OMe MeO OMe

CuCO
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S ’ coon HC

HOOC™ s C,Hs00C” 8" “COOC,H;

Scheme 2.3: Synthesis of 3,4-dimethoxythiophene

2.2.1.3 Synthesis of 3,7-dibromo-10-octylphenothiazine

3,7-dibromo-10-octylphenothiazine*” was synthesized in two steps
starting from phenothiazine. First step involved the alkylation of phenothiazine
and bromination of alkylated phenothiazine gave the product as pale yellow

coloured liquid (Scheme 2.4).

1-Bromooctane ©:N]i> Br, /@NQ
©: ]ij KOH/DMSO s DCM. 4h g, S Br
Scheme 2.4: Synthesis of 3,7-dibromo-10-octylphenothiazine

2.2.1.4 Synthesis of 4, 4’-dibromotriphenylamine

Dibromo derivative of triphenylamine was synthesized by treating

triphenylamine with N-bromosuccinimide (NBS) at room temperature and

Theoretical Design and Synthesis of Low Band Gap Conjugated Capolymers for Photovoltaic and Nonlinear Optical Applications I



Chapter 2

stirred for 24 h. Dichloromethane was added to the solution and washed
with water and organic layer was dried using MgSO, followed by solvent
evaporation which gave the crude product. Column chromatography of the
residue over silica gel (Hexane: DCM, 5:1) gave the product as curdy white
powder® (Scheme 2.5).

sH< i eWey
s

Scheme 2.5: Synthesis of 4, 4’-dibromotriphenylamine

2.2.1.5 Synthesis of 3,6-bis(4-bromophenyl)-2,5-dihydropyrrolo[3,4-c]
pyrrole-1,4-dione

The succinic ester route is widely used for preparing DPP compounds.
Dimethyl succinate was stirred with 2 equivalents of aromatic nitrile and a
strong base. The carbonitrile was selected according to the type of the target
DPP monomer. For example, phenyl carbonitrile gave diphenyl-DPP product.
Dimethyl succinate first reacts with one nitrile molecule to form a pyrrolinone
ester, a single ring system, which further reacted with another aromatic nitrile
to close the second ring. The reaction sequence for the monomer prepared is
shown in Scheme 2.6. 4-Bromobenzonitrile reacted with dimethyl succinic
ester to give enaminoester and after ring closure, pyrroline ester. Repeating
the stages with another nitrile gave 3,6-bis (4-bromophenyl) 2,5-dihydropyrrolo
[3,4-c] pyrrole-1,4-dione.*
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o NH,
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Scheme 2.6: Synthesis of 3,6-bis(4-bromophenyl)-2,5-dihydropyrrolo [3,4-c]
pyrrole-1,4-dione

2.2.1.6 Synthesis of 1,4-dibromo-2,5-bis (octyloxy) benzene

A mixture of quinol and potassium hydroxide in ethanol was refluxed
for 1 h at 80 °C. After cooling to room temperature, 1-bromooctane was
added dropwise and again stirred at 80 °C for 24 h. The mixture was poured
into water and precipitated product was washed with methanol to afford
1,4-bis (octyloxy) benzene as white powder. A solution of Br; in glacial
acetic acid was added to the solution of 1,4-bis(octyloxy) benzene in glacial
acetic acid at 65 °C. The reaction mixture was cooled to room temperature
and poured into water and made alkaline with NaOH solution. The
precipitated product was filtered and washed with bicarbonate solution which

gave the product as white powder™ (Scheme 2.7).
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OH
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CgH47Br, KOH, ethanol Br,/ acetic acid
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80°C,24h 65 C,1h

OH 0 ©

Scheme 2.7: Synthesis of 1,4-dibromo-2,5-bis (octyloxy) benzene

2.2.1.7 Synthesis of 1,4-bis (bromomethyl)-2,5-bis (octyloxy) benzene

1,4 —bis (octyloxy) benzene, paraformaldehyde and glacial acetic acid
were placed in an ice bath. HBr in glacial acetic acid was carefully added
drop wise into this flask, and the mixture was stirred for 24 h at 60-70 °C.
The mixture was poured into saturated NaHCOj3 solution. It was cooled to
room temperature and extracted with dichloromethane. The solvent was
removed on a rotary vacuum flash evaporator. The residue was purified by
column chromatography with the mixture of hexane and CH,Cl, (8:1) to

offer 1,4-bis (bromomethyl)-2,5-bis (octyloxy) benzene®*>? (Scheme 2.8).

OH o) o)
C8H17Br, KOH, ethanol HBI’/CH3COOH Br
———— Br
80°C,24h HCHO
OH © ©

Scheme 2.8: Synthesis of 1,4-bis (bromomethyl)-2,5-bis (octyloxy) benzene
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2.2.1.8 Synthesis of 1,4-bis (bromomethyl)-2-((2-ethylhexyl)oxy)-5-
methoxybenzene

1-Methoxy-4-(2-ethylhexyloxy) benzene

A mixture of 4-methoxyphenol and KOH in ethanol was refluxed for
1 h at 80 °C under nitrogen atmosphere. After cooling to room temperature,
2-ethylhexyl bromide was added drop wise and further refluxed for 24 h.
When the brownish solution was turned to yellow, the reaction mixture was
poured into distilled water and the brown liquid was extracted with diethyl
ether. Vacuum distillation gave the product as colourless liquid.

1,4-Bis-(bromomethyl) methoxy-4-(2-ethylhexyloxy) benzene

CHj
H
| CHs CHs

HBr/CH;COOH BK\QVBF
KOH, ethanol o HCHO o
: # H&
Scheme 2.9: Synthesis of 1,4-bis (bromomethyl)-2-((2-ethylhexyl)oxy)-
5-methoxybenzene

1-methoxy-4-(2-ethylhexyloxy)benzene, paraformaldehyde and glacial
acetic acid were placed in an ice bath. HBr in glacial acetic acid was
carefully added drop wise into this flask, and the mixture was stirred for
24 h at 60-70 °C. The mixture was poured into saturated NaHCO3 solution
and extracted with dichloromethane. The crude product was washed several
times with Brine solution and water and recrystallized from hexane twice to

obtain the product as a white powder>? (Scheme 2.9).
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2.2.1.9 Synthesis of 2,2'-((2,3- dlhydrothlen0[3 4-b][1,4]dioxine-5,7-diyl)
bis(4,1- phenylene)) diacetonitrile™

To a stirred solution of ethylenedioxythiophene in dimethyl acetamide
(DMAC) was added tetrabutylammonium bromide and sodium acetate. The
reaction mixture was stirred at room temperature for 15 min followed by
addition of 4-bromophenyl acetonitrile and 10 mol % palladium acetate. The
reaction mixture was stirred at room temperature for 24 h. The reaction
mixture was cooled to room temperature and poured in to cold methanol.
The precipitate was filtered and washed with methanol. The product was
dissolved in minimum amount of Chloroform and precipitated from

methanol and dried in vacuum (Scheme 2.10).

\
j Z TBAB, CH;COONa O s O
d(OAc),, DMA W

0 0]
/

Scheme 2.10: Synthe3|s of 2,2'-((2,3-dihydrothieno[3,4-b][1,4]dioxine-
5,7-diyl)bis(4,1-phenylene)) diacetonitrile

2.3 Experimental Procedure
2.3.1 Synthesis of Fluorene Based Monomers
2.3.1.1 2,7-Dibromofluorene

Bromine (4 mL) was added drop wise to a solution of 9H-fluorene (6 g,
36 mmol) and ferric chloride (92 mg, 1.6 mmol) in CHCI3 (100 mL) at 0 C.
The mixture was stirred for 12 h and it was poured into 50 mL water. The

precipitate was washed with NaHCO3; and NaHSOj3 solution. The organic

layer was extracted with CHCI; and dried over anhydrous magnesium
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sulphate. After filtration, the solvent was removed using rotary vacuum
evaporation and the residue was recrystallized from ethanol resulting
in white crystalline product (Yield: 76 %). m.p. 160-164 C. 'H NMR
(400 MHz, CDCls), &: 7.66 (s, 2H), 7.60-7.59 (d, 2H), 7.51-7.49 (d, 2H),
3.87 (s, 2H).

2.3.1.2 2, 7-Dibromo-9,9-dioctylfluorene

KOH solution (10 mL, 50 %) and 1-Bromooctane (5.60 g, 29 mmol)
was added drop wise to a mixture of 2,7-dibromofluorene (3.88 g, 12 mmol),
tetrabutylammonium bromide (0.0225 g, 0.0975 mmol) in DMSO (50 mL)
under N, atmosphere. The reaction mixture was stirred at 80 "C for 2 days.
The mixture was poured into 500 mL of water. The organic layer was
extracted with dichloromethane. The combined organic layer was dried
over anhydrous MgSO,. The solvent was removed under reduced pressure.
The crude product was purified by recrystallization from hexane to yield
colourless crystals (Yield: 89 %). m.p. 59-63 'C. *H NMR (400 MHz,
CDCls), 8: 7.51 (s, 2H), 7.45 (m, 4H), 1.90 (m, 4H), 1.25-0.86 (m, 24H),
0.83 (t, 6H)."*C NMR (CDCls, 100 MHz), ppm: 153.2, 139.8, 131.2, 126.2,
122.3,121.1, 46.4, 41.8, 31.7, 29.6, 29.0, 23.9, 22.8, 14.1. m/z: 548.4

2.3.1.3 Synthesis of 2,7-bis (4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)-9,9-dioctylfluorene

To a stirred solution of 2,7-dibromo-9,9-dioctylfluorene (5.0 g,

9.1 mmol) in THF (70 mL) at -78'C was added drop wise n-butyl lithium in

hexane (7.6 mL, 2.5 M, 19 mmol) and kept the mixture at -78'C for 10 minutes.

The mixture was warmed to 0 'C for 15 min and cooled back to -78°C.

2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4 g, 21.5 mmol) was
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added rapidly to the solution. The resulting mixture was warmed to room
temperature and stirred for 24 h. The mixture was poured into water and
extracted with diethyl ether. The organic extract was washed with brine
and dried over magnesium sulphate. The solvent was removed under
reduced pressure, and the crude product was purified by column
chromatography, eluting with 2 % ethyl acetate and hexane to give 2,7-bis
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene as a pale
yellow solid (Yield: 65 %). *H NMR (400 MHz, CDCly), &: 7.83 (d, 2H),
7.76 (s, 2H), 7.73 (d, 2H), 2.05 (m, 4H), 1.44 (s, 24H), 1.25-1.09 (m, 24H),
0.82 (t, 6H).

=" = !
IRV Y o T W Y
| BT 4 M B ]
d-F-IF- O "l_w,:{ Ot
J CaH7CaHy \ !
|
I J
10 g 8 T 6 5 4 3 2 1 0 ppm

Figure 2.6: "H NMR spectrum of 2,7-bis (4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-y1)-9,9-dioctylfluorene
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2.3.1.4 Synthesis of 2,7-dibromofluorenone

10 9 8 [ i 5 4 3 2 1 ppm

Figure 2.7: "H NMR spectrum of 2,7-dibromofluorenone

Into a 100 mL, two-necked round bottom flask equipped with a
magnetic stirrer and an air condenser were charged 2,7-dibromofluorene
(3.24 g, 5 mmol), KOH (0.56 g, 10 mmol) and THF (30 mL).The reaction
mixture was stirred at room temperature and air was introduced for
5 minutes in every 30 minutes to ensure that there was sufficient oxygen
with minimal loss of solvent. The reaction mixture was filtered to remove
KOH and the filtrate was concentrated to obtain the crude product. The
crude product was washed with water (3x100 mL) and dried column
chromatography of the crude product (Hexane/ DCM, 4:2) gave 2,7-
dibromofluorenone as yellow solid (Yield: 98 %). m.p. 202-205 °C.
'H NMR (400 MHz, CDCly), &: 7.85 (d, 2H), 7.56 (d, 2H), 7.37 (d, 2H).
m/z: 337
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2.3.1.5 Synthesis of 9,9-Bis(4-diphenylaminophenyl)-2,7-
dibromofluorene

10 9 8 7 6 5 4 3 2 1 ppm

Figure 2.8: '"H NMR spectrum of 9,9-Bis (4-diphenylaminophenyl)-2,7-
dibromofluorene

A mixture of dibromofluorenone (2.46 g, 7.28 mmol) and triphenylamine
(25 g, 0.102 mol) with methane sulfonic acid (0.7 g, 7.28 mmol) was heated at
140 °C with constant stirring under an inert atmosphere for 6 h.The cooled
mixture was extracted with DCM, and the extract was washed with sodium
carbonate solution, dried and concentrated. Chromatography of the residue on
silica, eluting with hexane/DCM, followed by recrystallization from acetone
gave 9,9-bis(4-diphenylaminophenyl)-2,7-dibromofluorene as pale yellow
powder (Yield-70 %). m.p. 310-312 °C. '"H NMR (400 MHz, CDCls),
d: 7.57 (d, 4H), 7.48 (d, 2H), 7.20 (d, 8H), 7.00-7.08 (m, 8H), 6.92-7.98
(m, 8H), 6.88 (d, 4H). m/z: 810
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2.3.2 Synthesis of 3,7-Dibromo-10-(octyl)phenothiazine

10 9 8 [ L] 5 4 3 2 1 ppm

Figure 2.9: '"H NMR spectrum of 3,7-Dibromo-10-(octyl)phenothiazine

10-n-Octylphenothiazine (7.5 g, 0.024 mol) was dissolved in 50 mL of
dichloromethane, and bromine (8.0 g, 0.05 mol) was injected into the
solution using a syringe and stirred for 4 h at room temperature. Dilute
aqueous sodium hydroxide (20 mL) was added to the reaction mixture
and kept for 30 min. The reaction mixture was extracted three times using
dichloromethane and brine, and the organic layer was separated and
concentrated. The crude product was purified by column chromatography
using hexane as the eluent which gave yellow oil. *H NMR (400 MHz,
CDCly), 6: 6.68-7.28 (m, 6H), 3.78 (t, 2H), 1.38-1.79 (m, 12H), 0.88
(d, 3H).
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2.3.3 Synthesis of 4, 4’-dibromotriphenylamine

Br-. e L _Br
\[QQ__.JJ*-»\J/L}M.J'
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10 a 8 T 6 5 4 3 2 1 ppm

Figure 2.10: "H NMR spectrum of 4, 4’-dibromotriphenylamine

To a mixture of triphenylamine (2.43 g, 10 mmol) in DMF (50 mL)
was added NBS (3.56 g, 10 mmol) in small portions. The colour of the
solution changed from colorless to clear green and then to light yellow. The
solution was stirred at room temperature for 24 h and 100 mL of DCM was
added to the solution. The reaction mixture was washed with water (1 x 60 mL,
4 x 30 mL). Organic layer was dried over MgSO,4 and the solvent was
evaporated using rotary vacuum evaporator. Column chromatography of the
residue over silica gel (Hexane: DCM at 5:1) gave the product as curdy
white powder. 'H NMR (400 MHz, CDCls), &: 6.92 (d, 4H), 7.01 (d, 2H),
7.15 (m, 1H), 7.20 (m, 2H), 7.35 (d, 4H).
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2.3.4 Synthesis of 3,6-bis (4-bromophenyl) 2,5-dihydropyrrolo [3,4-c]
pyrrole-1,4-dione

LA

10 9 8 7 6 5 4 3 2 1 0 1 ppm

Figure 2.11: "H NMR spectrum of 3,6-bis (4-bromophenyl) 2,5-dihydropyrrolo
[3,4-c] pyrrole-1,4-dione

Potassium tert-butoxide (4 g, 35.7 mmol) was added to a round
bottom flask with argon protection. A solution of t-amyl alcohol (25 mL)
and 4-bromobenzonitrile (5.46 g, 30 mmol) was injected by a syringe in one
portion. The mixture was warmed up to 100-110 °C and a solution of
dimethyl succinate (1.46 g, 10 mmol) in tert-amyl alcohol (8 mL) was
dropped slowly in 1 h. When the addition was completed, the reaction was
kept at the same temperature for 1 h and the reaction mixture was kept for
2 h. The mixture was cooled to 65 °C and diluted with 50 mL of methanol.
The mixture was neutralized with acetic acid and refluxed for another
10 minutes. The suspension was filtered and the red filter cakes was washed
with hot methanol and water twice each and dried in vacuum. The product
could be used directly to the next step without further purification. *H NMR
(400 MHz, CDCl,), 5: 8.07 (s, 2H), 7.88 (d, 4H), 7.68 (d, 4H).
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2.3.5 Synthesis of 1,4-dibromo-2,5-bis (octyloxy) benzene

1,4-bis (octyloxy) benzene

A solution of quinol (0.25 mol) in 100 mL of ethanol was slowly
added to a stirred solution of KOH (0.63 mol) in 350 mL of ethanol at room
temperature. The reaction mixture was stirred for 1 h. A solution of
1-octylbromide (0.75 mol) in 50 mL of ethanol was added drop wise. The
reaction mixture was refluxed overnight. Ethanol was removed by rotary
vacuum evaporation and the reaction mixture was partitioned between ethyl
acetate and sodium carbonate solution. After drying over sodium sulfate, the
product was obtained by reduced pressure distillation to get the product
(Yield: 72 %). *H NMR (400 MHz, CDCls), &: 6.89 (s, 4H), 4.05 (t, 4H),
1.76(m, 4H), 1.42-1.28 (m, 20H), 0.90 (t, 6H).

1,4-dibromo-2,5-bis (octyloxy) benzene
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Figure 2.12: *H NMR spectrum of 1,4-dibromo-2,5-bis (octyloxy) benzene

A solution of Br; (9.6 g, 60 mmol) in glacial acetic acid (30 mL) was
added dropwise to a solution of 1,4-dioctyloxybenzene (10 g, 30 mmol) in

glacial acetic acid (45 mL) at 65 °C. The reaction mixture was stirred for
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45 minutes at the same temperature. The temperature was raised to reflux
and kept for one hour. The solution was cooled to room temperature and
subsequently poured into water (500 mL) and made alkaline with 2N NaOH
(600 mL). The precipitate was filtered and washed thoroughly with sodium
bicarbonate solution to give 1,4-dibromo-2,5-bis (octyloxy) benzene as
white solid (76 %). *H NMR (400 MHz, CDCLs), &: 7.01(s, 2H), 3.88 (t, 4H),
1.76(m, 4H), 1.42-1.28 (m, 20H), 0.83 (t, 6H).

2.3.6 Synthesis of 1,4-bis (bromomethyl)-2,5-bis (octyloxy) benzene

.-'---"P_J
Br \ .p‘::H ,O.:_-\”Jr
| I
r-_jﬁﬁD/[Hj;RBr
r"'\—"f_\-\-_‘-f
|
|
| l |
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10 9 8 7 6 5 4 3 2 1 ppm
Figure 2.13: 'H NMR spectrum of 1,4-bis (bromomethyl)-2,5-bis (octyloxy)

benzene

A three necked flask containing 1,4-bis (octyloxy) benzene (0.01 mol),
paraformaldehyde (0.035 mol), and glacial acetic acid (40 mL) was placed in
an ice bath. 33 % HBr in glacial acetic acid was carefully added drop wise into
this flask, and the mixture was stirred for 24 h at 60-70 °C. The mixture was
poured into 200 mL of saturated NaHCO3 solution after being cooled to room
temperature and extracted with DCM. The solvent was removed on a rotary
vacuum evaporator, the residue was purified by column chromatography with
the mixture of hexane and CH,Cl, (8:1) to offer 1,4-bis (bromomethyl)-2,5-bis
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(octyloxy) benzene.'H NMR (400 MHz, CDCly), &: 7.26 (s, 2H), 4.52 (s, 4H),
3.99 (t, 4H), 1.86 (t, 4H), 1.53-1.45 (m, 20H), 0.98 (s, 6H).

2.3.7 Synthesis of 1,4-bis (bromomethyl)-2-((2-ethylhexyl)oxy)-5-
methoxybenzene

1-Methoxy-4-(2-ethylhexyloxy) benzene

A mixture of 4-methoxyphenol (0.08 mol, 10 g) and KOH (0.16 mol, 9 g)
in ethanol (40 mL) was refluxed for 1 h at 80 °C under nitrogen atmosphere.
After cooling to room temperature, 2-ethylhexyl bromide (0.08 mol) was
added drop wise and further refluxed for 24 h. When the brownish solution
turned to yellow, the reaction mixture was poured into 200 mL of distilled
water and the brown liquid was extracted with diethyl ether. The crude
product was washed several times with aqueous sodium carbonate solution
and water and was recrystallized. *H NMR (400 MHz, CDCly), &: 6.71 (d, 4H),
3.80 (d, 2H), 3.62 (s, 3H), 1.76 (s, 1H), 1.54-1.24 (m, 8H), 0.90 (t, 6H).

1,4-bis(bromomethyl)-2-((2-ethylhexyl)oxy)-5-methoxybenzene
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Figure 2.14: 'H NMR spectrum of 1,4-bis (bromomethyl)-2-((2-ethylhexyl)oxy)-
5-methoxybenzene
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A three necked flask containing 1-methoxy-4-(2-ethylhexyloxy)
benzene (0.01 mol), paraformaldehyde (0.035 mol), and glacial acetic acid
(40 mL) was placed in an ice bath. 33 % HBr in glacial acetic acid was
carefully added drop wise into this flask, and the mixture was stirred for
24 h at 60-70 °C. The mixture was poured into 200 mL of saturated
NaHCOg after being cooled to room temperature and extracted with DCM.
The crude product was washed several times with Brine solution and water
and recrystallized from hexane twice to obtain compound as a white crystal
Yield: 82 %. 'H NMR (400 MHz, CDCls), 8: 6.85 (s, 2H), 4.53 (s, 4H), 4.03
(d, 2H), 3.86 (s, 3H), 1.84 (t, 1H), 1.70-1.32 (m, 8H), 0.90 (t, 6H).

2.3.8 Synthesis of Thiophene Based Monomers
2.3.8.1 Diethyl thiodiglycolate

In a 500 mL round bottom flask, thiodiglycolic acid (10 g, 0.06 mol) was
dissolved in dry ethanol (25 mL) and conc. sulphuric acid (1 mL) was added
drop wise to it. The resulting mixture was refluxed for 24 h. The excess
methanol was evaporated and the residue was dissolved in ethyl acetate,
washed with saturated sodium bicarbonate solution until the aqueous layer was
neutral. The organic layer was dried over sodium sulfate and the solvent was
removed on a rotary evaporator to afford a light yellow liquid. Yield:
89 %. 'H NMR (400 MHz, CDCly), &: 4.2 (q, 4H), 3.4 (s, 4H), 1.4 (t, 6H).

2.3.8.2 3,4-Dimethoxy-2,5-dicarbethoxythiophene

A solution of 1 g of sodium metal in 10 mL of dry ethanol was cooled
at 0-5 °C. To this, a solution of 2.06 g of diethyl thiodiglycolate and 1.18 g of
diethyl oxalate was added and stirred. The temperature was maintained at

0 °C. The sodium salt was precipitated as a yellow solid. The reaction was
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completed by heating the reaction mixture to reflux for 2 h. After cooling, the
solid was filtered and dried. The sodium salt of diester (1.5 g, 5.43 mmol) was
taken in 7 mL of freshly distilled dimethyl sulfate and the mixture was heated
at 100 °C for 1 h. The excess dimethyl sulfate was distilled at low pressure
and the crude product was dissolved in ethyl acetate (10 mL) and washed
with cold 5 % NaOH solution (5 mL). The organic layer was extracted and
dried over sodium sulfate and solvent was evaporated to afford the compound
as a pure light yellow solid. Yield: 64 %. *H NMR (400 MHz, CDCls),
8: 4.1(q, 4H), 3.9 (s, 6H), 4.1 (q, 4H), 1.2(t, 6H).

2.3.8.3 3,4-Dimethoxythiophene-2,5-dicarboxylic acid

In a 100 mL round bottom flask 3,4-dimethoxy-2,5-dicarbethoxy
thiophene (0.9 g, 3.5 mmol) was taken and 10 % NaOH (5 mL) was added to it.
The mixture was refluxed for 1 h. The reaction mixture was cooled to room
temperature and conc. HCI was added to it with stirring. The precipitate thus
formed was collected in a Buchner funnel and dried in an oven to give the
above product as a white solid. Yield: 84 %. *H NMR (400 MHz, CDCl,),
3:10.2 (s, 2H), 4 (s, 6H)

2.3.8.4 Synthesis of 3,4-dimethoxythiophene

HsCO,  OCH;

B

b R R IR AL AL LR IR IHLMLELRL B LR
0 9 8 7 6 5 4 3 2 1 ppm

Figure 2.15: *H NMR spectrum of 3,4-dimethoxythiophene
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A 100 mL dry three necked round bottom flask was charged with 3,4-
dimethoxythiophene-2,5-dicarboxylic acid (9 g, 43.3 mmol), copper chromite
(0.56 g, 4 mol %) and dry quinoline (30 mL). The mixture was heated at
160 "C for 4 h under argon atmosphere. The reaction mixture was vacuum
distilled and the pink liquid obtained was dissolved in 50 mL of ethyl
acetate and washed repeatedly with 5 % HCI and water. The organic layer
was dried over anhydrous Na,SO,, filtered and the solvent was evaporated
to give a crude brown coloured liquid. The crude compound was purified by
column chromatography using silica gel as adsorbent and eluting using ethyl
acetate/ petroleum ether mixture to afford the product as colourless liquid
(Yield: 56 %). '"H NMR (400 MHz, CDCly), 8: 6.2 (s, 2H), 3.8 (s, 6H). °C
NMR (CDCls, 100 MHz), ppm : 57, 36, 96, 35, 147, 90. m/z = 144

2.3.9 Synthesis of 2,2'-((2,3-dihydrothieno [3,4-b][1,4] dioxine-5,7-
diyl)bis(4,1phenylene)) diacetonitrile

R R Ll LALR R R LSRRl R R AR LAY LRAL ALl LR LR LAY LEALRALE L RALELR AL LA |

e -
10 B 8 T ] 5 4 3 2 1 ppm

Figure 2.16: 'H NMR spectrum of 2,2'-((2,3-dihydrothieno [3,4-b]
[1,4] dioxine-5,7-diyl)bis(4,1phenylene)) diacetonitrile

To a stirred solution of ethylenedioxythiophene (0.15 g, 1.06 mmol) in
60 mL DMACc was added tetrabutylammonium bromide (0.349 g, 1.06 mmol)
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and sodium acetate (0.586 g, 4.2 mmol). The reaction mixture was stirred at
room temperature for 15 minutes followed by addition of 4-bromophenyl
acetonitrile (0.4156 g, 2.12 mmol) and 10 mol % palladium acetate. The
reaction mixture was stirred at room temperature for 24 h. The reaction
mixture was cooled to room temperature and poured in to cold methanol.
The precipitate was filtered and washed with methanol. The product was
dissolved in minimum amount of chloroform and precipitated from
methanol and dried in vacuum. *H NMR (400 MHz, CDCly), &: 6.98 (s, 4H),
6.75 (s, 4H), 4.6 (s, 4H), 4.5 (s, 4H).

2.4 Conclusion

A series of monomers were successfully synthesized. The strategies
used for synthesizing the monomers were discussed in this chapter. All the

compounds synthesized were spectroscopically characterized.
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Chapter 3

THEORETICAL STUDIES OF MONOMERS,
D-A UNITS AND POLYMERS

3.1 Introduction

3.2 Theoretical Calculations
3.3 Results and Discussion
3.4 Conclusion

Contents

Design of conjugated polymeric materials with low band gap and suitable
molecular orbital energy levels has been playing a key role in optoelectronic
device fabrication. Theoretical designing is an appropriate method to
accelerate the search of conjugated polymeric materials with desirable
properties. A detailed description of Quantum Chemical calculations for the
theoretical designing of conjugated polymers with suitable electronic and
structural properties is presented. The properties of the designed polymers
were investigated using Gaussian calculation setup. Optimization procedure
involved quantum chemical calculations, based on density functional theory
(DFT) methods. The conjugated polymers were optimized by applying
periodic boundary condition (PBC). The methods provided valuable guidance
for designing conjugated polymers with desirable device characteristics.

3.1 Introduction

Donor-acceptor (D-A) conjugated polymers are promising candidates for
high mobility polymeric semiconductors.*®* By using different donor and

acceptor units, absorption spectra and energy levels of conjugated polymers
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can be easily tuned.* For device applications, it is especially important to
control the electronic band structure of the polymer to achieve a band gap of
the desired magnitude and frontier orbitals of the proper energies. To attain
such precise control over the polymer electronic structure is a key aspect for
the advancement of the field, some methodologies should be developed.®®
The equally important thing is the control of physical properties of the
materials. The development of novel polymers that are soluble in common
organic solvents and processable by industrially relevant techniques, such as
spin coating, spray-coating or roller coating, is necessary for the practical
application of conjugated polymers. Such processable polymers with tailored
electronic structures also possess the possibility to be multifunctional materials

that can find application in numerous device architectures.

Special interesting classes of conjugated polymers are the soluble, low
band gap polymers. Such polymers offer a broad range of attractive features
for use in a variety of device architectures, such as a strong overlap with the
solar spectrum (photovoltaics), ease of oxidation and reduction as well as the
potential for high electron and hole mobility and a potentially transparent
oxidized state. Although several approaches have been taken towards the

development of low band gap polymers,®®’

soluble and processable systems
are rare. The major advantage of the donor-acceptor approach is that proper
choice of the donor and acceptor groups allows one to select the approximate
HOMO and LUMO energies of the resulting polymer. This is especially
attractive for the development of polymers for electronic device applications.
To increase the number of photons absorbed at peak solar wavelengths, it is

necessary to shift the absorption spectrum of the donor polymer towards the
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red end of the visible spectrum, and thus, the synthesis of new, low band gap
polymers is required.?

To overcome the time consuming conventional chemical approach in
synthesizing conducting polymers, the application of predictive computational
design combined with chemical intuition leads to a more efficient approach.
Theoretical calculations offer significant advantages like time and cost
effectiveness and reduction in the number of synthetic targets for experimental
design.’ The density functional theory (DFT) is presently the most successful
quantum chemical approach to compute the electronic structures of polymers
using the functional of the electron density.™ Pure local and gradient-corrected
functionals (i.e., LDA and PBE) severely underestimate semiconductor band

gaps and do not account for excitonic effects,*™*3

while hybrid functionals
partially overcome this problem by mixing in a fraction of nonlocal Hartree-
Fock exchange. Recently, methodological progress has been made in using

14-19 and

range-separated DFT techniques for both molecular applications
periodic organic systems.? In particular, the recent Heyd Scuseria-Ernzerhof
(HSE) functional” incorporates a screened Hartree-Fock interaction for small
distances and is, therefore, more computationally efficient than traditional

hybrid functionals.

B. M. Wong et al. investigated the band structure and electronic
properties in vinylene-linked heterocyclic polymers using density functional
theory (DFT) calculations.” They focussed on vinylene-linked polymers
because, the vinylene group significantly enhances =-conjugation by
delocalizing electrons along the backbone, leading to heterocyclic polymers

with very low band gap values. DFT calculations utilize hybrid functionals
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with fully periodic boundary conditions (PBC) to obtain accurate band gaps
in these conjugated polymers.?>?®> However, most of these studies are
primarily focused on isolated oligomers and did not address band-structure
properties in a fully-periodic geometry. The oligomer calculations are only
approximate for molecular systems and unable to capture the full electronic
band structure as a function of electron momentum. Molecular calculations
on extended oligomers are incapable of determining whether a polymer has
a direct (or indirect) band gap. Since the modelling of systems using oligomers
can introduce spurious border effects related to the finite size of the oligomer,
the use of fully-periodic approaches for an accurate description of band

structure and band gap is mandatory.??’

3.2 Theoretical Calculations

The electronic and structural properties of the designed polymers were
investigated using Gaussian calculation setup. Optimization procedure involved
quantum chemical calculations, based on density functional theory (DFT)
methods.’® Structure of Monomers and D-A units of the designed polymers
were optimized by means of DFT at B3LYP (Becke’s three parameter”® hybrid
functional using the Lee-Yang-Parr (LYP)? level of theory using 6-31G basis
set.® In the case of polymers, as more and more donor-acceptor units are
joined together, the overlapping of the w-orbitals spans a much wider range of
energy level, and the energy gap (band gap, Eg.) between the highest occupied
molecular orbital (often referred to as HOMO level) and the lowest unoccupied
molecular orbital (referred to as the LUMO level) become smaller. HOMO and
LUMO energy levels were obtained from the occupied and virtual energy

values and this energy levels describe optoelectronic and electron transport
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efficiencies of the donor-acceptor systems.** The frontier molecular orbital
distribution and band gap of monomers and D-A units of the polymers were
obtained from energy calculations obtained by DFT using B3LYP/6-31G basis
set. For the simplification in computational calculations, the long alkyl side
chains on the donor and accepter units were replaced with methyl groups and
other types of substituents were retained as such. The backbone of the polymers

were simplified to two repeating units.

Oscillator strength and activation energy of monomers and D-A units
were obtained from Time-dependent density functional theory (TD-DFT)
calculations using DFT/B3LYP and 6-31G formalism. The periodic boundary
condition approach (PBC) was used to determine the electronic properties of
copolymers. The PBC-DFT method was implemented in the Gaussian 09
package.*® To get a better fit with experiments, hybrid exchange correlation
functionals were used in the PBC/DFT formalism. Widely used hybrid DFT
methods include correlation functional B3LYP and HSE06 (full Heyd-
Scuseria-Ernzerh functional).”’ The starting unit cell geometries for the PBC
calculation were taken from the central portion of the optimized D-A unit and
optimized inside a given lattice length on the constraints of periodic boundary
condition by assuming that the unit cell was repeated identically an infinite
number of times along the translation vector. Band structure in which lowest 4
unoccupied and highest 4 occupied bands in the positive region of the first

Brillouin zone (between k = 0 and k = nt/a) were plotted.®

Oscillator strengths (fosc) of all the monomers and donor-acceptor units
of polymers were calculated using TD-DFT (B3LYP/6-31G) basis set. The

present approach is able to provide a systematic evaluation of the electronic
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properties of the polymers, and theoretical studies show that the computational
methods used in the present studies can be applied for this purpose. Electronic
structure, band gap, absorption and emission properties of polymers obtained
from the studies suggest whether the designed polymers are good candidates
for the intended applications or not.

3.3 Results and Discussion

Fluorene and 3,4-ethylenedioxythiophene based monomers, oligomers,
and polymers have much synthetic flexibility and solution processability.
The thiophene based polymers provide highly conducting and especially
stable doped states. They also provide a range of optical properties
with electronic band gaps varying across the entire visible spectrum, leading
to enhanced redox properties and making them useful for numerous
electrochemical and photovoltaic devices.** Academic and industrial researchers
are interested in fluorene based polymers because of their optical and
electrical properties. They have high photoluminescence quantum yields,
which can be tuned to emit light throughout the entire visible region. They are
currently being investigated for use in light-emitting diodes, field-effect

transistors, and plastic solar cells.®

Here, the theoretical investigation of thiophene and fluorene based
monomers, donor-acceptor binary units and polymers have been performed
to evaluate their electronic and optical properties by employing Gaussian
09. To investigate the effect of donor and acceptor strength of the polymeric
backbone on the electronic properties and band gaps, different donor-acceptor
combinations were taken into account. The present study focused on the

effect of donor or acceptor strength of thiophene based and fluorene based
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polymers and checked the electronic properties and band gap in such a way that
the donor unit is fixed by keeping the acceptor unit constant and vice versa.
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Figure 3.1: Building units as donor/acceptor moieties

Figure 3.1 gives the structure of monomer units taken for the theoretical
investigation and thereby synthesis of polymers. All the monomers are

abbreviated using appropriate symbols.
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The above mentioned monomeric units were optimized by means of

DFT/B3LYP/6-31G formalism. Figure 3.2 shows the optimized structure of

the monomers.
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Figure 3.2: Optimized geometries of monomers obtained by DFT/B3LYP/6-31G

Department of Applied Chemistry, CUSAT



Theoretical Studies of Monomers, D-A Units and Polymers

The HOMO and LUMO energy levels of all the monomers and
donor-acceptor binary units of each polymer were optimized by DFT
calculations. Vertical excitation energies, oscillator strength (fosc) and excitation
wave length of each monomer unit (Table 3.1) and donor-acceptor binary
units (Table 3.2) were computed by applying Time Dependent — Density
Functional Theory (TD-DFT) calculations on the optimized geometries and the
values are tabulated. Absorption intensity of the polymer can be predicted
by this method, which is an important factor governing the performance of
the polymer.

Table 3.1: Energy values of E ecitation (€V), Tosc and Amax(nm) of the monomer
units obtained by TD-DFT/B3LYP/6-31G

Monomer fosc Eexcitation (V) Amax (NM)
TPA 0.02 3.96 312
EDT 0.15 5.53 234
DOB 0.05 4.78 258
BP 0.54 4.82 257
PHENO 0.01 3.91 317
TPAFL 0.01 3.62 342
DPPPh 0.47 2.68 461
FL 0.26 4.69 263
DMT 0.14 5.34 232
ANT 0.06 3.35 370
DOC 0.07 4.85 255
MEH 0.06 4.84 256
EDTPhCN 0.08 3.56 348
ThCHO 0.42 4.26 290
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Table 3.2: Energy values of Ecyation (€V), fosc and Ay, (nm) of the donor-acceptor
binary units obtained by TD-DFT/B3LYP/6-31G

D-A Unit fosc Eexcitation (V) Amax (NM)
EDT-TPAFL 0.003 3.14 395
DMT-TPAFL 0.004 3.12 397
EDT-TPA 0.67 3.34 370
DMT-TPA 0.65 3.39 365
EDT-DOB 0.26 3.91 316
FL-TPAFL 0.008 3.29 376
FL-DPPPh 0.96 2.51 493
FL-TPA 0.82 3.43 361
FL-BP 1.28 3.94 315
ANT-PHENO 0.03 3.02 410
DOC-MEH 0.85 3.59 345
EDPhCNThA 0.97 2.47 502

The absorption wavelengths arising from Sy—S; electronic transition
increase progressively with the increase of conjugation length. It is
reasonable to argue that HOMO—LUMO transition is predominant in
So—S; electronic transition. The results show that there is a decrease of the
LUMO and an increase of the HOMO level resulting in a reduced band gap.
From the investigations on the energy level and band gap values of the
various monomers and donor-acceptor binary units, few polymers were

designed and evaluated.
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3.3.1 Thiophene Based Polymers

3.3.1.1 Band Structure of P(EDT-TPAFL) and P(DMT-TPAFL)

[ 0.0 n B 0.0 n
& Q & Q
Io%e Yo

P(EDT-TPAFL) P(DMT-TPAFL)

Here, a few thiophene based copolymers were designed and studied the
electronic properties of monomers and donor-acceptor binary units. HOMO
and LUMO energy levels of each monomeric and donor-acceptor binary unit
were computed using DFT/B3LYP/6-31G level. The frontier molecular
orbitals of each unit were obtained from the optimized structures. The energy
level diagram of the monomers and D-A units of two thiophene based
polymers, poly (3,4-ethylenedioxythiophene--9,9-bis(4-diphenylaminophenyl
fluorene)), P(EDT-TPAFL) and poly (3,4-dimethoxythiophene--9,9-bis(4-
diphenylaminophenyl fluorene)), P(DMT-TPAFL) were plotted together as
one of the monomers is common for these two copolymers. It is observed
that the HOMO level of 9,9-bis(4-diphenylaminophenyl fluorene) monomer,
TPAFL unit is higher than that of EDT and DMT units showing higher donor
strength. The HOMO level of TPAFL monomer is -5.42 eV where as in EDT
monomers, it is -6.05 eV and for DMT monomer, it is -6.17 eV. The band
gap calculated for three monomer units, EDT, DMT and TPAFL are 5.69 eV,
5.76 eV and 4.75 eV respectively. The band gap calculated for the two donor-
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acceptor units EDT-TPAFL and DMT-TPAFL are 4.24 eV and 4.14 eV
respectively. A reduction in band gap was observed when monomer units
were joined to form single donor-acceptor unit. Here, from the frontier
molecular orbitals of D-A units, it is clear that HOMO is localized on the
TPAFL unit, which acts as the donor moiety. Computed energy and FMO
sketches of HOMO-LUMO levels of monomers (EDT, DMT, and TPAFL)
and D-A units (EDT-TPAFL, DMT-TPAFL) of designed polymers are

shown in Figure 3.3.
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Figure 3.3: Sketch of DFT/B3LYP/6-31G computed energy and HOMO-
LUMO levels of monomers (EDT, DMT, TPAFL) and D-A units
(EDT-TPAFL, DMT-TPAFL)

The energy levels and band gap of the polymers were calculated by
DFT/PBC/HSE06/6-31G method. The energy levels of the HOMO and

LUMO were determined from the maximum point of the highest occupied
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molecular orbital level and the minimum point of the lowest unoccupied
molecular orbital levels respectively. The energy gap (EQ) is evaluated as
the difference between the HOMO and LUMO energies. Band gap of the
polymers, P(EDT-TPAFL) and P(DMT-TPAFL) are 2.27 eV and 2.36 eV
respectively. The reduction in band gaps of two polymers from their
corresponding donor-acceptor units are shown in Figure 3.4. Electronic band
structures of the polymers are shown in Figure 3.5. All band structures were
calculated using a 32 k-point mesh obtained from B3LYP/6-31G periodic
DFT calculations. The lower blue lines denote valence bands, and the upper
red lines represent conduction bands. The optimized repeating unit for the
periodic boundary calculation is given in Figure 3.6. Horizontal line represents

the translational vector which is equal to the one dimensional cell size.
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Figure 3.4: Sketch of computed energy levels of HOMO and LUMO for D-A
units (EDT-TPAFL and DMT-TPAFL) and designed polymers
P(EDT-TPAFL) and P(DMT-TPAFL)
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Figure 3.5: Band structure of (A) P(EDT-TPAFL) and (B) P(DMT-TPAFL).
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Figure 3.6: Unit cell of the Polymers (A) P(EDT-TPAFL) and (B) P(DMT-
TPAFL) for PBC/HSE06/6-31G calculation. Red line represents
the translational vector
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3.3.1.2 Band Structure of P(EDT-TPA) and P(DMT-TPA)

P(EDT-TPA) P(DMT-TPA)

The energy level diagram of the monomers and D-A units of another
set of two thiophene based polymers, P(EDT-TPA) and P(DMT-TPA) were
plotted together as one of the monomers is common for these two copolymers.
It is observed that the HOMO level of triphenylamine monomer unit is higher
than that of EDT and DMT units showing higher donor strength. The HOMO
level of TPA monomer is -5.82 eV where as in EDT monomers, it is -6.05 eV
and for DMT monomer, it is -6.17 eV. The band gap calculated for three
monomer units, EDT, DMT and TPAFL are 5.69 eV, 5.76 eV and 5.26 eV
respectively. The band gap calculated for the two donor-acceptor units
EDT-TPA and DMT-TPA are 4.43 eV and 4.49 eV respectively. A reduction
in band gap was observed when monomer units were joined to form single
donor-acceptor unit. Here, from the frontier molecular orbitals of D-A units, it
is clear that HOMO is localized on the TPA unit, which acts as the donor
moiety. Computed energy and FMO sketches of HOMO-LUMO levels of
monomers (EDT, DMT, and TPA) and D-A units (EDT-TPA, DMT-TPA)

of designed polymers are shown in Figure 3.7.
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Figure 3.7: Sketch of DFT/B3LYP/6-31G computed energy and HOMO-LUMO
levels of monomers (EDT, DMT, TPA) and D-A units (EDT-TPA,
DMT-TPA)

The energy levels of the HOMO and LUMO of polymers were
determined from the maximum point of the highest occupied molecular
orbital level and the minimum point of the lowest unoccupied molecular
orbital levels respectively by DFT/PBC/HSE06/6-31G method. The band gap
is evaluated as the difference between the HOMO and LUMO energies. Band
gap of the polymers, P(EDT-TPA) and P(DMT-TPA) are 2.53 eV and 2.77 eV
respectively. The reduction in band gaps of two polymers from their
corresponding donor-acceptor units are shown in Figure 3.8. Electronic
band structures of the polymers are shown in Figure 3.9. All band structures
were calculated using a 32 k-point mesh obtained from B3LYP/6-31G
periodic DFT calculations. The lower lines denote valence bands, and the

upper lines represent conduction bands. The optimized repeating unit for the
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periodic boundary calculation is given in Figure 3.10. Horizontal line

represents the translational vector which is equal to the one dimensional cell

size.

Figure 3.8:
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Sketch of computed energy levels of HOMO and LUMO for
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Figure 3.9: Band structure of (A) P(EDT-TPA) and (B) P(DMT-TPA)
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Figure 3.10: Unit cell of the Polymers (A) P(EDT-TPA) and (B) P(DMT-TPA)
for PBC/HSEQ6/6-31G calculation. Red line represents the
translational vector

3.3.1.3 Band Structure of P(EDT-DOB)

P(EDT-DOB)

The energy levels and band gap of the polymer, P(EDT-DOB) was
calculated by DFT/PBC/HSE06/6-31G formalism. The energy levels of the
HOMO and LUMO of monomers and D-A binary unit were calculated from
occupied and virtual eigen values respectively which were obtained from raw
data output of DFT/B3LYP/6-31G calculation. The band gap is evaluated as
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the difference between the HOMO and LUMO energies. The energy level
diagram of the monomers and D-A unit of thiophene based polymer,
P(EDT-DOB) was plotted. It is observed that the HOMO level of 1,4-
dioctyloxybenzene (DOB) monomer unit is higher than that of EDT unit
showing higher donor strength. The HOMO level of DOB monomer is -5.74 eV
where as in EDT monomer, it is -6.05 eV. The band gap calculated for two
monomer units, EDT and DOB are 5.69 eV and 5.44 eV respectively. The band
gap calculated for the donor-acceptor unit EDT-DOB is 4.54 eV. A reduction
in band gap was observed when monomer units were joined to form single
donor-acceptor unit. Here, from the frontier molecular orbitals of D-A unit, it
is clear that HOMO is localized on the DOB unit, which acts as the donor
moiety. Computed energy and FMO sketches of HOMO-LUMO levels of
monomers (EDT and DOB) and D-A unit (EDT-DOB) of designed polymer

are shown in Figure 3.11.
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Figure 3.11: Sketch of DFT/B3LYP/6-31G computed energy and HOMO-LUMO
levels of monomers (EDT and DOB) and D-A unit (EDT-DOB)
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Band gap of the polymer, P(EDT-DOB) was obtained as 2.44 eV. The
reduction in band gap of the polymer from its corresponding donor-acceptor
unit is shown in Figure 3.12. Electronic band structure of the polymer is shown
in Figure 3.13. The band structures were calculated using a 32 k-point mesh
obtained from B3LYP/6-31G periodic DFT calculations. The lower blue lines
denote valence bands, and the upper red lines represent conduction bands. The
optimized repeating unit for the periodic boundary calculation is given in
Figure 3.14. Horizontal line represents the translational vector which is equal to

the one dimensional cell size.
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Figure 3.12: Sketch of computed energy levels of HOMO and LUMO for D-A
unit (EDT-DOB) and designed polymer P(EDT-DOB)
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Figure 3.13: Band structure of P(EDT-DOB)
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Figure 3.14: Unit cell of the Polymer P(EDT-DOB) for PBC/HSEQ6/6-
31Gcalculation. Red line represents the translational vector

3.3.2 Fluorene Based Polymers
3.3.2.1 Band Structure of P(FL-TPAFL) and P(FL-DPPPh)

P(FL-TPAFL) P(FL-DPPPh)

A few fluorene based copolymers were designed and the electronic
properties of monomers and donor-acceptor binary units were studied. The
energy level diagram of the monomers and D-A units of first set of two
fluorene based polymers, P(FL-TPAFL) and P(FL-DPPPh) were plotted
together as one of the monomers is common for these two copolymers. It is
observed that the HOMO level of 9,9-bis (4-diphenylaminophenyl fluorene)
monomer (TPAFL) unit is higher than that of 9,9-dioctylfluorene (FL)
monomer showing higher donor strength of TPAFL monomer unit. Whereas,

the HOMO level of diketopyrrolopyrrole monomer (DPPPh) unit is lower
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than that of 9,9-dioctylfluorene (FL) monomer showing higher acceptor
strength of DPPPh unit when compared to the FL unit. The HOMO levels of
TPAFL and DPPPh monomers are -5.42 eV and -5.92 eV, where as in
FL monomers, it is -5.73 eV. The band gap calculated for three monomer units,
TPAFL, FL and DPPPh are 4.75 eV, 5.09 eV and 3.09 eV respectively. The
band gap calculated for the two donor-acceptor units FL-TPAFL and
FL-DPPPh are 4.13 eV and 2.77 eV respectively. Here, from the frontier
molecular orbitals of D-A unit, FL-TPAFL, it is clear that HOMO is localized
on the TPAFL unit, which acts as the donor moiety. But in the case of
FL-DPPPh, HOMO is localized on the 9,9-dioctylfluorene (FL) unit. Computed
energy and FMO sketches of HOMO-LUMO levels of monomers (TPAFL,
FL and DPPPh) and D-A units (FL-TPAFL and FL-DPPPh) of designed

polymers are shown in Figure 3.15.

LUMO
1{ -0.66 v 0.64 ‘
119 _
s 2] £ A PO .
% 2, o
5 81 4T L 509 281 -2.83 E,
2 4 L T
L] 2;7 3f9
549 542 -5.32
6 G g S si HOMO
o W AW g e,
iy 28 - L A -, 1’, ‘j
-8
TPAFL FL-TPAFL FL FL-DPPPh DPPPh

Figure 3.15: Sketch of DFT/B3LYP/6-31G computed energy and HOMO-
LUMO levels of monomers (FL, TPAFL, DPPPh) and D-A units
(FL-TPAFL, FL-DPPPh)
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The band gap is evaluated as the difference between the HOMO
and LUMO energies which were obtained directly from the raw data
output of DFT/PBC/HSE06/6-31G calculation. Band gap of the polymers,
P(FL-TPAFL) and P(FL-DPPPh) are 2.80 eV and 1.96 eV respectively. The
reduction in band gap of the two polymers from their corresponding donor-
acceptor units is shown in Figure 3.16. Electronic band structures of the
polymers are shown in Figure 3.17. All band structures were calculated using
a 32 k-point mesh obtained from B3LYP/6-31G periodic DFT calculations.
The lower lines denote valence bands, and the upper lines represent
conduction bands. The optimized repeating unit for the periodic boundary
calculation is given in Figure 3.18. Horizontal line represents the translational

vector which is equal to the one dimensional cell size.
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Figure 3.16: Sketch of computed energy levels of HOMO and LUMO for D-A
units (FL-TPAFL and FL-DPPPh) and designed polymers
P(FL-TPAFL) and P(FL-DPPPh)
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3.3.2.2 Band Structure of P(FL-TPA) and P(FL-BP)

SO-0O+0OF K000

O

P(FL-TPA) P(FL-BP)

The energy level diagram of the monomers and D-A units of second
set of two fluorene based polymers, P(FL-TPA) and P(FL-BP) were plotted
together as one of the monomers is common for these two copolymers. It is
observed that the HOMO level of 9,9-dioctylfluorene (FL) monomer unit is
higher than that of both TPA and BP monomer units showing higher donor
strength of FL. monomer unit. The HOMO levels of TPA and BP monomers
are -5.82 eV and -5.96 eV respectively, where as in FL. monomer, it is -5.73 eV.
The band gap calculated for three monomer units, TPA, FL and BP are
5.26 eV, 5.09 eV and 5.15 eV respectively. The band gap calculated for the two
donor-acceptor units FL-TPA and FL-BP are 4.18 eV and 4.27 eV respectively.
A reduction in band gap was observed when monomer units were joined to
form single donor-acceptor unit because of the extended conjugation. Here,
from the frontier molecular orbitals of D-A units, it is clear that HOMO is
localized on the FL unit, which acts as the donor moiety. Computed energy
and FMO sketches of HOMO-LUMO levels of monomers (TPA, FL, and
BP) and D-A units (FL-TPA, FL-BP) of designed polymers are shown in
Figure 3.19.
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Figure 3.19: Sketch of DFT/B3LYP/6-31G computed energy and HOMO-
LUMO levels of monomers (FL, TPA, BP) and D-A units
(FL-TPA, FL-BP)

The energy levels and band gap of the polymers were calculated by
DFT/PBC/HSE06/6-31G method. The HOMO and LUMO energies were
obtained directly from the output. Band gap of the polymers, P(FL-TPA)
and P(FL-BP) are 2.94 eV and 3.27 eV respectively. The reduction in band
gaps of two polymers from their corresponding donor-acceptor units are
shown in Figure 3.20. Electronic band structures of the polymers are shown in
Figure 3.21. All band structures were calculated and plotted using a 32 k-
point mesh obtained from B3LYP/6-31G periodic DFT calculations. The
lower lines denote valence bands, and the upper lines represent conduction
bands. The optimized repeating unit for the periodic boundary calculation is
given in Figure 3.22. Horizontal line represents the translational vector which is

equal to the one dimensional cell size.
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Figure 3.20: Sketch of computed energy levels of HOMO and LUMO for D-A
units (FL-TPA and FL-BP) and designed polymers P(FL-TPA)
and P(FL-BP)
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Figure 3.21: Band structure of (A) P(FL-TPA) and (B) P(FL-BP)
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Figure 3.22: Unit cell of the Polymers (A) P(FL-TPA) and (B) P(FL-BP) for
PBC/HSE06/6-31G calculation. Red line represents the translational
vector

3.3.3 Anthracene-phenothiazine Polymer
Vgl
LT
L

P(ANT-PHENO)

The energy level diagram of the monomers and D-A unit of
anthracene-phenothiazine polymer, P(ANT-PHENO) was plotted. It is observed
that the HOMO level of N-octyl phenothiazine (PHENO) monomer unit is
higher than that of anthracene unit (ANT) showing higher donor strength. The
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HOMO level of PHENO unit is -4.98 eV whereas in ANT unit, it is -5.28 eV.
The band gap calculated for two monomer units, PHENO and ANT are 4.43 eV
and 3.34 eV respectively. The band gap calculated for the donor-acceptor unit
ANT-PHENO is 2.90 eV. A reduction in band gap was observed when
monomer units were joined to form single donor-acceptor unit. Computed
energy and FMO sketches of HOMO-LUMO levels of monomeric units
(PHENO and ANT) and D-A unit (ANT-PHENO) of designed polymer are
shown in Figure 3.23.
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Figure 3.23: Sketch of DFT/B3LYP/6-31G computed energy and HOMO-
LUMO levels of monomers (PHENO and ANT) and D-A unit
(ANT-PHENO)

The band gap of the polymer, P(ANT-PHENO) is 2.85 eV. The reduction
in band gap of the polymer from its corresponding donor-acceptor unit is

shown in Figure 3.24. Electronic band structure of the polymer is shown in
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Figure 3.25. The band structure was calculated using a 32 k-point mesh
obtained from B3LYP/6-31G periodic DFT calculations. The lower lines
denote valence bands, and the upper lines represent conduction bands. The
optimized repeating unit for the periodic boundary calculation is given in
Figure 3.26. Horizontal line represents the translational vector which is equal to

the one dimensional cell size.
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Figure 3.24: Sketch of computed energy levels of HOMO and LUMO for D-A
unit (ANT-PHENO) and designed polymer P(ANT-PHENO)
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Figure 3.25: Band structure of P(ANT-PHENO)
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Figure 3.26: Unit cell of the polymer P(ANT-PHENO) for PBC/HSEQ6/6-31G
calculation. Red line represents the translational vector

3.3.4 Phenylenevinylene Polymers

Generally, a conjugated polymer has three major components like
conjugated backbone, side chains and substituents. In addition to the main
chain, substituents and side chains also determine the electronic properties
of the polymers.®® Here, two Phenylenevinylene polymers, one with
electron withdrawing cyano group and one without cyano group were
considered for evaluating their electronic properties by theoretical

methods.

g(N
7

DOC-MEH PPV EDTh CN PPV
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DFT studies of a set of two phenylenevinylene polymers were performed
including the electronic properties of monomers and their binary units. The
most appropriate theoretical tool for studying their properties is DFT and
TD-DFT (Time Dependent Density Functional Theory). HOMO and LUMO
energy levels of each monomeric and binary units were computed using
DFT/B3LYP/6-31G level. The frontier molecular orbitals of each unit were
obtained from the optimized structures. The energy level diagram of the
monomers and polymers, DOC-MEH PPV and EDTh CN PPV were plotted
together. It is observed that the HOMO level of 1,4-dioctyloxybenzene
(DOC) unit is higher than that of 1-((2-ethylhexyl)oxy)-4-methoxybenzene
(MEH) unit, showing higher donor strength of DOC monomer unit. Whereas,
the HOMO level of EDTPhCN unit is higher than that of thiophene 2,5-
dicarboxaldehyde (ThCHO) monomer showing higher donor strength of
EDTPhCN unit. The HOMO levels of DOC and MEH monomers are -5.48 eV
and -5.84 eV. The HOMO levels of EDTPhCN and ThCHO units are -5.32 eV
and -7.13 eV, respectively. The band gap calculated for the monomer units,
DOC, MEH, EDThCN and ThCHO are 5.47 eV, 5.77 eV, 3.52 eV and 2.87 eV
respectively. The band gap calculated for the donor-acceptor units DOC-MEH
and EDPhCNThA are 4.38 eV and 2.97 eV respectively. A reduction in band
gap was observed when monomer units were joined to form single donor-
acceptor unit. Computed energy and FMO sketches of HOMO-LUMO
levels of monomers and binary units of designed polymers are shown in
Figure 3.27.
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Figure 3.27: Sketch of DFT/B3LYP/6-31G computed energy and HOMO-LUMO
levels of monomeric units and D-A units

The band gap of the PPV polymers, DOC-MEH PPV and EDTh CN
PPV obtained directly from the raw data output of DFT/PBC/HSE06/6-31G
calculation and the values are 1.79 eV and 1.81 eV respectively. The reduction
in band gaps of two polymers from their corresponding donor-acceptor units
are shown in Figure 3.28. Electronic band structures of the polymers are shown
in Figure 3.29. All band structures were calculated using a 32 k-point mesh
obtained from B3LYP/6-31G periodic DFT calculations. The lower lines
denote valence bands, and the upper lines represent conduction bands. The
optimized repeating unit for the periodic boundary calculation is given in
Figure 3.30. Horizontal lines represent the translational vector which are equal

to the one dimensional cell size.
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3.4 Conclusion

Twelve polymers were designed and their electronic structures
were calculated using PBC/HSE06/6-31G method. Out of twelve polymers,
five are thiophene based, four are fluorene based, one is phenothiazine
based and remaining two are phenylenevinylene polymers. The frontier
molecular orbitals of monomers and donor acceptor units of all the polymers
were obtained from the energy calculations using DFT/B3LYP/6-31G
formalism. It was found that the HOMO and the LUMO energy levels of the
monomers are very important factors to determine whether effective charge
transfer will take place between donor and acceptor. The reduction of band
gap is a function of the acceptor or donor strength. Studies implied that
different structural variations, especially the type of monomeric units play
key role on the electronic properties (HOMO and LUMO) of the polymers.
Time-dependent DFT (TD-DFT) calculations were performed to assess the
excited-state vertical transition energies and oscillator strengths based on the

optimized molecular geometries.
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Chapter 4

SYNTHESIS AND CHARACTERIZATION OF
DESIGNED CONJUGATED POLYMERS

4.1 Introduction

4.2 Results and Discussion
4.3 Experimental

4.4 Conclusion

Contents

This chapter discusses the synthesis of designed polymers by means of
Direct Arylation polymerization, Suzuki Coupling polymerization, Gilch
polymerization and Knoevenagel polycondensation reactions. The synthesized
polymers were characterized by UV-Vis, *H NMR spectroscopic techniques,
thermogravimetric and electrochemical techniques etc. Detailed synthetic and
characterization data are presented.

4.1 Introduction

Conjugated polymers exhibit variety of technologically relevant
applications because of their ability to absorb and emit light'* and
photoconductivity,> which makes them useful materials for the applications
in light emitting diodes®’ and photovoltaics.>® These polymers have the
advantage of light weight and can be processed easily from solution by spin

coating or inkjet printing.>** This makes them cheaper for device fabrication.
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The conjugated polymers have low band gaps and exhibit semiconductor
properties. Conductivity and color of a polymer depends on the band gap.
Low band gap polymers find wide range of applications in optoelectronic
field due to their high conductivity without doping. To increase the
conductivity, band gap can be reduced by doping process.*? Variation in
band gap energy allows changing the optical and electronic properties of
conjugated polymers by adopting new strategies for the synthesis of
conjugated polymers. Band gap modifications are also possible by changing
planarity, interchain interaction, bond length variation or presence of donor
and acceptor groups on the polymer backbone. Donor-acceptor method has
the advantage over other methods.™® Palladium catalyzed cross-coupling
reactions are widely used for the synthesis of donor-acceptor conjugated

copolymers.

4.1.1 Palladium Catalyzed Polymerization Reactions

In the present work, the two palladium catalyzed polymerization
reactions adopted for the synthesis of conjugated polymers are Direct
Arylation polymerization reaction and Suzuki Coupling polymerization
reaction. Direct Arylation is the coupling of aryl halides with catalytically
activated aryl C-H bonds which provides a desirable and atom-economical
alternative to standard cross-coupling reactions for the construction of new
C-C bonds. It is a base-assisted, concerted metalation-deprotonation (CMD)
pathway.** During this process, carboxylate or carbonate anions coordinate to
the metal center, typically palladium, in situ and assist in the deprotonation
transition state. Thiophene substrates have demonstrated high reactivity

towards C-H bond activation when appropriately substituted with electron-
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rich and/or electron-deficient groups. A base is also added to assist in C-H
bond activation and neutralizes the stoichiometric amount of acid formed.
Researchers have widely used this method to prepare conjugated short chain
polymers.**

Y. Fujinami et al.™® synthesized thiophene and bithiophene based
alternating copolymers via Pd catalyzed Direct Arylation reaction.
The polycondensation reaction of 3,3',4,4'-tetramethylbithiophene with
2,7-dibromo-9,9-dioctylfluorene gave poly[2,7-(9,9-dioctylfluorene)-alt-
5,5'-(3,3',4,4'-tetramethyl-2,2"-bithiophene)] in the presence of Pd(OAc),
catalyst (Scheme 4.1).

Me Me Pd(OAc), Me, Me
S (2 mol%) s
ol s 0
\ S . Plvallc acid \ S . n
K,COj3, DMAc
Me Me CgH47~ “CgHy7 1(2)0 é ah Me Me CgHqi7~ “CgHy7

Me Me Pd(OAc), Me Me
(2 mol%)
L e SO0
S . P|vaI|c acid S . n
K2CO3 DMAc

CeHi7™ ~CeHir 100 °C, 3 h

CgH47~ "CgHy7

Scheme 4.1: Synthesis of thiopne- and bithiophene- based conjugated polymers
via Direct arylation polymerization

S. J. Choi et al.*® synthesized poly[(3,4-ethylenedioxythiophene- 2,5-
diyl)-(9,9-dioctylfluorene-2,7-diyl)] (PEDOTF) by microwave assisted
polycondensation via Direct arylation reaction of 3,4-ethylenedioxythiophene
with 9,9-dioctyl-2,7-dibromofluorene (Scheme 4.2).
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o 0 Pd(OAc), o o
Additive, Base
S . DMAc S . n
M.W., 30 min
CgH17” "CgHy7 CgHq7~ "CgHy7

Scheme 4.2: Microwave-assisted polycondensation for synthesis of PEDOTF

Suzuki coupling polymerization involves several advantages like high
tolerance to different functional groups and easy work-up after the completion
of reaction. Suzuki polymerization is highly effective for the synthesis of
highly substituted compounds.*’

G. L. Gibson et al.'® synthesized a series of cyclopentadithiophene-
benzochalcogenadiazole donor-acceptor copolymers via Suzuki coupling

polymerization reactions (Scheme 4.3).

N
N\ /N Aliquat 336, K3CO,,
Nt W g S ..
B" g s” B toluene, 80 °C, 72 h
>§(o o)
,SeN
N Aliquat 336, K3CO,,
o M Y o+ BrOBr Pd(PPhs),
B" s S toluene, 80 °C, 72 h
o)

e S

Scheme 4.3: Synthesis of D-A copolymers via Suzuki polymerization

B
0
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4.1.2 Synthesis of PPV Polymers

Poly(p-phenylene vinylene) (PPV) polymers find much application in
optoelectronic devices because of their excellent solubility and better thermal
stability. The PPV polymers can be used as efficient acceptor materials in
polymeric solar cells."*® R. Li et al.?* synthesized hyperbranched PPV
polymers by Gilch polymerization route (Scheme 4.4).

OCH; CH,Br

Br t-BuOK, THF
Br + T NRT
\/(/\/ o o o
O,

OCH; CH,Br
Br t-BUOK, THF
Br + T N.RT
BrH,C CHBr N2 RT
O\/(/\/ NO:

Scheme 4.4: Synthesis of hyperbranched PPV polymer via Gilch Reaction

4.2 Results and Discussion
4.2.1 Synthesis of Thiophene Based Polymers
4.2.1.1 P(EDT-TPAFL) and P(DMT-TPAFL)

The two theoretically designed thiophene based polymers, P(EDT-
TPAFL) and P(DMT-TPAFL) were synthesized by palladium catalyzed Direct
Arylation. Polymerization reaction of 3,4-ethylenedioxythiophene (EDT)
and 3,4-dimethoxythiophene (DMT) with 9,9-bis(4-diphenylaminophenyl)
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fluorene) (TPAFL) in dry DMF in the presence of palladium catalyst gave
the polymers P(EDT-TPAFL) and P(DMT-TPAFL), respectively. The
purification process of polymers involved re-precipitation from suitable solvent
and soxhlet extraction with different solvents. The synthesized copolymers
were soluble in common organic solvents such as tetrahydrofuran (THF),
chloroform and chlorobenzene. The synthetic route for the first set of thiophene
based polymers is depicted in Scheme 4.5.

/N
O O
O/_\O o O.O o Pd(OAc),, TBAB /S\ O.O n
+
& D, e P
OO O O

P(EDT-TPAFL)

o o P O.O % pd(OAG), TBAB /S\ O.O n
+
& 0, 2 2, A
OO OO

P(DMT-TPAFL)
Scheme 4.5: Synthesis of P(EDT-TPAFL) and P(DMT-TPAFL)

The two thiophene based polymers synthesized were characterized by
'H NMR, UV-Visible spectroscopy, GPC, cyclic voltammetry, TGA etc.
The molecular weights of the polymers were obtained from gel permeation
chromatography in THF referring to polystyrene standards with a flow rate
of 1.0 mL/min. The copolymer, P(EDT-TPAFL) exhibited number average
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molecular weight (M,) of 6546 and weight average molecular weight (My,)
of 7839 with polydispersity index (PDI) of 1.20. The copolymer, P(DMT-
TPAFL) exhibited number average molecular weight (M,) of 5922 and
weight average molecular weight (M) of 9677 with polydispersity index (PDI)
of 1.63. Table 4.1 summarizes the molecular weight and polydispersity index
(PDI) of the copolymers. M, is the peak molecular weight. The polymers
P(EDT-TPAFL) and P(DMT-TPAFL) showed peak molecular weight of 7218
and 6942, respectively.

Table 4.1: Results of the polymerisation reaction

Polymer My My Mp PDI
P(EDT-TPAFL) 6546 7839 7218 1.20
P(DMT-TPAFL) 5922 9677 6942 1.63

The structures of the polymers were confirmed by *H NMR spectra.
P(EDT-TPAFL) showed resonance peaks corresponding to —O-CH,- protons
of ethylenedioxythiophene unit at 6 3.7-4.0 as multiplet. The peaks observed
at & 6.9-7.3 are due to aromatic protons of two triphenylamine rings that are
attached to the position 9 of the fluorene molecule. Peaks around & 7.6-8.0
are due to the aromatic protons of fluorene unit. *H NMR spectrum of
P(DMT-TPAFL) showed resonance peaks corresponding to —O-CHj3 protons
of dimethoxythiophene unit at & 4.2-4.5 as multiplet. The peaks observed at
d 7.0-7.4 are due to aromatic protons of two triphenylamine rings that are
attached to the position 9 of the fluorene unit. Peaks around 6 7.7-7.9 are due
to the aromatic protons of fluorene. The *H NMR spectra of the polymers are

shown in Figure 4.1.
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Figure 4.1: '"H NMR spectra of (A) P(EDT-TPAFL) and (B) P(DMT-TPAFL)

4.2.1.1.1 Optical Properties

Absorption spectra of the polymers were recorded in chloroform.
Usually the absorption band below 350 nm arises due to n-n* transition and
peaks at longer wavelengths are due to the intermolecular charge transfer
(ICT) band. Here, the synthesized polymers, P(EDT-TPAFL) and P(DMT-
TPAFL) showed absorption maximum around 469 nm and 432 nm respectively.
The absorption onset of P(EDT-TPAFL) and P(DMT-TPAFL) occurred at
587 nm and 507 nm respectively. The optical band gap calculated was found
to be 2.11 eV and 2.44 eV, respectively. From quantum chemical calculations,
band gaps obtained were 2.27 eV and 2.36 eV respectively. The band gaps

calculated from optical method are in good agreement with the theoretical
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values. Figure 4.2 shows the absorption spectra of the two thiophene based

copolymers.

Emission spectra of the polymers were recorded in chloroform. Polymers
P(EDT-TPAFL) and P(DMT-TPAFL) showed emission peak maxima at
565 nm and 529 nm respectively. Figure 4.3 shows the emission spectra of
P(EDT-TPAFL) and P(DMT-TPAFL) in chloroform.
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Figure 4.2: UV-Vis spectra: (A) P(EDT-TPAFL) and (B) P(DMT-TPAFL) in

chloroform
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Figure 4.3: Emission spectra of the polymers: (A) P(EDT-TPAFL) and
(B) P(DMT-TPAFL) in chloroform (2 mg/10 mL) (Excitation
wavelength 365 nm)
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4.2.1.1.2 Thermal Properties

The thermal characteristics of the polymers were investigated by
TG-DTG analysis. The peak decomposition temperature was defined as
the first inflection point in the thermogravimetric curve, corresponding
to peak in the first derivative of thermogravimetric data. The onset
degradation and degradation temperature are obtained from the TG curve.
From the TG traces of the synthesized polymers, it is clear that the polymers,
P(EDT-TPAFL) and P(DMT-TPAFL) follow single step degradation pattern.
The moisture content present in the polymer was lost below 100 °C. In
P(EDT-TPAFL), DTG traces showed onset of degradation around 390 °C
and degradation at temperature 420 °C with around 4 % weight loss as the
onset loss point. In P(DMT-TPAFL), the onset of degradation was around
386 °C and the degradation temperature was at 410 °C. Here only 3 % weight
loss took place at the onset loss point. TG-DTG traces of the polymers are

shown in the Figure 4.4.
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Figure 4.4: TG-DTG traces of the polymers: (A) PEEDT-TPAFL) and
(B) P(DMT-TPAFL)
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4.2.1.1.3 Electrochemical Studies

Cyclic voltammetric (CV) studies were carried out to determine the
HOMO, LUMO levels and band gap of the polymers. CV studies were
performed in a solution of BusNPFg (0.1 M) in dry acetonitrile at 100 mV/s
under nitrogen atmosphere. The set up consists of a Ag/Ag+ reference
electrode, a platinum button electrode (0.08 cm?) coated with thin copolymer
as the working electrode, and a platinum wire as the counter electrode. From
the onset of oxidation, the HOMO levels of polymers were calculated by
using the equation, HOMO = -(4.71 + Ex,>™*). The LUMO energy levels
(from the onset of reduction potentials) were calculated using the equation,
LUMO = -(4.71 + E™™). From the onset of oxidation, the HOMO levels
of P(EDT-TPAFL) and P(DMT-TPAFL) were calculated to be -5.67 eV and
-5.81 eV respectively. The LUMO energy levels (from the onset of reduction
potential) of P(EDT-TPAFL) and P(DMT-TPAFL) were calculated to be
-3.72 eV and -3.88 eV respectively. The band gaps of the polymers P(EDT-
TPAFL) and P(DMT-TPAFL) were calculated to be 1.95 eV and 1.93 eV
respectively. The values of HOMO, LUMO and band gap of the first set of
thiophene based polymers are shown in Table 4.2. The HOMO and LUMO
energies were lowered on copolymerization which indicated the enhanced
electron accepting/transporting properties in conjugated polymers. The
electrochemical band gaps of these two polymers were found to be lower than
that obtained by theoretical and optical methods. This is because, the
predicted band gaps are for the isolated gas phase chains and also, the solid
state effects such as polarization effects and intermolecular packing forces are
neglected.”*?* Band gap calculated by means of theoretical, electrochemical

and optical methods are depicted in Table 4.3.
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Table 4.2: HOMO, LUMO levels and band gap of polymers calculated by means
of electrochemical method

HOMO LUMO Eg

Polymer - (471 + Eg ™™ | - (4.71 + Epq ™)  (Electrochemical)
(eV) (eV) (eV)
P(EDT-TPAFL) -5.67 -3.72 1.95
P(DMT-TPAFL) -5.81 -3.88 1.93

Table 4.3: Band gaps calculated by means of theoretical, electrochemical and
optical methods

Eg (Theoretical) = Eg (Electrochemical) = Eg (Optical)

Polymer V) V) V)
P(EDT-TPAFL) 2.27 1.95 2.11
P(DMT-TPAFL) 2.36 1.93 2.44

4.2.1.2 P(EDT-TPA), P(DMT-TPA) and P(EDT-DOB)

The second set of three theoretically designed thiophene based polymers,
P(EDT-TPA), P(DMT-TPA) and P(EDT-DOB) were synthesized by palladium
catalyzed Direct Arylation polymerization reaction. 3,4-Ethylenedioxythiophene
(EDT) and 3,4-dimethoxythiophene (DMT) when treated with 4,4°-
dibromotriphenylamine (TPA) in dry DMF in the presence of palladium
catalyst gave polymers P(EDT-TPA) and P(DMT-TPA) respectively. The
polymer P(EDT-DOB) was synthesized by treating 3,4-ethylenedioxythiophene
with 1,4-dibromo-2,5-bis(octyloxy)benzene. The products were washed
with methanol and acetone in a soxhlet extractor to remove oligomers and
catalyst residues. The synthetic route for the second set of thiophene based

polymers is depicted in Scheme 4.6.
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Scheme 4.6: Synthesis of P(EDT-TPA), P(DMT-TPA) and P(EDT-DOB)

The copolymer, P(EDT-TPA) exhibited number average molecular
weight (M,) of 4316, weight average molecular weight (M,,) of 5443 and
peak molecular weight of 4881 with polydispersity index (PDI) of 1.26. The
copolymer, P(DMT-TPA) exhibited number average molecular weight (M)
of 4663, weight average molecular weight (M,) of 6704 and peak molecular

weight of 5545 with polydispersity index (PDI) of 1.43. The copolymer,
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P(EDT-DOB) exhibited number average molecular weight (M) of 5465,
weight average molecular weight (M,,) of 7689 and peak molecular weight
of 7317 with polydispersity index (PDI) of 1.41. Table 4.4 summarizes the
molecular weight and polydispersity index (PDI) of the copolymers.

Table 4.4: Results of the polymerisation reaction

Polymer M, My Mp PDI
P(EDT-TPA) 4316 5443 4881 1.26
P(DMT-TPA) 4663 6704 5545 1.43
P(EDT-DOB) 5465 7689 7317 1.41

'"H NMR spectra of the polymers were recorded and structure of each
polymer was assigned. P(EDT-TPA) showed resonance peaks corresponding to
—O-CHy- protons of ethylenedioxythiophene unit at 6 3.7-4.4 as multiplet. The
peaks observed at 6 7.0-7.7 are due to aromatic protons of the triphenylamine
moeity. 'H NMR spectrum of P(DMT-TPA) showed resonance peaks
corresponding to —-O-CH3; protons of dimethoxythiophene unit at 6 3.9-4.1
as multiplet. Aromatic protons of triphenylamine ring showed peaks at
8 7.1-7.7. '"H NMR spectrum of the polymer P(EDT-DOB) showed peaks
around 6 0.8-2.1 due to aliphatic protons of two octyloxy chains. Resonance
peaks corresponding to —O-CH,- protons of ethylenedioxythiophene unit were
observed at 6 3.7-4.4 as multiplet. The peaks observed at 6 7.1 and at & 7.4 are
due to the two aromatic protons of benzene ring. The *H NMR spectra of the

polymers are shown in Figure 4.5.
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Figure 4.5: '"H NMR spectra of (A) P(EDT-TPA), (B) P(DMT-TPA) and
(C) P(EDT-DOB)

4.2.1.2.1 Optical Properties

Absorption spectra of the second set of three polymers were recorded
in chloroform. The synthesized polymers, P(EDT-TPA), P(DMT-TPA) and
P(EDT-DOB) showed absorption maximum around 431 nm, 408 nm and
487 nm respectively. The absorption onset of P(EDT-TPA), P(DMT-TPA)
and P(EDT-DOB) were observed at 538 nm, 490 nm and 605 nm respectively.
The optical band gap values of polymers were calculated to be 2.30 eV, 2.53 eV
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and 2.05 eV respectively from the onset of absorption peaks. The theoretical
band gaps of the polymers were obtained to be 2.53 eV, 2.77 eV and 2.44 eV
respectively from quantum chemical calculations. The band gaps calculated
from optical methods are in good agreement with the theoretical values.
Figure 4.6 shows the absorption spectra of the second set of thiophene based

copolymers.

Absorbance

0.0

T T T T T T
350 400 450 500 550 600 650
wavelength (nm)

Figure 4.6: UV-Vis spectra: (A) P(EDT-TPA), (B) P(DMT-TPA)
and (C) P(EDT-DOB) in chloroform

Emission spectra of the polymers were recorded in chloroform.
Polymers P(EDT-TPA), P(DMT-TPA) and P(EDT-DOB) showed emission
maxima at 520 nm, 502 nm and 565 nm respectively. Figure 4.7 shows the

emission spectra of the three polymers in chloroform.
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Figure 4.7: Emission Spectra of the polymers: (A) P(EDT-TPA), (B) P(DMT-
TPA) and (C) P(EDT-DOB) in chloroform (2 mg/10 mL ) (Excitation
wavelength 365 nm)

4.2.1.2.2 Thermal Properties
The thermal properties of the polymers were obtained from TG-DTG

analysis. The onset degradation and degradation temperature of the
polymers were obtained from the corresponding TG curve. The second set
of thiophene based polymers P(EDT-TPA), P(DMT-TPA) and P(EDT-DOB)
followed single step degradation pattern (Figure 4.8). For P(EDT-TPA), DTG
trace showed onset of degradation around 360 °C and degradation

temperature at 410 °C with around 4 % weight loss as the onset loss
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point. DTG trace of P(DMT-TPA) showed the onset of degradation
around 380 °C and the degradation temperature at 405 °C. Here, 5 % weight
loss took place at the onset loss point. In the case of P(EDT-DOB), the
onset of degradation was observed around 340 °C and the degradation
temperature at 400 °C. Here 5 % weight loss took place at the onset loss

point.
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Figure 4.8: TG-DTG traces of the polymers: (A) P(EEDT-TPA), (B) P(DMT-TPA)
and (C) P(EDT-DOB)
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4.2.1.2.3 Electrochemical Studies

To determine the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) levels of the polymers, cyclic
voltammetry was carried out. From the onset of oxidation, the HOMO levels
of polymers were calculated using the equation, HOMO = -(4.71 + E,™™).
The LUMO energy levels (from the onset of reduction potentials) were
calculated using the equation, LUMO = -(4.71 + E¢®™). From the onset of
oxidation, the HOMO levels of P(EDT-TPA), P(DMT-TPA) and P(EDT-
DOB) were calculated to be -5.46 eV,-5.68 eV and -5.24 eV respectively.
The LUMO energy levels (from the onset of reduction potential) of P(EDT-
TPA), P(DMT-TPA) and P(EDT-DOB) were calculated to be -3.72 eV, -
3.88 eV and -3.58 eV respectively. The band gaps of the polymers P(EDT-
TPA), P(DMT-TPA) and P(EDT-DOB) were calculated to be 1.74 eV, 1.80 eV
and 1.66 eV respectively. The values of HOMO, LUMO and band gap of
the second set of three thiophene based polymers are shown in Table 4.5.
The HOMO and LUMO energies were lowered on copolymerization
which indicated the enhanced electron accepting / transporting properties
in conjugated polymers. The electrochemical band gaps of these three
thiophene based polymers were found to be lower than that obtained by
theoretical and optical methods which was already mentioned. Another
chance for the low values of electrochemical band gaps of synthesized
polymers is the uncorresponding behavior of the used supporting electrolyte,
BusNPFs towards the synthesized polymers. Band gap calculated by
means of theoretical, electrochemical and optical methods are depicted in
Table 4.6.
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Table 4.5: HOMO, LUMO levels and band gap of polymers calculated by means
of electrochemical method

Polymer HOMO LUMO Eg (Electrochemical)
- (471 + Egy ™™ - (4.71 +Eeq ™ (eV)
(eV) (eV)
P(EDT-TPA) -5.46 -3.72 1.74
P(DMT-TPA) -5.68 -3.88 1.80
P(EDT-DOB) -5.24 -3.58 1.66

Table 4.6: Band gaps calculated by means of theoretical, electrochemical and
optical methods

Polymer Eg (Theoretical) = Eg (Electrochemical) | Eg (Optical)
(eV) (eV) (eV)
P(EDT-TPA) 2.53 1.74 2.30
P(DMT-TPA) 2.77 1.80 2.53
P(EDT-DOB) 2.44 1.66 2.05

4.2.2 Synthesis of Fluorene Based Polymers
4.2.2.1 P(FL-TPAFL) and P(FL-DPPPh)

The first set of two theoretically designed fluorene based polymers
P(FL-TPAFL) and P(FL-DPPPh) were synthesized by palladium catalyzed
Suzuki cross-coupling polymerization reaction using Pd(PPhs), as catalyst.
The fluorene monomer, 2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)-9,9-dioctylfluorene was reacted with 9,9-bis(4-diphenylaminophenyl)
fluorene) (TPAFL) and 3,6-bis(4-bromophenyl) 2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione (DPPPh) in dry THF to give the polymers P(FL-
TPAFL) and P(FL-DPPPh), respectively. The synthesized polymers were

purified by soxhlet extraction using hexane, methanol and acetone. The
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synthetic route for the first set of fluorene based polymers is depicted in
Scheme 4.7.
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Scheme 4.7: Synthesis of P(FL-TPAFL) and P(FL-DPPPh)

The molecular weights of the polymers were obtained from gel
permeation chromatography in THF. The copolymer, P(FL-TPAFL) exhibited
number average molecular weight (M;) of 17000 and weight average
molecular weight (M,,) of 24107 with polydispersity index (PDI) of 1.41.
The copolymer, P(FL-DPPPh) exhibited number average molecular weight
(M;) of 3994 and weight average molecular weight (M,) of 6185 with
polydispersity index (PDI) of 1.55. Table 4.7 summarizes the molecular
weight and polydispersity index (PDI) of the copolymers. The polymers,
P(FL-TPAFL) and P(FL-DPPPh) showed peak molecular weight of 21734 and
4475, respectively.
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Table 4.7: Results of the polymerization reaction

Polymer My My Mp PDI
P(FL-TPAFL) 17000 24107 21734 141
P(FL-DPPPh) 3994 6185 4475 1.55

The structures of the polymers were confirmed by *H NMR spectra. In
the case of P(FL-TPAFL), peaks observed around & 0.8-2.1 are due to aliphatic
protons of alkyl chains. The peaks observed at 6 6.9-7.4 are due to the aromatic
protons of triphenylamine rings that are attached to the position 9 of the
fluorene moeity. Peaks around & 7.6-7.9 are due to the aromatic protons of
fluorene moeities. '"H NMR spectrum of P(FL-DPPPh) showed resonance
peaks corresponding to aliphatic protons of alkyl chain at 6 1.1-3.3 as
multiplet. The peaks observed at & 7.8-8.7 as multiplet are due to the aromatic
protons of phenyl and fluorene units. The *H NMR spectra of the polymers are

shown in Figure 4.9.

Figure 4.9: '"H NMR spectra of (A) P(FL-TPAFL) and (B) P(FL-DPPPh)
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4.2.2.1.1 Optical Properties

Absorption spectra of the polymers were recorded in THF. The
polymers, P(FL-TPAFL) and P(FL-DPPPh) showed absorption maximum
around 385 nm and 542 nm, respectively. The absorption onset of polymers
P(FL-TPAFL) and P(FL-DPPPh) occur at 419 nm and 630 nm respectively.
The optical band gap was calculated to be 2.96 eV and 1.97 eV, respectively.
From quantum chemical calculations, the theoretical band gaps obtained were
2.80 eV and 1.96 eV respectively. The band gaps calculated from optical
methods are in good agreement with the theoretical values. Figure 4.10 shows

the absorption spectra of the first set of two fluorene based copolymers.
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Figure 4.10: UV-Vis spectra: (A) P(FL-TPAFL) and (B) P(FL-DPPPh) in THF

Emission spectra of polymers were recorded in THF. Polymers,
P(FL-TPAFL) showed emission peak at 421 nm. Two shoulder peaks were
observed around 441 nm and 471 nm. This may be due to the spacial twisting
of two triphenylamine rings that are attached to the 9" position of fluorene unit.
The polymer, P(FL-DPPPh) showed emission peak at 559 nm with a shoulder
peak at 606 nm. This shoulder peak could be due to the spacial twisting of two
phenyl rings that are attached covalently to the diketopyrrolopyrrole unit.
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Figure 4.11 shows the emission spectra of P(FL-TPAFL) and P(FL-DPPPh)
in THF.
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Figure 4.11: Emission spectra of the polymers: (A) P(FL-TPAFL) and
(B) P(FL-DPPPh) in THF (2 mg/10 mL ) (Excitation wavelength
365 nm)

4.2.2.1.2 Thermal Properties

The thermal degradation patterns of the polymers were obtained from
thermogravimetric analysis. The onset of degradation and degradation
temperature is obtained from the TG curve. The TG traces of the polymers
P(FL-TPAFL) showed a two-step degradation pattern and P(FL-DPPPh)
follow single step degradation pattern. In P(FL-TPAFL), DTG traces
showed onset of degradation around 450 °C and degradation temperature at
480 °C with about 5 % weight loss as the onset loss point. In P(FL-DPPPh),
the onset of degradation was around 330 °C and the degradation
temperature was at 405 °C. Here, only 6 % weight loss took place at the
onset loss point. As shown by the TG-DTG curves, two polymers showed
good thermal stability. TG-DTG traces of the polymers are shown in the
Figure 4.12.
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Figure 4.12: TG-DTG traces of the polymers: (A) P(FL-TPAFL) and
(B) P(FL-DPPPh)

4.2.2.1.3 Electrochemical Studies

The HOMO, LUMO levels and band gap of the polymers were
determined by cyclic voltammetric studies. From the onset of oxidation, the
HOMO levels of polymers P(FL-TPAFL) and P(FL-DPPPh) were calculated
to be -6.12 eV and -5.77 eV respectively using the equation, HOMO = -(4.71
+ Eo™
and -3.96 eV using the equation, LUMO = -(4.71 + E,"™®). The band gaps
of the polymers P(FL-TPAFL) and P(FL-DPPPh) were calculated to be
2.41 eV and 1.81 eV, respectively. The values of HOMO, LUMO and

band gap of the first set of fluorene based polymers are shown in Table 4.8.

). Similarly the LUMO energy levels were calculated to be -3.71 eV

Band gap calculated by means of theoretical, electrochemical and optical

methods are depicted in Table 4.9.
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Table 4.8: HOMO, LUMO levels and band gap of polymers calculated by
means of electrochemical method

Polymer HOMO LUMO Eg
- (4.71 + Eoy O™ - (471 + Epq ™)  (Electrochemical)
(eV) (eV) (eV)
P(FL-TPAFL) -6.12 -3.71 241
P(FL-DPPPh) -5.77 -3.96 1.81

Table 4.9: Band gaps calculated by means of theoretical, electrochemical and
optical methods

Eg

Polymer Eg (Thei)/retical) (Electrochemical) Eg ((Cg\r;’;ical)
(eV) V)
P(FL-TPAFL) 2.80 2.41 2.96
P(FL-DPPPh) 1.96 1.81 1.97

4.2.2.2 P(FL-TPA) and P(FL-BP)

The second set of two theoretically designed fluorene based polymers,
P(FL-TPA) and P(FL-BP) were synthesized by palladium catalyzed Suzuki
cross-coupling polymerization reaction using Pd(PPhs), as catalyst. The
fluorine monomer, 2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-
dioctylfluorene was reacted with 4,4’-dibromotriphenylamine (TPA) and
4,4-dibromo-1,1"-biphenyl (BP) in dry THF to give the polymers P(FL-TPA)
and P(FL-BP), respectively. The crude products were dissolved in minimum
amount of chloroform and re-precipitated from methanol and the product
filtered was again purified by soxhlet extraction using hexane, methanol and
acetone. The synthesized copolymers were soluble in common organic

solvents such as tetrahydrofuran (THF), chloroform and chlorobenzene. The
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synthetic route for the second set of fluorene based polymers is depicted in
Scheme 4.8.
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Scheme 4.8: Synthesis of P(FL-TPA) and P(FL-BP)

The two fluorene based polymers were characterized by different
spectroscopic and analytical techniques. The molecular weights of the
polymers were obtained from gel permeation chromatography in THF. The
copolymer, P(FL-TPA) exhibited number average molecular weight (M)
of 5530 and weight average molecular weight (M,) of 10085 with
polydispersity index (PDI) of 1.82. The copolymer, P(FL-BP) exhibited
number average molecular weight (M;) of 7097 and weight average
molecular weight (M,,) of 12960 with polydispersity index (PDI) of 1.83.
Table 4.10 summarizes the molecular weights and polydispersity index

(PDI) of the copolymers.
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Table 4.10: Results of the polymerization reaction

Polymer My My Mp PDI
P(FL-TPA) 5530 10085 5571 1.82
P(FL-BP) 7097 12960 7486 1.83

The structure of the polymers were confirmed by *H NMR spectra. In
the case of P(FL-TPAFL), peaks observed around 6 0.8-2.1 are due to aliphatic
protons of alkyl chains. The peaks observed at & 7.0-7.8 are due to the aromatic
protons of triphenylamine and fluorene moeity. 'H NMR spectrum of
P(FL-BP) showed resonance peaks corresponding to aliphatic protons of alkyl
chain at 6 0.7-2.0 as multiplet. The peaks observed at 6 7.2-7.8 as multiplet are
due to the aromatic protons of biphenyl and fluorene units. The *H NMR

spectra of the polymers are shown in Figure 4.13.

Figure 4.13: 'H NMR spectra of (A) P(FL-TPA) and (B) P(FL-BP)
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4.2.2.2.1 Optical Properties

Absorption spectra of polymers were recorded in THF. The polymers,
P(FL-TPA) and P(FL-BP) showed absorption maximum around 379 nm and
353 nm, respectively. The absorption onset of polymers, P(FL-TPA) and
P(FL-BP) occurred at 422 nm and 400 nm, respectively. The optical band
gap values of polymers were calculated to be 2.94 eV and 3.10 eV,
respectively. The theoretical band gap values of polymers were obtained to
be 2.94 eV and 3.26 eV, respectively. The band gaps calculated from optical
methods are in good agreement with the theoretical values. Figure 4.14
shows the absorption spectra of the second set of two fluorene based

copolymers.

Emission spectra of polymers were recorded in THF. Polymer
P(FL-TPA) showed emission peak at 430 nm and the polymer, P(FL-BP)
showed emission peak at 405 nm. Figure 4.15 shows the emission spectra of
P(FL-TPA) and P(FL-BP) in THF.
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Figure 4.14: UV-Vis spectra: (A) P(FL-TPA) and (B) P(FL-BP) in THF

Theoretical Design and Synthesis of Low Band Gap Conjugated Capolymers for Photovoltaic and Nonlinear Optical Applications I



Chapter 4

0.5 0.5

Intensity (a. u.)
Intensity (a. u.)

0.0+

0.0 4

T T T T T T T
300 350 400 450 500 550 600 650 700 300 3,;,0 4(‘)0 4.")0 5(’)0 5.‘;0 6(‘)0 650
Wavelength (nm) Wavelength (nm)

Figure 4.15: Emission spectra of the polymers: (A) P(FL-TPA) and
(B) P(FL-BP) in THF (2 mg/10mL) (Excitation wavelength 365 nm)

4.2.2.2.2 Thermal Properties

The thermal stability of the polymers was investigated by TG-DTG
analysis. The onset of degradation and degradation temperature is obtained
from the TG traces of the synthesized polymers. It is clear that the polymers,
P(FL-TPA) and P(FL-BP) followed single step degradation pattern. In P(FL-
TPA), DTG traces showed onset of degradation around 400 °C and degradation
temperature at 475 °C with about 12 % weight loss as the onset loss point. In
P(FL-BP), the onset of degradation was around 330 °C and the degradation
temperature was at 470 °C. Here, only 6 % weight loss took place at the onset

loss point. TG-DTG traces of the polymers are shown in the Figure 4.16.
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Figure 4.16: TG-DTG traces of the polymers: (A) P(FL-TPA) and (B) P(FL-BP)
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4.2.2.2.3 Electrochemical Studies

Cyclic voltammetry was used to assess the HOMO, LUMO levels and
band gap of the polymers. From the onset of oxidation, the HOMO levels of
polymers, P(FL-TPA) and P(FL-BP) were calculated to be -5.67 eV and -
6.12 eV, respectively using the equation, HOMO = -(4.71 + Ex>™®). The
LUMO energy levels (from the onset of reduction potentials) of P(FL-TPA)
and P(FL-BP) were calculated to be -3.75 eV and -3.91 eV, respectively
using the equation, LUMO = -(4.71 + E.®™"). The band gaps of the
polymers, P(FL-TPA) and P(FL-BP) were calculated to be 1.92eV and 2.21 eV,
respectively. The values of HOMO, LUMO and band gap of the second set
of fluorene based polymers are shown in Table 4.11. The electrochemical
band gaps of these two polymers were found to be lower than that obtained by
theoretical and optical methods. This may be due to the difference in the
mechanism of optical excitation and electrochemical oxidation and reduction
processes. Optical excitation involved the creation of excitons and the latter
process creates ions. The low energy of excitons compared to the ions and
solvation of the ions in the electrochemical experiments were reflected in the
low value of electrochemical band gap. Band gaps calculated by means of

theoretical, electrochemical and optical methods are depicted in Table 4.12.

Table 4.11: HOMO, LUMO levels and band gap of polymers calculated by
means of electrochemical method

HOMO LUMO Eg
Polymer = - (4.71+ Ex ™) - (471 + Epeg ™) (Electrochemical)
(eV) (eV) (eV)
P(FL-TPA) -5.67 -3.75 1.92
P(FL-BP) -6.12 -3.91 2.21
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Table 4.12: Band gaps calculated by means of theoretical, electrochemical and
optical methods

Polymer Eg (Theoretical) = Eg (Electrochemical) Eg (Optical)

(eV) (eV) (eV)
P(FL-TPA) 2.94 1.92 2.94
P(FL-BP) 3.26 2.21 3.10

4.2.3 Synthesis of Anthracene-phenothiazine copolymer
P(ANT-PHENO)

The theoretically designed anthracene-phenothiazine copolymer, P(ANT-
PHENO) was synthesized by palladium catalyzed Suzuki cross-coupling
polymerization reaction using Pd(PPhs), as catalyst. 9,10-anthracenediboronic
acid bis(pinacol) ester was reacted with 3,7-dibromo-10-octylphenothiazine
in dry THF to give the copolymer, P(ANT-PHENO). The product was purified
by soxhlet extraction using hexane, methanol and acetone, respectively. The

synthetic route for the anthracene based polymer is depicted in Scheme 4.9.
Br Pd( PPh34 K3PO,
i ook + "I e see

P(ANT-PHENO)
Scheme 4.9: Synthesis of P(ANT-PHENO)

The copolymer, P(ANT-PHENO) exhibited number average molecular
weight (M) of 7022, weight average molecular weight (M,,) of 10627 and
peak molecular weight of 5056 with polydispersity index (PDI) of 1.51.
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Table 4.13 summarizes the molecular weight and polydispersity index (PDI)
of the copolymer.

Table 4.13: Results of the polymerization reaction

Polymer Mhn My Mp PDI
P(ANT-PHENO) 7022 10627 8056 151

The structure of the polymer, P(ANT-PHENO) was confirmed by ‘H
NMR spectrum. The peaks observed around 6 0.8-2.2 are due to aliphatic
protons of alkyl chains. The two peaks observed around 6 3.9-4.1 are due to
two aliphatic protons of alkyl chains adjacent to the nitrogen hetero atom. The
peaks observed at 6 6.9-7.9 are due to the aromatic protons of phenothiazine
and anthracene moeity. The *"H NMR spectrum of the polymer is shown in
Figure 4.17.

10 9 8 7 6 5 4 3 2 1 ppm

Figure 4.17: 'H NMR spectrum of P(ANT-PHENO)
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4.2.3.1 Optical Properties
Absorption spectrum of the polymer, P(ANT-PHENO) showed

absorption maximum and absorption onset around 398 nm and 483 nm,
respectively. The shape and structure of UV spectrum is the characteristic of
the polynuclear aromatic hydrocarbons. The optical band gap was calculated
to be 2.57 eV. From quantum chemical calculations, band gap obtained was
2.86 eV. The band gap calculated from optical method is in good agreement
with the theoretical value. Figure 4.18 shows the absorption spectrum of the

copolymer.

Emission spectrum of the polymer was recorded in THF. Polymer
P(ANT-PHENO) showed emission peak at 532 nm. Figure 4.19 shows the

emission spectrum of the copolymer in THF.
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Figure 4.18: UV-Vis spectrum of P(ANT-PHENO) in THF
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Figure 4.19: Emission spectrum of P(ANT-PHENO) in THF
(2 mg/10 mL) (Excitation wavelength 365 nm)

4.2.3.2 Thermal and Electrochemical Properties

The thermal and electrochemical properties of the polymer were
investigated. TG-DTG curve of the polymer, P(ANT-PHENO) followed single
step degradation pattern (Figure 4.20). It showed onset of degradation around
390 °C and degradation at a temperature of 410 °C with about 6 % weight loss
as the onset loss point.
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-0.05

90 5 0.10

0.16
80 4

Weight (%)

-0.20

-0.256
70

Da/%) 8BueyD biap aueg

+0.30 —

60 0.35

T T T T T T T
100 200 300 400 500 600 700
Temperature (°C)

Figure 4.20: TG-DTG trace of P(ANT-PHENO)
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The HOMO, LUMO levels and band gap of the polymer were obtained
from cyclic voltammetric studies. From the onset of oxidation, the HOMO
and LUMO levels of P(ANT-PHENO) were calculated to be -5.69 eV and -
3.81 eV, respectively. The band gap of the polymer was calculated to be
1.88 eV. The values of HOMO, LUMO and band gap of the copolymer is
presented in Table 4.14. The electrochemical band gap of the polymer was
found to be lower than that obtained by theoretical and optical methods. The
reason for low value of electrochemical band gap when compared to the
theoretical value is that the theoretical calculation included the assumption
that the molecules are in the gas phase. But, in the case of electrochemical
method the molecule is assumed to be in solid phase. The ordered molecular
orientation resulted in the lower band gap value. Band gap calculated by
means of theoretical, electrochemical and optical methods are depicted in
Table 4.15.

Table 4.14: HOMO, LUMO levels and band gap of polymers calculated by
means of electrochemical method

Polymer HOMO LUMO Eg
- (471 + Eo ™) - (471 +Eq")  (Electrochemical)
(eV) (eV) (eV)
P(ANT-PHENO) -5.69 -3.81 1.88

Table 4.15: Band gaps calculated by means of theoretical, electrochemical
and optical methods

Polymer Eg (Theoretical) = Eg (Electrochemical) = Eg (Optical)
(eV) (eV) (eV)
P(ANT-PHENO) 2.86 1.88 2.57
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4.2.4 Synthesis of Phenylenevinylene Polymers (PPV)
4.2.4.1 DOC-MEH PPV and EDTh CN PPV

The two phenylenevinylene polymers, DOC-MEH PPV and EDTh CN
PPV were synthesized by Gilch polymerization reaction and Knoevenagel
polycondensation reaction, respectively. These two reactions have taken
place in the presence of potassium tertiary butoxide (t-BuOK) at 30 °C.
The synthesized copolymers were soluble in tetrahydrofuran (THF). The
synthetic route for the phenylenevinylene based polymers is depicted in
Scheme 4.10.

o o d
Br. Br. THF, t+-BuOK
* Taw Vg SN
Br 30°C
Br d

(l) o [ (0] n

DOC-MEH PPV

NC

R NG O s O +-BUOK, 30°C /s\ \ s p

— =
OHC” s~ “CHO \ 4 N THF, MeOH NG O \ O "
o o

g o
EDTh CN PPV

Scheme 4.10: Synthesis of DOC-MEH PPV and EDTh CN PPV
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The polymer, DOC-MEH PPV exhibited number average molecular
weight (M) of 15975 and weight average molecular weight (My,) of 22828
with polydispersity index (PDI) of 1.43. The polymer, EDTh CN PPV
exhibited number average molecular weight (M,) of 3635 and weight average
molecular weight (My,) of 4915 with polydispersity index (PDI) of 1.35.
Table 4.16 summarizes the molecular weight and polydispersity index (PDI)
of the copolymers. The polymers, DOC-MEH PPV and EDTh CN PPV
showed peak molecular weight of 17723 and 4630, respectively.

Table 4.16: Results of the polymerization reaction

Polymer My My Mp PDI
DOC-MEH PPV 15975 22828 17723 1.43
EDTh CN PPV 3635 4915 4630 1.35

The *H NMR spectra of the polymers are shown in Figure 4.21. *H NMR
spectrum of DOC-MEH PPV showed resonance peaks corresponding to
aliphatic protons of alkyl chain at & 0.9-1.9 as multiplet. Peaks observed
around & 3.9-4.2 are due to -O-CH,- protons of alkyl chains. The peaks
observed at & 7.1-7.6 are due to the unsaturated aliphatic protons of vinylene
linkage and aromatic protons of phenyl rings. *H NMR spectrum of EDTh
CN PPV showed resonance peaks corresponding to -OCH,- protons at 6 5.3.
The peaks observed at & 6.9-7.7 as multiplet are due to the aromatic protons and

aliphatic protons of vinylene linkage.
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Figure 4.21: *H NMR spectra of (A) DOC-MEH PPV and (B) EDTh CN PPV

4.2.4.1.1 Optical Properties

Absorption spectra of polymers were recorded in THF. The polymers
DOC-MEH PPV and EDTh CN PPV showed absorption maximum
around 492 nm and 457 nm, respectively. The absorption onset of polymers
DOC-MEH PPV and EDTh CN PPV occur at 553 nm and 572 nm,
respectively. The optical band gap calculated was found to be 2.24 eV and
2.17 eV, respectively. From quantum chemical calculations, band gaps obtained
were 1.79 eV and 1.81 eV respectively. Figure 4.22 shows the absorption

spectra of the phenylenevinylene polymers.
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Figure 4.23 shows the emission spectra of DOC-MEH PPV and EDTh
CN PPV in THF. Emission spectrum of polymer DOC-MEH PPV showed
emission peak at 554 nm. The polymer, EDTh CN PPV showed emission
peak at 580 nm with a shoulder peak at 608 nm. This shoulder peak could
be due to the out of the plane twisting of the two phenyl rings that are
attached covalently to the 3,4-ethyledioxythiophene ring.
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Figure 4.22: UV-Vis spectra: (A) DOC-MEH PPV and (B) EDTh CN PPV in THF
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Figure 4.23: Emission spectra of the polymers: (A) DOC-MEH PPV and

(B) EDTh CN PPV in THF (2 mg/10mL) (Excitation wavelength

365 nm)
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4.2.4.1.2 Thermal Properties

The thermal stability of the polymers were investigated by TG-DTG
analysis. From the TG traces of the synthesized polymers, it is clear that the
polymers DOC-MEH PPV and EDTh CN PPV followed single step
degradation pattern. In DOC-MEH PPV, DTG traces showed onset of
degradation around 385 °C and degradation temperature at 435 °C with about
4% weight loss as the onset loss point. In EDTh CN PPV, the onset of
degradation is around 380 °C and the degradation temperature is at 415 °C.
Here about 6 % weight loss took place at the onset loss point. TG-DTG traces

of the polymers are shown in the Figure 4.24.
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Figure 4.24: TG-DTG traces of the polymers: (A) DOC-MEH PPV and
(B) EDTh CN PPV

4.2.4.1.3 Electrochemical Studies

From the cyclic voltammetric traces, the HOMO levels of DOC-MEH
PPV and EDTh CN PPV were calculated to be -5.71 eV and -5.71 eV,
respectively. The LUMO energy of DOC-MEH PPV and EDTh CN PPV
were calculated to be -3.91 eV and -4.05 eV, respectively. The band gaps of
the polymers DOC-MEH PPV and EDTh CN PPV were calculated to be
1.80 eV and 1.66 eV, respectively. The values of HOMO, LUMO and band
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gap of the phenylenevinylene polymers are shown in Table 4.17. Band gap
calculated by means of theoretical, electrochemical and optical methods are
depicted in Table 4.18.

Table 4.17: HOMO, LUMO levels and band gap of polymers calculated by
means of electrochemical method

HOMO LUMO Eg

Polymer (471 +Eo™) | - (4714 Epeq ™)  (Electrochemical)
(eV) (eV) (eV)
DOC-MEH PPV -5.71 -3.91 1.80
EDTh CN PPV -5.71 -4.05 1.66

Table 4.18: Band gaps calculated by means of theoretical, electrochemical
and optical methods

Eg (Theoretical) = Eg (Electrochemical) = Eg (Optical)

Polymer V) V) V)
DOC-MEH PPV 1.79 1.80 2.24
EDTh CN PPV 1.81 1.66 2.17

4.3 Experimental
4.3.1 Synthesis of Thiophene Based Polymers
4.3.1.1 General Procedure for the Polymerization

Toa stirred solution of 3,4-ethylenedioxythiophene/3,4-dimethoxythiophene
(0.53 mmol) in 10 mL DMF was added tetrabutylammonium bromide (0.175 g,
0.53 mmol) and sodium acetate (0.29 g, 2.1 mmol). The reaction mixture was
stirred at room temperature for 15 min followed by the addition of the
dibromo derivative of the monomer (0.53 mmol) and 10 mol % palladium
acetate. The reaction mixture was stirred at 90 C for 48 h. The reaction

mixture was cooled to room temperature and poured in to ice cold methanol.
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The precipitate was filtered and washed with methanol. The polymers were
purified by soxhlet extraction using acetone and methanol for 24 h. The
residue was dissolved in minimum amount of chloroform and re-precipitated

from methanol. The precipitate was filtered and dried under vacuum.

4.3.1.1.1 Synthesis of P(EDT-TPAFL)

3,4-Ethylenedioxythiophene (0.075 g, 0.53 mmol), tetrabutylammonium
bromide (0.175 g, 0.53 mmol), sodium acetate (0.29 g, 2.1 mmol), 9,9-
bis(4-diphenylaminophenyl)-2,7-dibromofluorene (0.26 g, 0.53 mmol) and
palladium acetate (0.012 g, 0.053 mmol) were used.

Yield © 46 %

UV-Vis (CHCI3) Amax : 469 nm

'H NMR (400 MHz, CDCl3) : §3.7-4.0 (4 H, m), 6.9 (4 H, d), 7.0 (8 H, d),
7.2 (8H, d), 7.3 (8 H, d), 7.6 (2H, d),
8.0(4H,d)

4.3.1.1.2 Synthesis of P(DMT-TPAFL)

3,4-Dimethoxythiophene (0.076 g, 0.53 mmol), tetrabutylammonium
bromide (0.175 g, 0.53 mmol), sodium acetate (0.29 g, 2.1 mmol), 9,9-
bis(4-diphenylaminophenyl)-2,7-dibromofluorene (0.26 g, 0.53 mmol) and
palladium acetate (0.012 g, 0.053 mmol) were used.

Yield : 52%

UV-Vis (CHCI3) Amax ;432 nm

'H NMR (400 MHz, CDCls) : & 4.3 (6 H, m), 6.9 (4 H, d), 7.0 (8 H, d),
7.2 (8H, d), 7.3 (8 H, d), 7.7 (2H, d), 7.8
(4 H,d)
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4.3.1.1.3 Synthesis of P(EDT-TPA)

3,4-Ethylenedioxythiophene (0.075 g, 0.53 mmol), tetrabutylammonium
bromide (0.175 g, 0.53 mmol), sodium acetate (0.29 g, 2.1 mmol),
4,4’-dibromotriphenylamine (0.21 g, 0.53 mmol) and palladium acetate
(0.012 g, 0.053 mmol) were used.

Yield D 40%
UV-Vis (CHCI3) Amax : 431 nm

'H NMR (400 MHz, CDCl)) : 8 4.3 (4 H, d), 7.1 (6 H, m), 7.4 (3 H, m),
7.7 (4H, m)

4.3.1.1.4 Synthesis of P(DMT-TPA)

3,4-Dimethoxythiophene (0.076 g, 0.53 mmol), tetrabutylammonium
bromide (0.175 g, 0.53 mmol), sodium acetate (0.29 g, 2.1 mmol), 4,4’-
dibromotriphenylamine (0.21 g, 0.53 mmol) and palladium acetate (0.012 g,

0.053 mmol) were used.

Yield : 52%
UV-Vis (CHCI3) Amax : 408 nm

'H NMR (400 MHz, CDCl;) : 839 (6 H, s), 7.1 (6 H, m), 7.4 (3 H, m),
7.7 (4 H, m)
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4.3.1.1.5 Synthesis of P(EDT-DOB)

3,4-Ethylenedioxythiophene (0.075 g, 0.53 mmol), tetrabutylammonium
bromide (0.175 g, 0.53 mmol), sodium acetate (0.29 g, 2.1 mmol),
1.4-dibromo-2,5-bis(octyloxy)benzene (0.26 g, 0.53 mmol) and palladium
acetate (0.012 g, 0.053 mmol) were used.

Yield : 57%
UV-Vis (CHCI3) Amax : 487 nm

'H NMR (400 MHz, CDCl5) : 5 0.8 (6 H, m), 1.3, 1.7 (20 H, m),
19(4H,m),3.8(4H,s),4.1,4.4(4H, s),
7.3(2H,59)

4.3.2 Synthesis of Fluorene Based Polymers
4.3.2.1 General Procedure for Polymerization through Suzuki Coupling

Under nitrogen atmosphere, 40 mL of dry THF was added to a flask
charged with 10 mol % of Pd(PPhs)4. To this round bottomed flask, dibromo
derivative of the monomer (0.36 mmol) and 2,7-Bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene (0.23 g, 0.36 mmol) were
added followed by potassium phosphate (2 equiv, 0.14 g). The mixture was
stirred vigorously at 80-90 °C for 72 h. The reaction mixture was cooled to
room temperature and added dropwise into stirring ice cold methanol to
precipitate the polymer. The precipitate was collected by filtration and
washed with methanol and acetone. The polymer was washed continuously
with methanol and acetone for 2 days in a soxhlet extractor to remove the
oligomers and catalyst residues. The product was dried under reduced

pressure.
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4.3.2.1.1 Synthesis of P(FL-TPAFL)

9,9-Bis(4-diphenylaminophenyl)-2,7-dibromofluorene (0.29g, 0.36 mmol),
2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene
(0.23 g, 0.36 mmol), potassium phosphate (2 equiv, 0.14 g), Pd(PPhs), (0.04 g,
0.036 mmol) were used.

Yield © 64 %

UV-Vis (CHCI3) Amax : 385nm

'H NMR (400 MHz, CDCls) : 5 0.8 (6 H, s), 1.2 (4 H, s), 1.6 (20 H, s),
1.9 (4 H, s), 6.9 (4 H, d), 7.0 (8 H, d),
7.2 (8H, d), 7.3 (8 H, d), 7.6 (2H, d), 7.9
(10 H, d)

4.3.2.1.2 Synthesis of P(FL-DPPPh)

3,6-Bis(4-bromophenyl)  2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione
(0.16 g, 0.36 mmol), 2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
9,9-dioctylfluorene (0.23 g, 0.36 mmol), potassium phosphate (2 equ, 0.14 g),
Pd(PPh3)4 (0.04 g, 0.036 mmol) were used.

Yield © 44 %

UV-Vis (CHCI3) Amax : 542 nm

'H NMR (400 MHz, CDCls) : & 1.2 (6 H, s), 1.8 (4 H, s), 2.7 (20 H, s),
34(4H,s),7.8(2H, m),8.1-85 (12 H, m),
8.7(2H,5s)
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4.3.2.1.3 Synthesis of P(FL-TPA)

4.4’-Dibromotriphenylamine (0.145 g, 0.36 mmol), 2,7-Bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene (0.23 g, 0.36 mmol),
potassium phosphate (2 equiv, 0.14 g), Pd(PPhs)4 (0.04 g, 0.036 mmol) were

used.
Yield . 68 %
UV-Vis (CHCI3) Amax ;379 nm

'H NMR (400 MHz, CDCl3) : 8 0.7 (6 H,s), 1.1 (4 H, s), 1.6 (20 H, s),
20 (4 H,s), 70 (6 H, m), 7.2 (5 H, m),
7.6 (6H, m), 7.7 (2 H, m)

4.3.2.1.4 Synthesis of P(FL-BP)

4,4’-Dibromobiphenyl (0.11 g, 0.36 mmol), 2,7-Bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene (0.23 g, 0.36 mmol),
potassium phosphate (2 equiv, 0.14 g), Pd(PPhs)4 (0.04 g, 0.036 mmol) were

used.

Yield : 51 %

UV-Vis (CHCIl3) Amax : 353 nm

'H NMR (400 MHz, CDCls) : 8 0.7 (6 H, s), 1.1 (4 H, s), 1.6 (20 H, s),
20 (4 H,s), 71 (6 H, m), 7.5 (4 H, m),
7.8 (4 H, m)
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4.3.3 Synthesis of Anthracene-phenothiazine copolymer, P(ANT-PHENO)
3,7-Dibromo-10-octyl-phenothiazine (0.17 g, 0.36 mmol), 9,10-

anthracene diboronic acid bis(pinacol) ester (0.155 g, 0.36 mmol), potassium

phosphate (2 equiv, 0.14 g), Pd(PPhs)4(0.04 g, 0.036 mmol) were used.

Yield © 48 %

UV-Vis (CHCI3) Amax : 398 nm

'H NMR (400 MHz, CDCls) : 5 0.8 (3 H, s), 1.4 (10 H, d), 2.0 (2 H, d),
4.0 (2H,d),6.9-7.6 (10H, m), 7.9 (4 H, m)

4.3.4 Synthesis of Phenylenevinylene Polymers
4.3.4.1 Synthesis of DOC-MEH PPV

To a solution of 1,4-bis(bromomethyl)-2-((2-ethylhexyl)oxy)-5-
methoxybenzene (0.84 g, 2 mmol) and 1,4-bis(bromomethyl)-2,5-bis(octyloxy)
benzene (1.04 g, 2 mmol) in 20 mL of anhydrous THF was added drop wise to
a solution of 95 % potassium t-butoxide (2.12 g, 18 mmol) in 80 mL of THF
at 30 'C with stirring. The solution was poured into cold methanol. The
precipitate was filtered and washed with methanol. The polymer was further

purified by soxhlet extraction with acetone and methanol to afford a red

solid.
Yield : 35%
UV-Vis (CHCI3) Amax : 492 nm

'H NMR (400 MHz, CDCl;) : §0.9 (12 H, s), 1.4 (28 H, m), 1.7 (4 H, m),
1.9 (L H, s), 4.0 (5 H, m), 4.2 (4 H, m),
7.3(4H, M), 7.6 (4 H, d)
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4.3.4.2 Synthesis of EDTh CN PPV

A solution of 2,5-thiophenedicarboxaldehyde (0.14 g, 1 mmol)
and 2,2'-((2,3-dihydrothieno[3,4-b][1,4]dioxine-5,7-diyl)bis(4,1 phenylene))
diacetonitrile (0.37 g, 1 mmol) in 20 mL of mixture of anhydrous methanol
and THF in 1:1 ratio was placed in a round bottomed flask and stirred under
a gentle flow of nitrogen. 3 mmol of potassium t-butoxide in 15 mL of THF
was added at 30 °C with stirring. After 15 minutes, 30 mL of methanol was
added to the reaction mixture and acidified with conc. HCI. The polymer

was filtered and further purified by soxhlet extraction with acetone and

methanol.

Yield : 30%

UV-Vis (CHCI3) Amax ;457 nm

IHNMR (400 MHz, CDCl3) : &85.2(4H,s),6.9(2H,m), 7.0-7.3 (6 H, m),

7.5 (4 H, m).

4.4 Conclusion

Twelve theoretically designed polymers were synthesized by means of
Direct arylation polymerization, Suzuki Coupling polymerization, Gilch
polymerization and Knoevenagel polycondensation reactions. All the
polymers were characterized by *H NMR and UV-visible spectroscopy.
Molecular weight of the polymers was determined by GPC analysis.
Electrochemical and thermal properties of polymers were obtained from
cyclic voltammetry and thermogravimetric analysis. Experimental band gap

of the polymers were obtained from optical and electrochemical methods.
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Chapter 5

NONLINEAR OPTICAL AND PHOTOVOLTAIC
APPLICATIONS OF CONJUGATED POLYMERS

5.1 Introduction
5.2 Results and Discussion
5.3 Conclusion

Contents

In this chapter, third-order nonlinear optical and photovoltaic applications
of synthesized polymers are discussed. Third-order nonlinear absorption
coefficient (), imaginary part of nonlinear susceptibility (Imz®) and
optical limiting threshold values of synthesized polymers were evaluated.
Inverted and conventional solar cells were fabricated with some of the
synthesized polymers blended with PCBM as active layer. Inverted cells
were constructed using the device structure 1TO/ZnO/Polymer: PCBM/Ag
gave better power conversion efficiency.

5.1 Introduction

Conjugated polymers with low band gaps, suitable energy levels and
high charge carrier mobility are suitable for functional applications. The
band gap can be tuned by introducing suitable donor and acceptor moieties
or introducing linker units. The combination of high-lying HOMO levels
(residing on the donor units) and low-lying LUMO levels (residing on the

acceptor units) results in an overall low band gap for the polymer. The band
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gap can be narrowed or widened on the basis of the choice of donor and
acceptor units, or more specifically, the difference in electron density
between the donor and acceptor units along the polymer backbone.!
Recently, nonlinear optical (NLO) properties of organic photonic materials
have become the subject of current research interest, because of their
potential applications in a wide variety of optoelectronic devices.? Nonlinear
optical properties, large third-order susceptibility and fast response time and
processability of donor-acceptor groups have been studied by several
researchers.® This in turn has attracted the present interest in investigating
nonlinear optical properties of copolymers. Donor-acceptor conjugated
polymers have strong nonlinear optical (NLO) properties because of their
two photon absorption. Two photon absorption (TPA) has considerable
interest due to its potential applications in two-photon fluorescence imaging,**

optical data storage® and optical power limiting.’

The development of bulk heterojunction polymer solar cells (PSCs)
has become an interesting area of research and has focused on the synthesis
of new photovoltaic conjugated polymers and the development of device
fabrication technologies. Low band gap materials can harvest photons at
longer wavelength which improve the efficiency of organic photovoltaics,
due to a better overlap of the absorption spectrum and the solar spectrum.®*°
The present chapter is concerned with the third-order nonlinear optical and

photovoltaic properties of synthesized conjugated polymers.

5.1.1 Nonlinear Optics

Nonlinear optics (NLO) is the branch of optics that describes the

behavior of light in nonlinear media. The field of nonlinear optics developed
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gradually with the invention of lasers. In the beginning, research advances
were made on inorganic ferroelectric materials followed by semiconductors.
In the 1970's, the importance of organic materials was realized because of
their nonlinear optical responses, fast optical response, high laser damage
thresholds, architectural flexibility, and ease of fabrication. At present,
materials can be classified into three categories: inorganic ferroelectrics,
semiconductors, and organic materials.** At low intensity of light, typical of
non-laser sources, the properties of materials remain independent of the
intensity of illumination. Laser sources can provide sufficiently high light
intensities to modify the optical properties of materials. Light waves can
then interact with each other, exchanging momentum and energy, and the
superposition principle is no longer valid. This interaction of light waves
can result in the generation of optical fields at new frequencies, including
optical harmonics of incident radiation or sum- or difference-frequency

signals.?

5.1.1.1 Z-scan Technique

The open aperture Z-scan experiment was performed to determine the
third-order nonlinear absorption coefficient, s of the synthesized polymers.
Nonlinear absorption in a nonlinear optical material are of two types, one is
saturable absorption (SA) and the other is reverse saturable absorption
(RSA). In SA process, the transmittance increases forming a peak at the
focus and in RSA process, valley is formed at the focus.** The nonlinear
absorption is occurring due to several mechanisms including two-photon
absorption (TPA), RSA, free carrier absorption (FCA) and nonlinear

scattering.* In semiconductor polymeric materials, along with TPA, FCA is
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a higher order nonlinear process that may also contribute to the induced
absorption. But, in comparison with TPA, FCA is a weak process and hence
its contribution to the nonlinear absorption is relatively less.”> Using a
single, focused laser beam, one measures the transmittance of a sample
through a partially obscuring circular aperture (Z-scan). The transmittance is
determined as a function of the sample position (Z) measured with respect
to the focal plane. The open aperture (OA) Z-scan technique was performed
at 532 nm. The open aperture curve exhibits a normalized transmittance
valley, indicating the presence of induced absorption in the solution state,
indicating the reverse saturation (RSA) type of absorption with a positive
NLO absorption coefficient.®’ The normalized transmittance for the
standard OA Z-scan is expressed by the Eq. (5.1)

C [ve]
Ty = —— f In(1 + 8_1 At wrreerrrrr (51)
0= T J (I+qoe ™)

where, o = Blo(t)Letr and Lesr = (l-eal)/a is the effective thickness with

linear absorption coefficient a and Iy is the irradiance at focus.

The experimental data obtained were fitted with the theoretical curves
for RSA and the effective nonlinear absorption coefficient, § for the
copolymers was calculated. The imaginary part of the third-order nonlinear

susceptibility, Imy® of the polymer is calculated by Eq.(5.2)

I -0 F
X = 2020

where, C is the velocity of light in vacuum, ® is the angular frequency of

radiation, where ® = 27w/A and A =532 nm.

Department of Applied Chemistry, CUSAT
172 f Applied Ch as



Nonlinear Optical and Photovoltaic Applications of Conjugated Polymers

The copolymers generally show strong optical nonlinearity due to
donor-acceptor scheme. Reverse saturable absorption behavior of polymers is

mainly due to the nonlinear mechanism such as two photon absorption.®

5.1.1.2 Optical Power Limiting

The measure of nonlinear transmission as a function of input fluence
is used to investigate the optical limiting property of the polymer. A
material which transmits light at low input intensities and become opaque at
high inputs is called optical limiter. Optical limiting property of a material is
mainly due to nonlinear absorption, which corresponds to the imaginary part
of third-order susceptibility™® i.e., it could be due to free carrier absorption,
reverse saturation absorption, self-focusing, self-defocusing or induced
scattering. Recently, conducting polymers have drawn significant attention
as optical limiters for eyes or for sensor protection from high intensity laser.
The minimum standard required for a material to behave as an effective
optical limiter is to have low limiting threshold, high linear transmittance
throughout the bandwidth, stability etc.” Thus, the optical limiting
properties of copolymers were studied by a standard OA z-scan technique at
532 nm. A material with low value of optical limiting threshold is a good

optical limiter. The optical limiting curves were plotted by using Eqg. (5.3).

where, 1= 7 x 107 s, @ = 42.56 x 10° m, E = 135 pJ, the z; value is

obtained by the relation zg = wo?/A.

Theoretical Design and Synthesis of Low Band Gap Conjugated Copolymers for Photovoltaic and Nonlinear Optical Applications I



Chapter 5

5.1.2 Photovoltaics
5.1.2.1 Bulk Heterojunction Devices

A heterojunction is composed of two materials with different
electron affinities and ionization potentials. At the interface, potentials
created may favor exciton dissociation. The electron will be accepted by
the material with the larger electron affinity and the hole will be accepted
by the material with the lower ionization potential results in a difference in
potential energy which is larger than the exciton binding energy.??* In the
case of bulk heterojunction, the two materials which are blended together
will act as photoactive layer. The photoactive layer in polymeric bulk
heterojunction photovoltaic device is composed of a blend of donor and
acceptor with a maximized interfacial area between the materials.*?’ The
photoactive layer can be processed from solution by spin coating. In a
typical polymeric bulk heterojunction photovoltaic device, the photoactive
layer is sandwiched between a transparent conductive oxide layer and a
metal electrode. The photoactive layer is composed of low band
gap conjugated polymer as donor and soluble fullerene derivative as

acceptor.?’?

5.1.2.1.1 Conventional Photovoltaic Devices

In bulk heterojunction devices, electrons flow from acceptor to the
metal electrode and holes flow from donor to the transparent conductive
oxide layer (TCO). TCOs are fundamental components in photovoltaic
devices. Indium tin oxide (ITO) is the generally used transparent conductive
oxide. The work function of ITO is 4.5 eV - 4.7 eV, lying in between the
HOMO and LUMO of the conjugated polymers and ITO has the ability to
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collect both the holes and electrons.**% If ITO is coated with hole
transporting layer such as MoOj3 or anode buffer layer such as PEDOT:
PSS, a conventional solar cell can be processed. Here, ITO can collect

holes.

|. Etxebarria et al.*® fabricated conventional photovoltaic devices in the
configuration ITO/PEDOT:PSS/PTB7:PC70BM/Ca/Ag. Here, PEDOT: PSS
was spin coated on ITO as hole transport layer.

5.1.2.1.2 Inverted Photovoltaic Devices

An inverted photovoltaic device can be processed by coating electron
transporting materials like TiO,, ZnO or In,S; over ITO.3*% Here, the
holes and electrons are generated in the active layer in the reverse manner
to that in a conventional photovoltaic device. The electron transporting
material, usually an inorganic n-type semiconductor is coated between the
ITO and the active layer. The inverted photovoltaic device has the advantage
over the conventional devices because of the stability of the device.®
S. Schumann et al.*’ fabricated inverted photovoltaic device in which ZnO
was coated as electron collective layer between ITO and blended
P3HT:PCBM photoactive layer. ZnO layers were controlled either by electro-
deposition or spray pyrolysis techniques. The constructed OPV device gave

a power conversion efficiency of 4.9 %.

5.1.2.2 I-V Characteristics of a Photovoltaic Device

The current-voltage characteristics of photovoltaic device correspond
to a negative shift in amplitude of the dark current in the system as the

optical intensity of the light is increased. The current-voltage characteristics
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of a photovoltaic device in the dark and under illumination are shown in
Figure 5.1. The power delivered by a solar cell is the product of current and

voltage (IxV).

J (current
(density)A

ocC

>
Dark Voltage

J

ph

Illuminated Jsc Fill Factor = —=-

O

Figure 5.1: Current density-voltage curve of a photovoltaic device

The efficiency of a photovoltaic device is the ratio of the electrical
power output Py, compared to the solar power input, P, into the
photovoltaic cell. Py, can be taken to be Pnax Since the solar cell can be
operated up to its maximum power output to get the maximum efficiency.
The power conversion efficiency of a solar cell is determined by the

following formula:®

_ (e X Ioe X FF)
P

(I/OC X ISC) ..................................................................
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where V. is the open circuit voltage, I is the short circuit current, FF is the
fill factor and P;, is the power density of the incident light. Vipp and Impp are

the voltage and current at the maximum power point.

5.1.2.3 Open Circuit Voltage

Open circuit voltage is the maximum possible voltage across a
photovoltaic cell under illumination when disconnected from any circuit.
Itis the difference of electrical potential between two terminals of a
photovoltaic device. In organic photovoltaic devices, the highest occupied
molecular orbital level of the donor and lowest unoccupied molecular orbital
level of acceptor define the open circuit voltage of the device in a linear

Way.39'40

5.1.2.4 Short Circuit Current

The short circuit current is the current through the illuminated solar
cell when the voltage across the solar cell is zero (i.e., when the solar cell is
short circuited). The short circuit current is due to the generation and
collection of light-generated carriers. For an ideal solar cell at most moderate
resistive loss mechanism, the short circuit current and the light-generated
current are identical. Therefore, the short circuit current is the largest current

which may be drawn from the solar cell.

5.1.2.5 Fill Factor

Fill factor is the ratio of a photovoltaic cell’s actual maximum power
output to its theoretical power output if both current and voltage were at

their maxima, lsc and Vo, respectively.
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In this thesis, photovoltaic property of bulk heterojunctions fabricated
in both conventional and inverted manner using some of the polymers as

active layer by blending with PCBM has been evaluated.

5.2 Results and Discussion
5.2.1 Open Aperture (OA) Z-scan Measurements of the Polymers

NLO properties of the polymers were measured by the single beam
Z- scan technique with nanosecond laser performed with a Q-switched
Nd:YAG laser system (Spectra Physics LAB- 1760) with pulse width of
7 ns at 10 Hz repetition rate and 532 nm wavelength. The sample was
moved in the direction of light propagation near the focal point of the lens
with focal length of 200 mm. The radius of the beam waist was calculated
to be 42.56 um. The Z-scan system was calibrated using CS, as standard.
The transmitted beam energy, reference beam energy and their ratios were
measured simultaneously by an energy ratiometer (REj7620, Laser Probe
Corp.) having two identical pyroelectric detector heads (Rjp 735). The
effect of fluctuations of laser beam was eliminated by dividing the
transmitted power by the power obtained at the reference detector; both
being measured using identical photo detectors. The data were analyzed

I.** and the nonlinear optical

using the procedure described by Bahae et a
coefficients were obtained by fitting the experimental Z-scan plot with the

theoretical plots.
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5.2.1.1 Thiophene Based Polymers
a) P(EDT-TPAFL) and P(DMT-TPAFL)

The open aperture (OA) Z-scan traces of the polymers, P(EDT-TPAFL)
and P(DMT-TPAFL) in CHCl3 are shown in Figure 5.2.
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Figure 5.2: O{pe;—apertu re Z-scan traces of (A) P(EDZ'I['niTI'}PAF L) and

(B) P(DMT-TPAFL) in CHCl; at 135 pJ

Here, the two copolymers showed a normalized transmittance peak-
valley type graph with a positive NLO absorption coefficient. The nonlinear
absorption traces of the copolymers were fitted well with the graph derived
from two photon absorption (TPA) theory. The two copolymers showed
reverse saturable absorption type graph (Figure 5.2). The nonlinear absorption
coefficient (8, m/W) and imaginary value of third-order nonlinear susceptibility

(Imy, ®, esu ) were calculated.

Optical Power Limiting

The optical limiting properties of copolymers were studied by the
standard OA Z-scan technique at 532 nm. Figure 5.3 shows the transmitted
energy of the polymers P(EDT-TPAFL) and P(DMT-TPAFL) as a function
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of input fluence. At low input fluence, the output varies linearly with input
power. The optical limiting threshold is noted as the deviation from
linearity. The optical limiting threshold of P(EDT-TPAFL) and P(DMT-
TPAFL) was determined to be 0.36 GW cm? and 0.20 GW cm?,
respectively. The low optical limiting threshold values of these polymers are
due to the donor-acceptor scheme. A material with low value of optical

limiting threshold is a good optical limiter.
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Figure 5.3: Optical limiting curve of (A) P(EDT-TPAFL) and (B) P(DMT-TPAFL)

The calculated values of third-order nonlinear absorption coefficient
(B, m/W), imaginary value of third-order nonlinear susceptibility (Imy®®,
esu) and optical limiting threshold values are given in the Table 5.1. The
polymers showed large optical nonlinearity due to strong delocalization of
n electrons. The third-order nonlinear absorption coefficient values of the
polymers were found to be in the order of 10 mw™ which showed that
the band gap of each polymer was in the semiconducting range which was

already confirmed theoretically and experimentally.
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Table 5.1: Third-order nonlinear absorption coefficient (B, m/W), imaginary
value of third-order nonlinear susceptibility (Im 5, esu ) and optical
limiting threshold (GW/cm?) of copolymers

Nonllngar Imaginary part of Optical limiting
ool absorption nonlinear Hreshold
ofymer coefficient susceptibility thresho )
(B, mW™) (Im %, esu) (Gwiem?)
P(EDT-TPAFL) 1.41x 10" 0.29 x 10™ 0.36
P(DMT-TPAFL) 3.82x10% 0.85x 10™ 0.20

b) P(EDT-TPA), P(DMT-TPA) and P(EDT-DOB)

The open-aperture (OA) Z-scan trace of the three polymers, P(EDT-
TPA), P(DMT-TPA) and P(EDT-DOB) in THF are shown in Figure 5.4. The
three copolymers P(EDT-TPA), P(DMT-TPA) and P(EDT-DOB) showed a
normalized transmittance peak-valley type graph with a positive NLO
absorption coefficient. The nonlinear absorption traces of the copolymers were
fitted well with the graph derived from two photon absorption (TPA) theory.

The three copolymers showed reverse saturable absorption type graph
(Figure 5.4). The third-order nonlinear absorption coefficient (B, m/W) and
imaginary value of third-order nonlinear susceptibility (Imx(3), esu) were
determined. The values of nonlinear absorption coefficient and imaginary part
of nonlinear susceptibility were found to be in the order of 10" mw™ and 10™**
esu respectively. This implied that the band gap values of these three polymers,
P(EDT-TPA), P(DMT-TPA) and P(EDT-DOB) were in the semiconducting
range. The strong nonlinearity is due to the charge transfer from donor to the

acceptor units. The first excited state may be the charge-transfer state.
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Figure 5.4: Open-aperture Z-scan traces of (A) P(EDT-TPA), (B) P(DMT-TPA)
and (C) P(EDT-DOB) in THF at 135 pJ

Optical Power Limiting

Open aperture Z-scan technique was used to determine the optical
limiting properties of the three copolymers. Figure 5.5 shows the transmitted
energy of the polymers, P(EDT-TPA), P(DMT-TPA) and P(EDT-DOB) as a
function of input fluence. The optical limiting threshold of P(EDT-TPA),
P(DMT-TPA) and P(EDT-DOB) were determined to be 0.39 GW cm?,
0.31 GW cm™ and 0.44 GWcm?, respectively. The low optical limiting
threshold values of the polymers implied that the polymers could be chosen
as good optical limiters. The calculated values of nonlinear absorption
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coefficient (B, m/W), imaginary value of third-order nonlinear susceptibility

(Imy®, esu) and optical limiting threshold values are given in the Table 5.2.
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Figure 5.5: Optical limiting curves of (A) P(EDT-TPA), (B) P(DMT-TPA) and
(C) P(EDT-DOB)

Table 5.2: Third-order nonlinear absorption coefficient (B, m/W), imaginary
value of third order nonlinear susceptibility (Im y®, esu) and
optical limiting threshold (GW/cm?) of copolymers

Polymer Nonlinear Imaginary part of Optical limiting
absorption nonlinear threshold
coefficient susceptibility (GW/cm?)
(B, MW (Im ¥, esu)

P(EDT-TPA) 0.82 x 10 0.17 x 10" 0.39
P(DMT-TPA) 0.57 x 10™° 0.12 x 10™ 0.31
P(EDT-DOB) 0.65 x 10™%° 0.14 x 10 0.44
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5.2.1.2 Fluorene Based Polymers

a) P(FL-TPAFL) and P(FL-DPPPh)
The open aperture Z-scan trace of the polymers, P(FL-TPAFL) and

P(FL-DPPPh) in THF are shown in Figure 5.6. The two copolymers showed
a normalized transmittance peak-valley type graph with a positive NLO
absorption coefficient. The absorption coefficient values were observed to
be in the order of 10™ mW™. In the case of copolymer P(FL-TPAFL), the
comonomer TPAFL acted as donor and FL acted as acceptor which was
confirmed theoretically. This donor-acceptor scheme resulted in the strong
optical nonlinearity of the copolymer. Where as in the case of copolymer
P(FL-DPPPh), the comonomer FL acted as donor unit. The HOMO level of
FL was found to be higher than that of comonomer DPPPh. The charge transfer
from donor to acceptor unit was responsible for the optical nonlinearity of the
polymer. The nonlinear absorption traces of the copolymers were fitted well
with the graph derived from two photon absorption (TPA) theory. The two
copolymers showed reverse saturable absorption type graph (Figure 5.6). The
RSA graph showed that the polymers initially absorb two photos from high

intensity laser beam.
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Figure 5.6: Open aperture Z-scan traces of (A) P(FL-TPAFL) and
(B) P(FL-DPPPh) in THF at 135 pJ

Department of Applied Chemistry, CUSAT
184 f Applied Ch as



Nonlinear Optical and Photovoltaic Applications of Conjugated Polymers

Optical Power Limiting

To determine the optical limiting behavior of copolymers, open

aperture z-scan traces of the polymers were analyzed. Figure 5.7 shows the

transmitted energy of synthesized copolymers. The optical limiting threshold of
P(FL-TPAFL) and P(FL-DPPPh) were determined to be 0.27 GW cm™ and

0.31 GW cm™, respectively.
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Figure 5.7: Optical limiting curve of (A) P(FL-TPAFL) and (B) P(FL-DPPPh)

The nonlinear absorption coefficient (B, m/W) and imaginary value of

third-order nonlinear susceptibility (Imy ®), esu) and optical limiting threshold

values were calculated and are given in Table 5.3.

Table 5.3: Third-order nonlinear absorption coefficient (B, m/W), imaginary
value of third order nonlinear susceptibility (Im 3 ©, esu) and optical
limiting threshold (GW/cm?) of copolymers

Nonlinear

Imaginary part of

. ) Optical limitin
Polymer absorption nonlinear IOthreshold ’
y coefficient susceptibility GWiem?
(B, MW (Im 2, esu) (GWiem’)
P(FL-TPAFL) 0.53 x 10 0.11 x 10™ 0.27
P(FL-DPPPh) 2.72 x 10" 0.58 x 10™ 0.31
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b) P(FL-TPA)and P(FL-BP)

The open aperture (OA) Z-scan traces of the polymers, P(FL-TPA) and
P(FL-BP) in THF were taken (Figure 5.8). The solid curves in the figure are the
theoretical fit to the experimental data. The two copolymers showed a reverse
saturable absorption type graph with a positive NLO absorption coefficient.
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Figure 5.8: Open aperture Z-scan traces of (A) P(FL-TPA) and P(FL-BP) in
THF at 135 pJ

The nonlinear absorption traces of the copolymers were fitted well
with the graph derived from two photon absorption (TPA) theory. The
charge transfer along the donor-acceptor backbone of the polymers resulted
in the optical nonlinearity. The third-order nonlinear absorption coefficient
(B, m/W) and imaginary value of third-order nonlinear susceptibility ( Im
+®, esu ) are calculated. The values were found to be in good agreement with

the semiconducting behavior of the polymers.

Optical Power Limiting
The optical limiting threshold of P(FL-TPA) and P(FL-BP) were
determined to be 0.37 GW cm™?and 0.46 GW cm, respectively using open

aperture Z-scan technique (Figure 5.9). The low limiting threshold values
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of the polymers indicate that these polymers can be used for optical power

limiting at high laser fluences. The calculated values of nonlinear absorption

coefficient (B, m/W), imaginary value of third-order nonlinear susceptibility

(Imy, ®, esu) and optical limiting threshold values are given in the Table 5.4.
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Figure 5.9: Optical limiting curves of (A) P(FL-TPA) and (B) P(FL-BP)

Table 5.4: Nonlinear absorption coefficient (f, m/W), imaginary value of third

order nonlinear susceptibility (Im ¥

threshold (GW/cm?) of copolymers

@ esu) and optical limiting

Nonllne_ar Imaglnal_’y part of Optical limiting
Pol absorption nonlinear threshold
ofymer coefficient susceptibility rej o
(B, mw?) (Im @, esu) (Gwiem*)
P(FL-TPA) 0.47 x 10 0.10x 10™ 0.37
P(FL-BP) 0.29 x 10 0.06 x 10™ 0.46

5.2.1.3 Anthracene-Phenothiazine Copolymer P(ANT-PHENO)

The open aperture Z-scan trace of the polymer P(ANT-PHENO) was

recorded in THF (Figure 5.10). Here, the copolymer showed a normalized
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transmittance peak-valley type graph with a positive NLO absorption

coefficient. The copolymer showed reverse saturable absorption type graph.
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Figure 5.10: Open-aperture z-scan trace of P(ANT-PHENO) in
THF at 135 pJ

The nonlinear absorption trace of the copolymer fitted well with the
graph derived from two photon absorption (TPA) theory which implied that
the process involved in the nonlinear absorption is two photon absorption
(TPA). The third-order nonlinear absorption coefficient (B, m/W) and
imaginary value of third-order nonlinear susceptibility (Imx(3), esu ) were

calculated and were found to be in the semiconducting range.

Optical Power Limiting

The optical limiting threshold of copolymer was investigated by
OA z-scan technique at 532 nm. Figure 5.11 shows the transmitted energy
of synthesized anthracene-phenothiazine copolymer. The optical limiting
threshold of P(ANT-PHENO) was determined to be 0.46 GW cm™. Because
of the low optical limiting threshold value, the polymer could be used in

optical limiting devices. Table 5.5 shows the calculated values of nonlinear
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absorption coefficient (B, m/W), imaginary value of third-order nonlinear

susceptibility (Imy®, esu ) and optical limiting threshold of the copolymer.
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Figure 5.11: Optical limiting curve of P(ANT-PHENO)

Table 5.5: Third-order nonlinear absorption coefficient (B, m/W), imaginary
value of third-order nonlinear susceptibility (Im 3 ©, esu) and
optical limiting threshold (GW/cm?) of the copolymer

Nonllngar Imaglnary part of Optical limiting
Pol absorption nonlinear threshold
ofymer coefficient susceptibility G:;S/ o
(B, mW?) (Im %, esu) (Gwiem)
P(ANT-PHENO)  0.57 x 10™° 0.12x 10™ 0.46

5.2.1.4 Phenylenevinylene Polymers (PPVs)

The open aperture (OA) Z-scan traces of two phenylenevinylene
polymers, DOC-MEH PPV and EDTh CN PPV showed a normalized
transmittance valley-peak type graph with a negative NLO absorption
coefficient. The two polymers showed saturable absorption type graph
(Figure 5.12).
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Figure 5.12: Open aperture Z-scan traces of (A) DOC-MEH PPV and
(B) EDTh CN PPV in THF at 135 pnJ

The switch over from reverse saturable absorption to saturable absorption
could be attributed to ground state band bleaching of phenylenevinylene
polymers in solution. These polymers could not be used as optical limiter
because of these polymers showed enhanced transmittance at focus. The
third-order nonlinear absorption coefficient (B, m/W) and imaginary value
of third-order nonlinear susceptibility (Imx(3), esu ) were calculated. The
calculated values of nonlinear absorption coefficient (8, m/W) and imaginary
value of third-order nonlinear susceptibility (Imy®, esu) are given in the
Table 5.6.

Table 5.6: Third-order nonlinear absorption coefficient (B, m/W) and

imaginary value of third-order nonlinear susceptibility (Im ', esu)
of phenylenevinylene polymers

Nonlinear absorption Imaginary part of
Polymer coefficient nonlinear susceptibility
(B, mW?) (Im x®, esu)
DOC-MEH PPV -1.85 x 10™° -0.39 x 10™
EDTh CN PPV -1.56 x 10™ -3.29 x 10™
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5.2.2 Photovoltaic Device Fabrication

Photovoltaic performances of some of the synthesized conjugated
polymers were evaluated by constructing both conventional and inverted solar

cells.

Conventional solar cell was constructed using polymer:PCBM blend in
2:1 ratio as active layer, with device architecture, ITO/MoOs/Polymer:PCBM/
LiF/Al. MoOjs act as anode buffer layer and LiF as cathode buffer layer. Both
of these layers and Al electrode were deposited by vacuum evaporation
technique. Conventional solar cells were also constructed by using Tris(8-
hydroxyquinolinato)aluminum (Alg3) as cathode buffer layer and MoOj; as
anode buffer layer in the configuration, ITO/MoO3/Polymer:PCBM/Alg3/Al
and another one with PEDOT:PSS as anode buffer layer and LiF as cathode
buffer layer in the architecture, ITO/PEDOT:PSS/Polymer:PCBM/LiF/Al.
In both cases, the open circuit voltage and short circuit current were found

to be very low.

For the construction of inverted solar cells, an electron collective ZnO
layer was deposited on the ITO substrate using simple, cost effective, non-
vacuum, chemical spray pyrolysis (CSP) technique. The device configuration
was ITO/ZnO/Polymer:PCBM/Ag. Highly pure silver (99.99 % pure) was
vacuum evaporated to form the top contact with an area of 0.03cm? For both
cases, active layer was deposited using spin coating (25 mg dissolved in
1 mL chlorobenzene). Current-Voltage characteristics were measured using
a source measure unit NI PXI-1033 and illumination was done using Class
AAA solar simulator [PET, USA].
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5.2.2.1 Photovoltaic Performance of Conventional Solar Cells Constructed
using Synthesized Polymers

Schematic diagram of the conventional solar cell constructed using the
polymer, P(FL-DPPPh) and PCBM blend in 2:1 ratio as active layer is
shown in Figure 5.13. The solar cell configuration is ITO/MoOs/P(FL-DPPPh):
PCBM/LIF/Al. The J-V curve of the conventional solar cell under dark and

under illumination is shown in Figure 5.14.

Polymer:PCBM
MOO3
ITO coated glass plate

Figure 5.13: Schematic diagram of conventional solar cell

ojo 0.2 0.4
Voltage (V)

[—=— Dark
#—llluminated

Current density (mA/cm®)
o
s

Figure 5.14: J-V curves of conventional solar cell with configuration
ITO/MoOs/P(FL-DPPPh):PCBM/LiF/Al under dark
and under illumination

The conventional solar cell under illumination gave open circuit
voltage (Voo) of 0.71 V, short circuit current density (Js) of 0.27 mA/cm?
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and fill factor of 23 %. The maximum power conversion efficiency achieved
by the solar cell was 0.04 %.
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ITO/PEDOT:PSS/P(EDT-TPAFL):PCBM/LiF/Al

Figure 5.15: J-V curves of conventional solar cells with configuration ITO/
MoOy/P(EDT-TPAFL):PCBM/AIg3/Al and ITO/PEDOT:PSS/
P(EDT-TPAFL):PCBMI/LIiF/Al

Conventional solar cells were constructed in two different configurations
using the polymer P(EDT-TPAFL) and PCBM blend in 2:1 ratio as active
layer. The configurations are 1TO/MoOs/P(EDT-TPAFL):PCBM/Alg3/Al
and ITO/PEDOT:PSS/P(EDT-TPAFL):PCBM/LIF/Al. The J-V curves of the
conventional solar cells under dark and under illumination are shown in
Figure 5.15.

The conventional solar cell constructed in the configuration ITO/MoOs/
P(EDT-TPAFL):PCBM/AIg3/Al under illumination gave open circuit
voltage (Vo) of 0.49 V and short circuit current density (Js) of the order of
10 mA/cm?. The short circuit current is negligible. The solar cell fabricated in
ITO/PEDOT:PSS/P(EDT-TPAFL):PCBM/LIiF/AI
illumination gave open circuit voltage (Vo) of 0.09 V and short circuit current
density (Jsc) of 0.35 mA/cm?.

the configuration under
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5.2.2.2 Photovoltaic Performance of Inverted Solar Cells Constructed
using Synthesized Polymers

In the inverted structure, as in Figure 5.16 which shows the schematic
diagram of the device which has an electron collecting ZnO layer with
higher resistivity of ~ 10%Q cm coated over ITO plate.

+

Ag

Polymer:PCBM | -
ZnO | T
ITO coated glass plate

Figure 5.16: Schematic diagram of ZnO/Polymer heterojunction

The photovoltaic performance of inverted solar cell constructed using
the polymer P(FL-DPPPh):PCBM blend as active layer in the configuration
ITO/ZnO/P(FL-DPPPh):PCBM/Ag was checked and the J-V curves of the
inverted solar cell under dark (inset) and under illumination is shown in
Figure 5.17.

Current Density (mA/cm?)
e o o

-1.0 T 1 T T T T
0.2 -01 0.0 0.1 0.2 0.3 0.4 0.5

Voltage (V)

Figure 5.17: J-V curves of inverted solar cell with configuration
ITO/ZnO/P(FL-DPPPh):PCBM/Ag
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The solar cell under illumination gave open circuit voltage (Vo) of
0.27 V, short circuit current density (Jso) of 0.55 mA/cm? and fill factor of
47 %. The maximum power conversion efficiency achieved by the inverted
solar cell was 0.07 %.

Inverted solar cells processed from different solvents, were constructed
using the polymer P(DMT-TPAFL):PCBM blend as active layer in the
configuration 1TO/ZnO/P(DMT-TPAFL):PCBM/Ag and the photovoltaic
performances of the constructed solar cells were evaluated. The J-V curves
of the inverted solar cells processed from different solvents under illumination

are shown in Figure 5.18.
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Figure 5.18: J-V curves of inverted solar cell with configuration
ITO/ZNO/P(DMT-TPAFL):PCBM/Ag  processed
from different solvents

The solar cell processed from chlorobenzene, under illumination gave
open circuit voltage (Vo) of 0.22 V, short circuit current density (Js) of

0.82 mA/cm? and fill factor of 28 %. The maximum power conversion

efficiency achieved by the inverted solar cell was 0.05 %. The solar cell
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processed from chloroform under illumination gave open circuit voltage
(Vo) of 0.88 V, short circuit current density (Js.) of 0.83 mA/cm? and fill
factor of 43 %. The maximum power conversion efficiency achieved by the
device was 0.32 %. The photovoltaic cell processed from dichlorobenzene,
under illumination gave open circuit voltage (Vo) of 0.50 V, short circuit
current density (Jsc) of 1.15 mA/cm? and fill factor of 55 %. The maximum

power conversion efficiency achieved by the photovoltaic device was 0.32 %.

The photovoltaic performance of inverted solar cells constructed using
the polymer P(EDT-TPAFL):PCBM blend which were processed from
different solvents as active layer in the configuration 1TO/ZnO/P(EDT-
TPAFL):PCBM/Ag were studied. The J-V curves of the inverted solar cells

processed from different solvents under illumination are shown in Figure 5.19.

1.0 n
¥
| |
N
| |
05 .
£ .
L n
= —T8-0
£ 02 0p of 04 06 08 1 g 12 14 16 18 20
Pl
= Voltage (V)
c
@
k=
=
=
5
O
154 —m— Chlorobenzene
—m— Dichlorobenzene
204

Figure 5.19: J-V curves of inverted solar cell with configuration
ITO/ZnO/P(EDT-TPAFL):PCBM/Ag in chlorobenzene
and dichlorobenzene

The solar cell processed from dichlorobenzene, under illumination

gave open circuit voltage (Vo) of 0.27 V, short circuit current density (Js)
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of 0.65 mA/cm? and fill factor of 34 %. The maximum power conversion
efficiency achieved by the inverted solar cell is 0.06 %. The solar cell
processed from chlorobenzene under illumination gave open circuit voltage
(Voc) of 1.12 V, short circuit current density (Jsc) of 0.89 mA/cm? and fill
factor of 50 %. The maximum power conversion efficiency achieved by the

device was 0.50 %.

Inverted solar cell showed better collection of charge carriers which
resulted in the better Js. value than the other. Fill factor of a device is a key
parameter that determines the quality of the device. The maximum fill factor
achieved by the conventional type architecture was below 23 %, whereas the
inverted structure gave maximum fill factor value of 55 %, which reveals
the better device quality for inverted structure. In the inverted solar cell
architecture, electron collective ZnO layer was highly resistive. Replacing
this with much more conducting ZnO, by doping with Al or inverted Al
doped ZnO, can enhance the charge carrier collection resulting in improvement

in short circuit current density and hence efficiency.

5.3 Conclusion

The third-order nonlinear optical absorption characteristics of synthesized
copolymers have been studied using open aperture Z-scan technique. It was
found that the nonlinear absorption was due to effective two photon absorption
process. The Z-scan results indicated that the nonlinear absorption coefficient
(B, m W) and imaginary part of third-order nonlinear susceptibility (Imx@),
esu) of polymers were in the order of 107° and 10™, respectively. The
synthesized polymers except two PPV polymers exhibited good optical power

limiting behavior at 532 nm. Hence, the polymers could be considered as
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potential candidates for optical-power-limiting applications. Inverted and
conventional solar cells were fabricated with some of the synthesized
polymers blended with PCBM as active layer. Conventional solar cell
constructed with polymer P(FL-DPPPh):PCBM blend as active layer, gave a
power conversion efficiency of 0.04 %. Inverted solar cell was also
constructed with polymer P(FL-DPPPh):PCBM blend as active layer, which
gave a power conversion efficiency of 0.07 %. Inverted solar cells constructed
using P(EDT-TPAFL):PCBM blend in dichlorobenzene and chlorobenzene and
gave power conversion efficiencies of 0.06 % and 0.50 %, respectively.
Inverted solar cells were constructed using P(DMT-TPAFL):PCBM blend in
dichlorobenzene, chlorobenzene and chloroform gave power conversion
efficiencies of 0.32 %, 0.05 % and 0.32 %, respectively. Devices developed
with both structures exhibited photovoltaic characteristics with better
performance for inverted architecture with cell configuration. ITO/ZnO/P
(EDT-TPAFL):PCBM/Ag processed from chlorobenzene gave maximum

power conversion efficiency of 0.5 %.
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Chapter 6

SUMMARY AND OUTLOOK

¥ 6.1 Summary of the Work,
*E 6.2 Major Achievements
] 6.3 Future Outlook,

Conjugated polymers have several advantages over inorganic systems
such as stability, processability, low cost, etc. The main focus of the
present study was to synthesize low band gap conjugated polymers for
nonlinear optical and photovoltaic applications. This chapter summarizes
the major findings in the overall research work done. Theoretically designed
conjugated polymers were synthesized via different synthetic strategies like
Direct Arylation Polymerization, Suzuki Coupling Polymerization, Gilch
Polymerization and Knoevenagel Polycondensation. The nonlinear optical
properties and photovoltaic performances of the synthesized polymers
have been investigated. Scope of the future work is also outlined here.

6.1 Summary of the work

The major intention of the present work was to synthesize conjugated
polymers which are suitable for applications in photovoltaics and nonlinear
optics. One well-established approach to obtain conjugated polymers with
the above two desired properties are based on the strategy of incorporating
an electron donating and/or withdrawing unit into the polymer backbone.
Computational design combined with chemical intuition was used to predict

electronic properties of the donor-acceptor polymers.
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Table 6.1: Theoretical and Experimental band gap of copolymers

Polymer Ey (Theoretical) ~ Eg(Electrochemical) | E,(Optical)

(eV) (eV) (eV)
P(EDT-TPAFL) 2.27 1.95 2.11
P(DMT-TPAFL) 2.36 1.93 2.50
P(EDT-TPA) 2.53 1.74 2.30
P(DMT-TPA) 2.77 1.80 253
P(EDT-DOB) 2.44 1.66 2.05
P(FL-TPAFL) 2.80 2.41 2.96
P(FL-DPPPh) 1.96 1.81 1.97
P(FL-TPA) 2.94 1.92 2.94
P(FL-BP) 3.26 2.20 3.10
P(ANT-PHENO) 2.86 1.88 2.57
DOC-MEH PPV 1.79 1.80 2.27
EDTh CN PPV 1.81 1.66 2.10

In this work, twelve low band gap conjugated polymers were designed.
Monomers and D-A units were optimized using density functional theory
(DFT) and total optimization process included DFT/B3LYP/6-31G formalism.
Band gap, oscillator strength and excitation energies were calculated using time
dependent density functional theory (TD-DFT) -calculations. Conjugated
polymers were optimized by applying periodic boundary condition (PBC). All
the designed conjugated polymers were synthesized by different synthetic
strategies like Direct arylation polymerization, Suzuki coupling polymerization,
Gilch polymerization and Knoevenagel polycondensation. All the polymers

were characterized by different spectroscopic and analytical techniques. The
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redox behavior of the copolymers were investigated using cyclic
voltammetry. HOMO and LUMO energy values and electrochemical band
gap of copolymers were calculated. Band gaps obtained from optical and
electrochemical methods were in good agreement with the band gaps

obtained from theoretical calculations.

Third-order nonlinear optical properties of all the polymers were
investigated using Z-scan technique. The open aperture Z-scan traces of ten
copolymers gave reverse saturable absorption type graphs and all the traces
were fitted with the theoretical plot derived from the two photon absorption
(TPA) theory. This implied that the mechanism involved in the optical
nonlinearity could be TPA. Nonlinear absorption coefficients of all the ten
polymers were in the order of 10™ mw™ and imaginary part of nonlinear
susceptibility values were of the order of 10™* esu, which implied that all
the polymers exhibited strong optical nonlinearity at 532 nm. The remaining
two PPV polymers gave saturable absorption type graphs. Thus all the
synthesized conjugated polymers showed very good third-order nonlinear
optical properties because of the strong intermolecular charge transfer
between the donor and the acceptor units and can be used as ideal
candidates in nonlinear optical applications. All the synthesized polymers,
except PPV polymers, showed good optical limiting property at 532 nm due
to two-photon absorption (TPA) process. The polymer P(DMT-TPAFL)

showed superior optical power limiting property.
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Table 6.2: Nonlinear absorption coefficient (B, m/W), imaginary value of third-
order nonlinear susceptibility (Imy®, esu) and optical limiting
threshold (GW/cm?) of copolymers

Polymer B Im %® Optical limiting
10 (m/w) | 10 (esu) | threshold (GW/cm?)

P(EDT-TPAFL) 141 0.29 0.36
P(DMT-TPAFL) 3.82 0.85 0.20
P(EDT-TPA) 0.82 0.17 0.39
P(DMT-TPA) 0.57 0.12 0.31
P(EDT-DOB) 0.65 0.14 0.44
P(FL-TPAFL) 0.53 0.11 0.27
P(FL-DPPPh) 2.72 0.58 0.31
P(FL-TPA) 0.47 0.10 0.37
P(FL-BP) 0.29 0.06 0.46
P(ANT-PHENO) 0.57 0.12 0.46
DOC-MEH PPV -1.85 -0.39 -

EDTh CN PPV -1.56 -3.29 -

Photovoltaic performances of some of the copolymers were checked
by constructing both classical and inverted bulk heterojunction solar cells
using polymer:PCBM blend in 2:1 ratio as active layer. In inverted solar
cells, ZnO was used as electron transport layer and cell configuration
adopted was ITO/ZnO/Polymer:PCBM/Ag. Inverted solar cell constructed
with polymer P(FL-DPPPh):PCBM blend as active layer, gave a power
conversion efficiency of 0.07 %. Conventional solar cell was constructed
with polymer P(FL-DPPPh):PCBM blend as active layer in a configuration
ITO/MoO3/PL:PCBM/LIiF/AI, which gave a power conversion efficiency of
0.04 %.

I Department of Applied Chemistry, CUSAT



Summary and Outlook,

Inverted solar cells were constructed using P(EDT-TPAFL):PCBM
blend in dichlorobenzene and chlorobenzene and gave power conversion
efficiencies of 0.06 % and 0.50 %, respectively. Inverted solar cells were
constructed using P(DMT-TPAFL):PCBM blend in dichlorobenzene,
chlorobenzene and chloroform and gave power conversion efficiencies of
0.32 %, 0.05 % and 0.32 %, respectively.

Table 6.3: Photovoltaic performances of synthesized polymers

Area | Voc Jsc FF Efficiency

Polymer:PCBM M) (MV) (mAem) (%) (%)

P(FL-DPPPh) in chlorobenzene 022 | 715 0.27 23 0.04
ITO/MoO,/PL:PCBM/LIiF/AI
P(FL-DPPPh) in chlorobenzene 0.03 | 270 0.55 47 0.07

ITO/ZnO/PL:PCBM/Ag

P(EDT-TPAFL) in dichlorobenzene | 0.03 = 270 0.65 34 0.06
P(EDT-TPAFL) in chlorobenzene 0.03 | 1120 0.89 50 0.50
P(DMT-TPAFL) in dichlorobenzene | 0.03 = 500 1.15 55 0.32
P(DMT-TPAFL) in chlorobenzene 0.03 | 224 0.82 28 0.05
P(DMT-TPAFL) in chloroform 0.03 879 0.83 43 0.32

6.2 Major Achievements

=  Theoretically designed and synthesized twelve conjugated polymers

for nonlinear optical and photovoltaic applications.

= All the synthesized polymers showed third-order nonlinear optical
properties.
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= The conjugated polymers showed good optical power limiting

behavior at 532 nm.

= Both conventional and inverted photovoltaic devices were constructed
using three synthesized conjugated polymers in different cell

configurations.

= Inverted solar cell constructed using P(EDT-TPAFL) with a
device structure ITO/ZnO/P(EDT-TPAFL):PCBM/Ag processed
from chlorobenzene gave maximum power conversion efficiency
of 0.5 %.

6.3 Future Outlook

Three of the synthesized polymers showed photovoltaic activity when
blended with PCBM as active layer both in conventional and inverted
device architecture. The variation in power conversion efficiencies of these
polymers could be checked by changing both the anode and cathode buffer
layers. The role of thickness of active layer in a photovoltaic device is also
to be investigated. The rest of the polymers could be subjected to more
studies to explore the suitability of these polymers in photovoltaic devices
and light emitting diodes.
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