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{lll Prefacelll

In recent years, m-conjugated polymers have been subjected to
extensive study as regards their potential applications in transistors,
photovoltaic devices, polymer light-emitting diodes, photorefractive devices
and in non-linear optical devices. Conjugated polymers continue to fascinate
many scientists due to their several advantages such as low cost, processability,
high optical contrast, high stability etc. The major goal of the present
investigation was to synthesize low band gap polymers possessing both
photoconducting and non-linear optical property. Four major objectives of

the present study are listed here under:

=  Design of donor-acceptor low band gap conjugated polymers for
photoconductive and non-linear optical application using Density
Functional Theory in the Periodic Boundary Condition (PBC)

formalism.

= Synthesis of the copolymers using direct arylation and Suzuki

coupling methods.

=  Explore the application of conjugated polymers as active layer in

photoconducting devices.

= Explore the application of conjugated copolymers in non-linear

optical devices.

The thesis is comprised of seven chapters.

The first chapter consists of a concise introduction to some fundamental
principles of photoconducting and non-linear optical (NLO) polymers. The
first section begins with the tool box for band gap engineering to produce
low band gap conjugated polymers, followed by different polymerization
methods for obtaining the D-A copolymers. In the next section, the use of

quantum chemical tools for designing the active layer polymers is



explained. This chapter concludes with scope and aim of the work presented
in the thesis.

Chapter 2 deals with theoretical and experimental investigations
on the photoconductivity and non-linear optical properties of
3,4-ethylenedioxythiophene (EDOT)-fluorene copolymer. EDOT-fluorene
copolymer was synthesized via a simple and facile method, direct arylation
polycondensation reaction. Structure of the copolymer was confirmed by
FT-IR, '"H NMR and XPS. Electronic structure and properties were
investigated by DFT theory using periodic boundary condition formalism.
Photophysical, electrochemical and thermal properties are also included.
Optical limiting property is presented.

Chapter 3 deals with design, synthesis and third-order non-linear optical
properties of 3,4-ethylenedioxythiophene-chalcogenadiazole donor-acceptor
copolymers via direct arylation method. Copolymers of EDOT with
benzothiadiazole and benzoselenadiazole are investigated by theoretical and
experimental (optical and electrochemical) methods. Non-linear absorption
and non-linear refraction properties were determined by open aperture and
closed aperture z-scan technique, respectively. In addition, suitability of the

copolymers for optical limiting application is studied.

Chapter 4 includes synthesis and third-order NLO properties of low band
gap 3,4-ethylenedioxythiophene-quinoxaline copolymers. The effect of
structural changes of quinoxaline derivatives on the band gap of EDOT-
quinoxaline copolymers are investigated by theoretical calculation (DFT
theory) and experimental methods like UV-Visible absorption spectroscopy
and electrochemical methods. Third-order NLO properties were evaluated
by z-scan technique and are included in this chapter. The optical limiting

properties of EDOT-quinoxaline copolymers are also discussed.

Chapter 5 discusses electronic structure calculation, synthesis and third-
order NLO properties of EDOT-thiophene copolymers. Copolymers were



synthesized by direct arylation polycondensation reaction. Structure of the
synthesized copolymer was confirmed by FT-IR, 'H NMR, and XPS.
Thermal properties of the copolymer were studied using TG and DSC
analysis. Optical studies were done by using UV-Visible absorption spectra
and photolumniscence spectra. Third-order NLO properties were determined

using z-scan technique and the optical limiting properties are also presented.

Chapter 6 focusses on the electronic structure, synthesis and third-order
NLO properties of novel phenothiazine-triazine copolymer. Copolymer was
synthesized via standard Suzuki coupling reaction of phenothiazine with
piperidine substituted triazine. The theoretically determined frontier energy
levels and energy gap of copolymer agreed with experimentally determined
optical and electrochemical results. The third-order NLO properties and
optical limiting behaviour of the polymer was also investigated.

The conclusions drawn from each part of the work and references are
given at the end of each chapter. The summary and outlook of the work

done are presented as the final chapter.
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Chapter 1

Introduction

1.1. Introduction

In twenty-first century, conducting polymers have emerged as one of
the vital materials owing to their useful optical, electronic, energy storage
and mechanical properties. Initially, organic polymers have been considered
as insulators. The importance of this class of materials was realized by
the world scientific community when A. J. Heeger, H. Shirakawa and
A. G. MacDiarmid won the Nobel Prize in Chemistry in 2000 for their
research in halogen doped polyacetylene.' This was the real breakthrough in
the evolution of organic conducting polymers. After their pioneering work,
a number of conjugated polymers were developed including polythiophene,
polypyrrole, poly(paraphenylene), polyaniline, poly(phenylene vinylene),
polyfluorene etc.” These polymers exhibited unusual electronic properties
like good conductivity, low ionization potentials, high electron affinities and
low energy optical transitions, due to the delocalization of the m electrons
over the conjugated backbone. Band theory reasonably explains the
electronic structure of materials.>* The electronic properties of conducting
polymers cannot be described well by the standard band theory, because,
they are unusual and they don’t transport electrons via the same mechanism

that are used to define classical semiconductors. In a conducting polymer,
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mobile carriers introduced into the m conjugated backbone via doping results in
electrical conductivity. This electronic phenomenon can be explained by the
existence of soliton, poloron or bipoloron formation.” Now a days, polymeric
non-linear optical (NLO) materials have attracted considerable research interest
and have been the subject of intensive investigations. Polymeric NLO materials
possess large second and third-order NLO properties, transparency over a broad
wavelength range, ultrafast response time, high optical damage threshold, and
capability to be easily processed into good optical quality thin films, offer
significant advantages over the traditional inorganic materials.”’ These
properties enable them for applications in fabricating integrated optical devices,
such as waveguides, electro-optic (EO) modulators and optical frequency
doublers, optical signal processing devices and in holography.*'* The thesis
presents the synthesis of donor-acceptor copolymers and the experimental
investigations on the photoconductivity and third-order NLO properties of the
synthesized polymers.

This introductory chapter describes some fundamental principles of
photoconducting polymers and NLO polymers. This chapter includes six
sections. The first section, illustrates the tool box for band gap engineering
to produce low band gap conjugated polymers. In the next section, different
polymerization methods for obtaining the D-A copolymers are included. In
the third section, the use of quantum chemical tools for designing the active
layer polymers is described. Special emphasis is given to the use of Density
Functional Theory. In the fourth section, fundamental principles of
photoconducting polymers are included. In the fifth section, NLO effects in
molecular systems are described. In the final section, aim and scope of the

thesis is explained.
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1.2. Band-Gap Tailoring: ‘the Tool Box’ for Low Band Gap
Polymers

The considerable development of research on solar cells,'*" light-

20-22 23-26

emitting devices™ ~ and organic field-effect transistors (OFETs),”™ paved the
way for the development of m-conjugated polymers with tailored optical
properties. The crucial challenge in developing an ideal p-type material is to
design a conjugated polymer with requisite properties. The design should be in
such a way that, the polymer should possess suitable HOMO-LUMO (highest
occupied molecular orbital-lowest unoccupied molecular orbital) energy levels,
high hole mobility, strong absorption ability and good film forming properties
simultaneously.”” Band gap is the most important property as far as the other
properties are concerned. For a linear n-conjugated system, band gap (E,) can

be expressed as the sum of five contributions™ (equation (1)):

E,=Ep, +Ep +Eq +Eq+E,, i, (1)

Bond length alternation (BLA), resonance effect (Res), introduction of
electron-withdrawing or electron-releasing substituents (Sub), mean dihedral
angle (O©) between consecutive units and intermolecular interactions (Int) are

the factors offering major contribution to the magnitude of band gap (Fig. 1.1).

Substitution, Egy,

Bond length alternation, Egj 5

Aromaticity, Ees

Planarity, Eq
Fig. 1.1: Structural factors that determine the band gap of
materials in linear n-conjugated systems.®
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1.2.1. Structural Factors and Band Gap

Synthetic approaches by structural modifications (Fig. 1.2) can be
expected to produce a polymer with reduced HOMO-LUMO gap. In a simple
polyene system, BLA offers a major contribution, Epra, to the magnitude of
band gap. The combined effects of electron-electron correlation and electron-
phonon coupling results in the delocalization of & electrons that can lead to
a low band gap of ~ 1.50 eV. Therefore, a decreased BLA can lead to a
reduction in HOMO-LUMO gap, i.e., rigidification of the conjugated system
resulting in a fully planar conjugated structure with significantly lowered band

gap values in comparison with the parent open chain system.”

The energy required for switching of aromatic form to the quinoid
form is called aromatic stabilization or resonance energy. This resonance
effect traps the m electrons within the aromatic unit preventing them from
delocalizing through the entire conjugated polymer backbone.” This effect
can be represented by a quantity, Eges. For example, the insertion of double
bonds into the polymeric backbone reduces the overall aromaticity of the
material resulting in the reduction of band gap.’' A mean dihedral angle, ‘O’
between consecutive units limits the delocalization of m electrons through
the conjugated polymeric backbone, leading to a high band gap. This effect
can be represented by a quantity, Ee. The insertion of electron-donating
(donor) or electron-withdrawing (acceptor) substituents is the simple way to
control the HOMO and LUMO gap of a  conjugated system.*® This can be
represented by a term, Egy,. In the case of thiophene unit, the insertion of
acceptor groups like cyano, carboxy or nitro at the 3-position of the
thiophene unit results in an increased oxidation potential.’* In addition, the

insertion of electron releasing groups to a conjugated system also yields
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a higher energy HOMO level with reduction in band gap. It was reported
that the inductive effect of simple alkyl groups lowered the oxidation
potential of the thiophene ring by ~ 0.20 V.** The Fifth contribution (Ejy) to
band gap involves intermolecular interactions, which have great impact on
the magnitude of band gap. For example, intramolecular sulphur-oxygen
interactions in EDOT-thiophene conjugated system, lead to a self-rigidification

of the conjugated structure and thereby a low band gap.**

= =
o W

Inductive &
Mesomeric Effect

Benzenoid Form

~
LN

Chemical Rigidification

Quinoid Form

4

=D-A=D-A-D-

Alternating -D-A-
Arrangement

Fig. 1.2: Band gap engineering strategies in conjugated polymers.

1.2.2. Alternating Donor-Acceptor (D-A) Groups

The D-A concept was first introduced by E. E. Havinga et al., in
1992 A regularly alternating donor-acceptor patterns in conjugated
polymer results in broadening of the valence and conduction bands and
hence reduction in band gap. Very low optical band gaps (~ 0.5 eV) have

been reported for combinations of different donor groups with different
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acceptors like croconic or squaric acid.’® For a given conjugated polymer,
the HOMO, LUMO energy levels and band gap have a major role in
determining the electrical and optical properties. Lowering of band gap is
possible either by increasing the HOMO level or decreasing the LUMO
level of the polymer or by compressing the two levels closer together
simultaneously. The reduction in the band gap in D-A copolymer is
explained by the hybridization concept,’” i.e., the HOMO level of the donor
will interact with the HOMO level of the acceptor unit and the LUMO level
of the donor will interact with LUMO level of the acceptor to yield two new
HOMOs and two new LUMOs. The electrons rearrange themselves from
their original non interacting orbitals in to the new set of hybridized orbitals
of the polymer, i.e., a high lying HOMO level and a low lying LUMO level
(Fig. 1.3). This results in lowering of the band gap in a D-A copolymer.”’

LUMO

LUMO

HOMO —1—1‘—
_ )% HOMO

Donor Acceptor

Fig. 1.3: Orbital interactions of donor and acceptor units in D-A copolymer.>’

1.3. Polymerization methods for D-A copolymers

A good choice of the D-A combination permits the fine tuning of band

gap to the desired magnitude.”” Now a days, several synthetic strategies are
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available for the preparation of conjugated copolymers. Most used
polymerization techniques include chemical oxidative polymerization,
electrochemical polymerization, Suzuki polymerization and Stille
polymerization. Among the different techniques, transition metal-catalyzed
cross-coupling reactions have been used as powerful synthetic strategy in
copolymer synthesis. The most generally used transition-metal catalysts are
palladium or nickel based complexes. The organometallic nucleophiles
supported reactions are Stille (stannyl),”® Kumada-Corriu (grignard reagents),”
Suzuki-Miyaura (boron reagents)*™ or Sonogashira (copper).* Catalytic cycle
of transition-metal catalyzed reactions is shown in Fig. 1.4. The first step is the
formation of organo palladium species by the oxidative addition of palladium to
the halide. Second step is the formation of an intermediate via transmetallation
reaction with the organometallic nucleophiles. Final step is the reductive
elimination of the desired product which restores the original palladium catalyst
and completes the catalytic cycle.*” These polymerization mechanisms
normally follow a step-growth mechanism, and are still the most suitable

choice for the synthesis of alternating copolymers.

M
lg?/ R-X
Reductive Elimination Oxidative Addition
R-M-R’ R-M-X
\________/

M-X R’-M”
Fig. 1.4: Catalytic cycle of transition-metal catalysed reaction.
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1.3.1. Kumada-Corriu reaction

Most of the D-A polymers are synthesized through metal-catalyzed
polycondensation reactions based on Suzuki, Kumada or Stille coupling
reactions. These polymers usually possess broad molecular weight distribution,
in which all the end groups of the monomers and oligomers in the reaction
mixture react equally with one another.” To attain better properties of the
polymers, synthesis of polymers with controlled molecular weight and low
polydispersity is very important. Compared to step-growth method, the
catalyst-transfer Kumada coupling polymerization™ can often be used to afford
polymers with high molecular weight and narrow molecular weight distribution

under relatively undemanding conditions.

CSH17\rCSH17 C8H17Y08H17
N Ni catalyst N
OO A0

n
P1
CgHq7
|
CgHi7 N
N Ni catalyst
BngCI n
P2

Scheme 1: Synthesis of polycarbazoles (P1 & P2) by catalyst transfer
Kumada coupling.**

Recently, H. Wen et al., have prepared well-defined polycarbazoles with
moderate molecular weight and low polydispersitiy index of 1.18 via catalyst-

transfer Kumada coupling polymerization (Scheme 1).*
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R
Hex f
/\Ni/Lz +mBr/\ \MCI
SN g S S g
Scheme 2: Synthesis of PSHT-b-PCPDT block copolymer (P3) by catalyst transfer
Kumada coupling.*

Also, a one-pot synthesis of P3HT-b-PCPDT (P3) block copolymer by
Kumada catalyst transfer polymerization was reported by P. Willot ef al.,
(Scheme 2).* F. Pammer have synthesized poly(4-alkylthiazole), highly
head-to-tail regioregular material with a number average molecular weight
significantly greater than 3.0 kDa via Kumada-coupling polycondensation of

46
reversed monomers (Scheme 3).

CQH19 N C9H1g
I W NiceeCl R
CiMg g~ Cl —>68°C SH\n

30 min P4

Scheme 3: Synthesis of poly(4-alkylthiazole) (P4) by Kumada-coupling
polycondensation.

1.3.2. Suzuki-Miyaura Coupling Reaction

Suzuki reaction is a C-C coupling reaction where the coupling
partners are a boronic acid with a halide catalyzed by a palladium (0)
complex.*”™ Tt was first reported in 1979 by Akira Suzuki and he shared the
Nobel Prize in Chemistry in 2010 with R. F. Heck and Ei-ichi Negishi for
their efforts for the discovery and development of palladium-catalyzed

. . . . .50
cross-coupling reactions in organic synthesis.
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CgHq7 CgHy7

7N\
CgH17~_-CgH17 NN
Q o)
AT () - v
o o

Pd(0)

e

Toluene

P5
Scheme 4: Synthesis of poly(fluorene-co-quinoxaline) by Suzuki coupling.™

Recently, S. Jo et al., have reported the preparation of poly(fluorene-
co-quinoxaline), via conventional Suzuki cross-coupling polymerization as
shown in Scheme 4.°' S. Song et al., have synthesized new conjugated
polymers with 1,4-diphenylpyrrolo[3,2-b]pyrrole-2,5-dione, thiophene and
carbazole using Suzuki polymerization (Scheme 5). A photovoltaic device
was fabricated using a blend of these polymers with PCBM and showed
1.42 % efficiency.™

Pd(PPh)3

2M K,CO3

P6

Scheme 5: Synthesis of copolymer with 1,4-diphenylpyrrolo[3,2-b]pyrrole-2,5-
dione, thiophene and carbazole.”
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Also, S. M. Park et al., have synthesized low band gap polymers with
dithienylquinoxaline moieties and 6H-phenanthro[1,10,9,8-cdefg]carbazole

via the Suzuki coupling reaction (Scheme 6).”

CgH4170 0CgHy7
o¥a
QO cwomm o4
N/ \N N
Br s Br n
C10H21YC10H21 Ly \

N
;LLQ Ojg Pd(PPh) P7
s~ )8 + " ouene. it
o) . e} Toluene, H,O
&

Scheme 6: Synthesis of dithienylquinoxaline-phenanthro[1,10,9,8-cdefg]carbazole
copolymer using Suzuki coupling.*

1.3.3. Stille Cross-coupling Reaction

The Stille coupling is a versatile C-C coupling reaction between
stannanes and halides or pseudohalides in organic synthesis. Recently,
W. Cheng et al., have reported new low band gap conjugated copolymers
bearing benzo[1,2-b:4,5-b’]dithiophene as donor moiety and tetrazine as

acceptor by Stille cross-coupling polymerization (Scheme 7).>*
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CeH1s

N=
I >~ 1

Pd(PPh3)4
N\ g . Bt S
—Sn ) Sn— Toluene

= Br Br

CeH13

4 CeH .
¢ o 8N
R S+ "8 NN 87\ -8
Br \| ‘/ Br

CeHia CeH13

Scheme 7: Synthesis of benzo[1,2-b:4,5-b’]dithiophene-tetrazine donor-acceptor
copolymers by Stille coupling.>

Similarly, T. -L. Wang et al., have used Stille coupling reaction to copolymerize

dithienothiophene and fluorenone (Scheme 8).>

C DMF
o)

(Me)3Sn S S Sn(Me)3 _— PA(PPh)sCl, S
CioHy S CioH21 - \ I CioHz1
C
o CioH2

P11
Scheme 8: Synthesis of dithienothiophene-fluorenone copolymer by Stille
coupling.”

1.3.4. Sonogashira Reaction

The Sonogashira coupling reaction is one of the most widely used
methods for the cross-coupling of vinyl or aryl halides with terminal
alkynes. The Sonogashira cross-coupling reaction was first reported by

K. Sonogashira, Y. Tohda, and N. Hagihara in 1975 20
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o s S | Br
N
s S
Br—\ Br S R
S
o. Pd(PPh3z)4
Cul, DIPA
R
| A\
C8H17 R CgH7 S S n
Z) e s N‘/\g,lN
— S
= — N — o S | s
\ /7 \ s — N/ — \ .
S~ O\R SN
CaHi7 CgH17 P13
P12

Scheme 9: Synthesis of benzodithiophene based poly(aryleneethynylene)s by
Pd-catalyzed Sonogashira coupling reaction.”’

CioHas  CqoHos ! ! CigHos  CioHas N7 \N(
7

:7/_\<: + N N - [_ﬁ:)jg\
S RS B
»

_ _ %
= 7/ — NN \ 7 )SI}
CioHzs M CioHzs n
P15

Scheme 10: Synthesis of thienopyrazine based poly(heteroaryleneethynylene)s
by palladium catalysed Sonogashira reaction.™
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Recently, S. Wen et al., have synthesized benzodithiophene-based
poly(aryleneethynylene)s via Pd-catalyzed Sonogashira coupling reaction
(Scheme 9). Bulk heterojunction solar cell with PCBM showed power
conversion efficiency of 0.85 and 2.40 %.” R. S. Ashraf et al., have also reported
thienopyrazine based low band gap poly(heteroaryleneethynylene)s, synthesized
via palladium catalysed Sonogashira reaction (Scheme 10). The polymers

showed about 2 % efficiency under illumination.’®

1.3.5. Heck Coupling Reaction

The palladium-catalysed Mizoroki-Heck reaction is one of the most
successful routes for the vinylation of aryl/vinyl halides. The first
intermolecular Heck reaction was reported by Heck in 1972.°° S. J. Chen
et al., synthesized alternating copolymers of electron-rich 1,4-divinyl-2,5-
dioctyloxybenzene and electron-deficient 5,8-(2,3-dipyridyl)-quinoxaline
through Heck reaction (Scheme 1 1).%°

o N NN
N\ _ CgH170
CgH170 N / \N Pd(OAc), %Q:Q:+
+ n
/ — DMF N N
/ Br Br N\ /
- 7N\, P16

Scheme 11: Synthesis of alternating copolymers of 1,4-divinyl-2,5-
dioctyloxybenzene and 5,8-(2,3-dipyridyl)-quinoxaline through Heck
reaction.®’

OCgHy7

Also, L. Huo et al., have reported the synthesis and photovoltaic properties
of alternating copolymers of electron-rich arylamine/dialkoxyphenylene and
electron-deficient 2,1,3-benzothiadiazole using palladium acetate as catalyst

by Heck reaction (Scheme 12).°'
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(0]
Pd(OAc),
N + Br Br -
= NI \N P(o-tol)3
O\ ‘g’
P17
Pd(OAc),
\ /
\_O'N‘O_/ + Br Br —> / O
— P(o-tol)s \ N O —( In
N...N N._.N
OCgH17 S S
OCgHq7
P18

Scheme 12: Synthesis of alternating copolymers of arylamine/dialkoxyphenylene
and 2,1,3-benzothiadiazole by Heck reaction.®'

1.3.6. Direct Arylation Reaction

Generally, reductive polymerization via GRIM (grignard metathesis)
is more expensive method compared to oxidative polymerization. It requires
stringent polymerization conditions; it is irreversible and sensitive to functional
groups. Although the reductive polymerization is having major disadvantages
compared to oxidative polymerization, it yields better quality materials in terms
of their electrochemical properties. Recently, A. Kumar ef al., have reported a
new single step reductive polymerization method via direct C—H arylation
which uses less stringent polymerization conditions, inert to the presence of
functional groups and is economically viable. They have reported single step
reductive polymerization of ProDOT derivatives which is amenable for scale-

up and is compatible with functional side chains (Scheme 13).*
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TBAB, CH3COONa

Z/ \i + Br /N Br
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S

P20 O\/Z
CeH13
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Scheme 13: Synthesis of of ProDOT copolymers using direct arylation.*

More recently, M. Wakioka et al., have introduced another highly
efficient catalyst for the synthesis of alternating copolymers with

thieno[3,4-c]pyrrole-4,6-dione units via direct arylation polymerization

method (Scheme 14).%

R
R NG
N PdCly(MeCN), o¢ CO
oc” co P(CgH4-0-OMe)
X—Ar-X 7 il 2 {~Ar /N
/ \ C32C03, PivOH S n
s THF, 100°C, 24 hr
CgH CgH
O(2-EtHex) ST
CgHq7 s d b
S 74
Ar = / \
Q_@C ! S % 2/ \;
g7 O(2-EtHex) S
P21 P22 P23

Scheme 14: Synthesis of alternating copolymers with thieno[3,4-c]pyrrole-4,
6-dione and thiophene copolymers.*
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S. J. Choi et al., have reported microwave-assisted polycondensation

via direct arylation of 3,4-ethylenedioxythiophene with 9,9-dioctyl-2,

7-dibromofluorene (Scheme15).%

/N
O (]
i

S

O

CgHi7~ “CgHy CgHi7~ CgHiz o_J

P24

Scheme 15: Synthesis of EDOT-fluorene copolymer using direct arylation.*

Merits of direct arylation

This method has several advantages,®* some of which are

1)
2)
3)
4)
5)
6)

Avoids the use of tributyl tin and boronate esters
Economically viable

No need of dry solvent

Relatively high yield

Inert to the presence of fuctional groups

Less stringent polymerization conditions

1.4. Quantum-chemical calculation of electronic structure of
conjugated polymers

The most important task of conjugated polymer research is to find

a suitable low band gap polymer which possesses optimal property for

device applications. Normally, polymers are synthesized and their properties

are measured. This procedure is obviously very expensive. Economically

viable and safe procedure is to calculate the electronic structure with a good

approximation using quantum chemistry tools and eliminate unsuitable
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molecules before synthesis.®> However, such calculations require large CPU
time; they are certainly much cheaper than the conventional experimental
research. Theoretical studies will help to establish the structure-property
relationship of conjugated polymers. Hence it plays a major role in better
understanding of the structure dependent variables and helps to identify the
strategies for effective band gap control. Two kinds of theoretical
approaches are available to calculate the electronic structure and properties
of'a conjugated polymer. The first approach is called the oligomer approach.
Several researchers have used this oligomer approach to find band gaps of
conjugated polymers. The important feature of this method is to assess the
physical properties of the oligomers as a function of progressively increasing
size, until convergence is reached.””® The second one is based on the
standard solid state methods using Born—Karman PBC (periodic boundary
condition), bloch functions, and translational symmetry called periodic
boundary condition approach.”' The PBC-DFT method was implemented in
the Gaussian 037* and Gaussian 09" quantum chemical codes. In order to
get good agreement with experimental data, hybrid exchange correlation
functional is widely used in the PBC/DFT formalism. Commonly employed
hybrid DFT methods include Becke’s three parameter hybrid functional
using the Lee-Yang-Parr (LYP)*” correlation functional (B3LYP).
Recently, B. G. Janesko et al., have reported good agreement between
B3LYP and experimental band gaps for semiconducting polymers in the
theoretical study of organic polymers.” More Recently, C. -K. Tai et al.,
have demonstrated the use of PBC-DFT method to determine geometric and
electronic structures and the corresponding energies of polythiophene (PTH)

and its derivative systems (PTs).”” They used B3LYP functional, and the
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6-31G(d) basis set in their studies and the results showed good agreement
with experimental data. T. M. Pappenfus et al., have performed DFT
calculations on a series of D-A copolymers using the oligomer approach and
periodic boundary conditions.”® They have demonstrated that the two
methods agree well with one another and correlated with experimental data
in a nearly identical manner. Recently, Heyd-Scuseria-Ernzerhof (HSE06)
functional” incorporating a screened Hartree-Fock interaction has been
introduced which is more computationally effective than traditional hybrid
functional, B3LYP. In the present work, we have used Local Spin Density
Approximation (LSDA),**®" B3LYP and HSE06 in combination with 6-31G
basis set for calculating the properties of the D-A conjugated polymers.

1.5. Photoconductivity

An increase in electrical conductivity when a material is irradiated with
electromagnetic radiation of appropriate energy is termed as photoconductivity.
Photogeneration of carriers in polymers is carried out by a multi-step
process. The initial process is the absorption of photon and this absorbed
energy leads to the formation of excited state, which is stable for a specific
life time. The excited state has high electric dipole moment due to charge
separation; this is called charge transfer (CT) state. If undisturbed, the
excited species may relax back to initial state together with the release of
absorbed energy as photon of light. It can also undergo a non-radiative
relaxation as thermal energy dissipation within the material.**** The bound
pair can be either separated by thermal environment or by an applied
electric field.*> The Goliber and Perlstein model described the creation of

the CT state through the generation and diffusion of exciton.** An exciton
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can also be considered as a species with absorption spectrum different from
the molecule in the ground state and show fluorescence and stimulated
emission.”> The exciton dissociates at interfaces, impurity sites with
asymmetric ionization potentials or it can be dissociated by application of

strong electric field.**™

The second requirement for photoconductivity is the transport of
generated charge carriers through the medium. In organic semiconductors,
charge transport proceeds via hopping within a positional disorder and
energetic disorder system of localized states.*® The terms positional and
energetic disorder implies that the distance between hopping sites and the
energy required to hop from one localized state to the other, vary significantly.
Usually the carrier mobility is low and is in the range 107 to 10™® cm*/Vs
and carrier mobility in polymers can be determined using the time of flight
(TOF) technique. According to Gill's model, the temperature and field
dependence of mobility must be log 1 o 1/T and log p a E"%. Whereas,
according to Bassler model, the temperature dependence has the form log p
o 1/T* and field dependence log pt a E.*” In polymers, addition of molecules
with low ionization potential than the polymer host will lead to hole
trapping. Holes will remain trapped at these locations until an electron from
a neighbouring electron rich unit gains sufficient energy and move to
following trap. At moderate number densities of sensitizers, such trap states

can form alternate transport levels.*®

In photoconductors, electrons and holes are produced by the
irradiation of light, which can be separated under an electric field of

required magnitude and permit transport towards the appropriate electrode.
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In most amorphous organic media, hole transport is most significant. A hole
(an electron vacancy) can move through the material while the negative
charge remains trapped and bound to the site of creation, which is therefore
an anion. When a photoconductor is irradiated with suitable radiation,
carrier generation and recombination will take place. After reaching

equilibrium, the resultant photoconductivity is given by equation (2):*

where, ‘G’ is the rate at which carriers are photogenerated within the
photoconductor, ‘1’ is the average time between generation and recombination
of a carrier (recombination time), ‘e’ is the electronic charge and ‘p’ is the
mobility, the velocity of the carrier in unit electric field. Thus, the steady

state photocurrent density is given by equation (3):*

I =0 E=GTeUE (i (3)

where, ‘E’ is the electric field applied to the photoconductor.

Photoconductive sensitivity, change in conductivity per incident light
intensity is given by equation (4):”
i, L

S = e 4
B AV @

where, ‘i’ is the photocurrent, ‘L’ is the thickness of the sample, Py’ is the
light power density, ‘A’ is the illuminated area and ‘V’ is the applied
voltage. Mostly used photoconducting polymers absorb only in the
ultraviolet region and thus suitable sensitizers are required to extend their

spectral sensitivity to the desired region.
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1.5.1. Role of Sensitizer

Most of the polymers do not absorb strongly near the operating
wavelength region owing to their wide band gap. A wide gap between
HOMO and LUMO energy levels leads to optical absorption near the
ultraviolet region of the spectrum. So in polymers, charge generation at the
wavelength of interest is brought about by the addition of small
concentrations of molecules with appropriate HOMO and LUMO levels
compared to the host polymer. Lower HOMO and LUMO levels than the
host matrix are chosen for this purpose. Sensitizer molecules are used to
extend the photocurrent generation ability of a given polymer to longer
wavelengths. Generally used sensitizers include azo dyes, perylene dyes,

squaraines, phthalocyanines, and thiapyrylium salts.”'”>

The charge-transfer
(CT) complexes formed between a donor like polymer and an acceptor like
sensitizer leads to longer wavelength absorption. The well-known complex,

PVK:TNF”*** is shown in Fig. 1.5.

gt o

PVK TNF
Fig. 1.5: The most well-known charge transfer complex, PVK:TNF system.

The commonly employed electron acceptors are summarized in Fig. 1.6.
Among the different electron acceptor molecules, the most important and
soluble sensitizer, PCs;BM ([6,6]-phenyl Cq;-butyric acid methyl ester) has
been subjected to intense studies. The HOMO and LUMO energy level
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values of PCs;BM are -3.7 and -6.1 eV, respectively. Different optoelectronic

devices have been demonstrated based on PCs;BM-semiconducting polymer

95-102

heterojunctions together with better device performance.

AN =
| NO,
O,N NO,
|
NN NO2
TCNQ TNF

Fig. 1.6: Commonly employed electron acceptor molecules.

1.5.2. Steady state photocurrent measurement

Steady state photocurrent measurement involves measuring the steady
state direct current (DC) developed within sandwich cell in the presence of
light and in the dark. In this, a Keithley 236 Source Measure Unit is used.
A DC voltage is applied to the sandwich cell placed in the dark and the
current is measured with respect to time. After the stabilization of dark
current developed in the cell, light is allowed to fall on the ITO surface. As
a result of photoinduced change in conductivity, the current rises suddenly
and approaches a steady state. After reaching the steady state, light is cut off
and the measurement of current is continued. If I and I are the steady state
current values, before and after illumination, respectively, the photosensitivity

of the device can be calculated using the equation (5):
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The experimental arrangement is shown schematically in Fig. 1.7.

Keithly 236
SMU

Glass substrate

R ——
i R
Light 5
Silver electrode
T <— Polymer film
Electronic s — ITO

shutter

Fig. 1.7: The experimental setup for steady state photocurrent measurement.

1.6. Non-linear Optical Effects

Non-linear optical (NLO) processes in m-conjugated molecular
systems have attracted considerable research interest because of their wide
applications in opto-electronic devices. As the field progressed towards
technological applications, research started to focus on developing high-
performance materials that comply with device applications. Davydov et al.,
have first reported the second harmonic generation (SHG) in organic molecules
in 1970.'"" This discovery led to a new concept of molecular engineering, i.c.,
to synthesize new organic materials for NLO studies. NLO research is mainly
focused on the second and third-order properties. Of which third-order NLO
property of donor-acceptor conjugated copolymer is the current area of interest.
An ideal NLO material should have fast optical response time, wide phase
matchable angle, large non-linear figure of merit, flexibility for molecular

design and morphology, processability into crystals or thin films, ease of
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fabrication, nontoxicity, optical transparency, good environmental stability
and high mechanical and thermal stability.'® Organic NLO materials can
fulfil many of these primary requirements in comparison with inorganic
materials. Third-order NLO effects in organic molecules is mainly due to
strong donor-acceptor intramolecular interaction, i.e., strong delocalization

produces NLO properties.'”

The optical non-linearities of organic materials
are governed by the nature of m-bonding sequence and the conjugation
length.'*® The non-linear response of a material when the material interacts
with the electric field of light is termed as NLO effect. In the presence of
intense light such as laser, the charge distribution in a medium gets modified
under the influence of strong electric field, and the medium gets polarized.'”’
At the microscopic level, dipole moment dependence on the electric field (E) is

given by equation (6):
t;=1,00)+ e, E;+ B E;E +7, E;E E +......... (6)

where, ‘a’, ‘B’ and ‘y’ are the polarizability, first hyperpolarizability and
second hyperpolarizability respectively, which determines the strength of

the NLO effects in molecular systems.

Organic materials possessing a large third-order NLO response have
attracted significant attention for the past two decades, because of their

108109 o ptical limiting,''*'" three-

potential applications in optical switching,
dimensional (3D) lithographic microfabrication,''®'"” 3D fluorescence
imaging''"® and 3D optical data storage.'"” In 1989, M. S. Bahae et al.,'**"*'
have introduced z-scan method to determine third-order non-linear optical
coefficients of materials. Here, the transmittance of the material is measured

as the material is moved along the propagation path of a Gaussian beam in
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2% In this method, sign

z-direction using an aperture or without an aperture.
as well as magnitude of non-linear coefficient can be easily deduced from
transmittance curve. This technique can be used for measuring both non-

. . . . . 120
linear absorption and non-linear refraction coefficients.

1.6.1. Non-linear Absorption

Here the absorption process involves the change in absorption of
a material as a function of input fluence.'”> At higher intensities, the
probability of absorption of more than a single photon before relaxing
down to the ground state can be increased. Non-linear absorption can be
due to two phenomena; firstly, the reverse saturable absorption (RSA),
which leads to increase in absorption of the material with increase in
laser intensity and secondly, the saturable absorption (SA); which leads
to decrease in absorption of a material, as the laser intensity increases.'*>'**
SA is observed when excited state absorption is lower than the ground
state absorption, which leads to an increase in the transmission through
the material as the input intensity is increased. While, RSA is observed
when excited state absorption is greater than the ground state absorption,
which leads to a decrease in the transmission through the material as the
input intensity is increased.'” RSA generally represents positive
absorption induced either by excited state absorption (ESA) or by a two
photon absorption (TPA) process, which requires intensity of the order of

~10% W/em?.1%

1.6.1.1. Two Photon Absorption

This phenomenon refers to the transition of electrons from the ground

state to excited state by simultaneously absorbing two photons from the
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incident radiation. Here, the non-linear absorption is directly proportional to the
square of the intensity of the incident radiation (I) and is shown in equation
(7):12
dal
dz
here, ‘a’ and ‘B’ are the linear absorption coefficient, two photon absorption

coefficient, respectively.

1.6.1.2. Multiphoton Absorption

Multiphoton absorption process involves the simultaneous absorption
of ‘n’ photons from the incident beam. The absorption of (n+1) photons

from a single optical beam can be written as equation (8):'*

dz

where, ‘y(n+l)’ stands for (n+1) photon absorption coefficient.

1.6.1.3. Excited State Absorption

Semiconductors and polyatomic molecules possess a high density

state near to their excited states.'?

Therefore, before the photon relaxes to
the ground state, it absorbs more number of photons and gets promoted to

excited state. This process is referred to as excited state absorption.'*

1.6.2. Optical Limiting

Optical limiters are those devices which are transparent to light at low
input fluences, but become opaque at higher input intensities. This device
finds application in optical pulse compression, pulse shaping and protection

o . . . . 126.12
of eyes and sensitive optical devices from laser induced damages.'**'*’ The
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criteria required for a material to act as a promising optical limiter is: high
linear transmittance throughout the sensor band width, low optical limiting
threshold, stability, etc.'” An ideal limiter should exhibit a linear transmission
upto input threshold fluence called optical limiting threshold, which varies
from material to material. Optical limiting threshold mainly depends on

non-linear absorption coefficient () of a material.

1.6.3. Non-linear refraction

Non-linear refraction (NLR) is the change in refractive index of a
medium when a material is exposed to electromagnetic radiation of
suitable frequency. This property has been utilized in various applications
like optical switching, logic gates, communication systems, data
processing, non-linear spectroscopy and optical limiting devices. The
dependence of NLR on intensity of illumination (I) is given by equation

(9):122

3 2

where, ‘ny’ is the linear refractive index and ‘n,’ is non-linear refraction
coefficient. The NLR property of a material could be due to Raman induced
Kerr effect, electronic polarization, thermal contributions, molecular

orientation effects and photorefractive effects.'*

1.6.4. z-scan technique

This is a simple single beam technique designed and developed by
M. S. Bahae et al.,'*""*' to measure the sign as well as magnitude of non-
linear absorption and non-linear refraction. Principle used in this technique

is spatial beam distortion. It offers high sensitivity and simplicity than non-
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linear interferometry, degenerate four wave mixing, ellipse rotation and
beam distortion measurements. It allows to determine the third-order NLO
properties of solids, liquids as well as liquid crystals. If transmitted light is
measured through a finite aperture placed in the far field as the sample is
moved in z-direction, is referred to as closed aperture (CA) z-scan
technique. However, if the 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. CA and
OA z-scan methods yield the real and imaginary parts of non-linear

susceptibility, respectively.'**!%!

The experimental setup for single beam z-scan is given in Fig. 1.8.

Beam splitter Sample I Detector
N\
Laser I D2

Lens -z z
i Aperture

D1

Detector

Fig. 1.8: Schematic representation of the experimental setup for z-scan
technique.

1.6.4.1. Open Aperture (OA) z-scan

In this method, non-linear absorption of a material is measured. If the
material is exhibiting NLO absorption like two photon absorption, the

material can behave as either reverse saturable absorber (transmission is
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minimum at focal point) or saturable absorber (transmission is maximum at

the focal region).'*

1.6.4.2. Closed Aperture (CA) z-scan

The basis of CA z-scan is the self phase modulation and self refraction
effects. In CA z-scan technique, sample bahaves like thin lens of variable
focal length due to change in refractive index at each position (n = ng + n, I).'**
If the material with negative non-linear refractive index is brought closer to
focus, the beam irradiance enhances, which lead to self-lensing in the
sample. A negative self-lensing prior to focus will tend to collimate the
beam, resulting 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, and thus 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. Whereas, positive

non-linear refraction gives valley-peak configuration.'*

Advantages and disadvantages of z-scan technique:120

This technique has several advantages, like:

a) Simplicity and ease of interpretation.

b) Possibility of isolating the refractive and absorptive parts of non-

linearity.
c) Similarity between z-scan and optical limiting geometry.

d) Sign and magnitude of non-linearity can be measured simultaneously.
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e)

Can resolve a phase distortion of A/300 indicating a high degree

of sensitivity.

Disadvantages are,

1.7.

a)

b)

Stringent requirement of high quality Gaussian TEMy, beam for

absolute measurements.

Determination of the non-linear coefficients is entirly dependent
on energy content, spatial and temporal profiles, and laser source

stability.

Aim and Scope of the Thesis

1y

2)

3)

4)

Design of donor-acceptor low band gap conjugated polymers for
photoconductive and non-linear optical application using Density
Functional Theory in the Periodic Boundary Condition (PBC)

formalism.

Synthesis of the copolymers using direct arylation and Suzuki

coupling methods.

Explore the application of conjugated polymers as active layer in

photoconducting devices.

Explore the application of conjugated copolymers in non-linear

optical devices.
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Chapter 2

Theoretical and Experimental
Investigations on the Photoconductivity and
Non-linear Optical Properties of
Donor-Acceptor it Conjugated Copolymer,
Poly(2,5-(3,4-ethylenedioxythiophene)-alt-
2,7-(9,9-dioctylfluorene))”

Abstract

Donor-acceptor (D-A) s conjugated copolymer, poly(2,5-(3,4-ethylenedioxythiophene)-alt-
2,7-(9,9-dioctylfluorene)) (P(EDOT-FL)), a photoconductive and non-linear optical polymer
was synthesized via, direct arylation method using palladium acetate as catalyst and

characterized. Theoretical studies along with photophysical and electrochemical studies
confirmed that the copolymer exhibited relatively low band gap (2.29 eV) than that of
polyfluorene. The photoconductivity properties of the BEDOT-FL)PCsiBM films under
various illumination wavelengths were studied and high photosensitivity was observed at
488 nm. Field dependence of photoconductivity in P(EDOT-FL)/PCs:BM blend films
showed that the films could withstand upto 75 V/um and the photosensitivity at higher
electric fields was even greater than two [akh (at 75 V/um, the photosensitivity was
2,89,742). At higher electric fields, the photocurrent entered into micro ampere ranges.
The intensity dependence on photocurrent in these films was also investigated. Third-
order non-linear optical properties of P(EDOT-FL) under nanosecond laser excitation at
532 nm was studied by z-scan technique. Polymer exhibited high non-linear absorption
and refraction coefficient. The polymer also showed good optical limiting response at 532
nm. These results provide an avenue for application of P(EDOT-FL) in photoconducting
and non-linear optical devices.

* Theoretical and experimental investigations on the photoconductivity and non-linear
optical properties of donor—acceptor m conjugated copolymer, poly(2,5-(3,4-
ethylenedioxythiophene)-alt-2,7-(9,9-dioctylfluorene)), Sona Narayanan, Anshad Abbas,
Sreejesh Poikavila Raghunathan, Krishnapillai Sreekumar, Cheranellore Sudha Kartha,
Rani Joseph, RSC Adv., 2015, 5, 8657, DOI: 10.1039/c4ral3024c.
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2.1. Introduction

Over the last three decades, conducting polymers have attracted
a great deal of research interest owing to their electrical, electrochemical
and optical properties. Nowadays, with the advent of better design and
fabrication technology, a wide variety of conductive polymers are available
in optoelectronic device applications. They are promising candidates for
commercial application in photovoltaics,'™ lightnon-linear-emitting diodes,””
field-effect transistors,®'* sensors, and electrochromic devices.'*"’ Synthesis
of D-A copolymers appears to be a general strategy to achieve enhanced
efficiency than that of the parent homopolymers due to a combination of
efficiency and versatility by allowing multiple possibilities of combination
of D and A building blocks."™ Conjugated polymers based on 3,
4-ethylenedioxythiophene (EDOT) have been widely investigated owing to
their relatively low ionization potential, high conductivity when doped, and

good stability.*"**

These properties enable them to be ideally fit in various
applications such as hole transport layer in light emitting devices, design
and fabrication of chemical and biological sensors, antistatic coatings,

transparent electrodes, and electrochromic displays etc.”™®

Polyfluorenes
(PFs) have been widely studied for polymer light-emitting diodes (PLED)
because of their processability, high photoluminescence efficiency, high

hole mobility and good photostability.”>*

However, its large band gap (in
the range of 2.95 eV to 3.68 eV)**** combined with poor electron-transport
properties results in a large electron-injection barrier and imbalance of
charge carrier transport. Copolymerization of fluorene with EDOT moieties

was investigated to rectify the shortcomings.
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Generally, EDOT-Fluorene copolymer with alternating D-A structures

36,37 38-40

were synthesized via, Stille or Suzuki coupling reactions or

electrochemical polymerization.*'™*

In fact, they demand stringent reaction
conditions and polymers with high purity results only on substantial product
purification. Recently, Anil Kumar et al.,* have developed a new reductive
polymerization method for the synthesis of polymers which is economically
viable, inert to the presence of functional groups and uses less stringent
polymerization conditions. This method was adopted for the preparation of
P(EDOT-FL) for utilising the desirable properties of the two monomeric
species, EDOT and fluorene. Currently, there are two reports on direct
arylation polycondensation for the synthesis of P(EDOT-FL) and high OPV
performance with a power conversion efficiency of 4 %.** P. Blondin et al.,
have reported the synthesis of such copolymer via palladium-catalyzed
Suzuki coupling and have attracted great attention due to their thermochromic
and solvatochromic properties.”” Also, S. M. Cassemiro et al.,’® have
synthesized an alternating copolymer of EDOT and fluorene, ((poly(2,5-
(3,4-ethylenedioxythiophene)-alt-2,7-(9,9-dihexylfluorene)) by Suzuki coupling
reaction and their investigation revealed the light emitting mechanism in the
polymer. EDOT-Fluorene copolymers have wide research interest due to
their unique electro-optic properties. As a result, these copolymers are

43

potential candidates in electrochromic devices,””** organic polymer light

303840 and organic lasers.*” Photoconductivity refers to

emitting diodes,
the increase in electrical conductivity when a material is exposed to
electromagnetic radiation of suitable energy. Charge-transfer (CT) complexes
are well-known solid-state organic functional materials which are composed

of electron-rich molecules/polymers as donor (D) and electron-deficient
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molecules as acceptor (A). Hence a blend of narrow-band gap donor
(P (EDOT-FL) and PCs;BM ([6,6]-Phenyl Cg;butyric acid methyl ester) have
been investigated in this study, thus forming a novel photoconductive

material.

Third-order non-linear optical materials have attracted a great deal of
research interest because of their potential applications in optical devices.””™*
Among the wide range of non-linear optical (NLO) materials, © conjugated
organic materials are promising because of their inherent large third-order
susceptibilities, fast response time, processability and good mechanical
properties. In organic NLO materials, non-linearity originates due to strong
donor-acceptor intermolecular interaction and delocalized 7 electrons.”
Therefore, non-linear optical properties can be tuned by adopting suitable
synthetic strategies such as copolymerization. Since P(EDOT-FL) is D-A
alternate copolymer, it can induce a strong intramolecular charge transfer
transition. In this chapter, the design, synthetic procedure and properties
(electrochemical and photophysical) of the conjugated polymer, P(EDOT-
FL) is reported together with photoconductivity studies of P(EDOT-
FL)/PCs;BM blends. Wavelength, intensity and electric field dependence of
photocurrent have been studied. The third-order non-linear optical
properties of the P(EDOT-FL) in solution and as film has also been
discussed in detail. This work presents a correlation between the theoretical
and experimental results aiming to add further information about

photorefractive properties of this material.
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2.2. Results and Discussion
2.2.1. Theoretical Calculation

Quantum mechanical calculation at the density functional theory
(DFT)*' level has been carried out to examine the interaction between
EDOT and FL units when they are directly linked in copolymer chain. In the
present work, we have used B3LYP (Becke, three parameter, Lee-Yang-
Parr),”*>* HSE06 (Heyd-Scuseria-Ernzerhof functional)”® and LSDA

3738 combined with 6-31G basis set to

(Local Spin Density Approximation)
calculate the electronic properties of P(EDOT-FL) copolymer. Here, periodic
boundary condition (PBC) calculation was used to study the electronic
properties of the P(EDOT-FL), because, it is more computationally cost
effective than oligomer approach. In PBC calculation, polymer molecule of
infinite chain length is optimized using translational symmetry. The energy
levels of the HOMO (highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital) were determined from the maximum
point of the highest occupied crystal orbital and the minimum point of the
lowest unoccupied crystal orbital, respectively. The band gap corresponded

to the lowest energy difference between the HOMO and LUMO energy

levels at a constant k.

Recently, S.M. Cassemiro ef al.*® have demonstrated the use of oligomer
approach  in  poly(2,5-(3,4-ethylenedioxythiophene)-alt-(9,9’-dihexyl-2,7-
fluorene)) to generate the band gap of 2.62 eV and 2.46 eV, showing good
agreement with that obtained experimentally (2.5 eV). Error of about 4.6 %
and 1.0 %, respectively resulted. Electronic properties of vinylene-linked
heterocyclic conducting polymers were calculated using DFT method in

periodic boundary condition approach.”®® Newly introduced HSE06
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functional incorporates a screened Hartree-Fock interaction, more
computationally efficient than traditional hybrid functionals like B3LYP.
The obtained HOMO and LUMO values are summarized in Table 2.1. For
the sake of comparison, PBC calculation of poly(dioctylfluorene) (P(FL))
was also carried out. It can be seen from Fig. 2.1 that lowest band gap

occur at I' point (k=0), suggesting that the copolymer was a direct band

gap polymer.

-2.04

-2.5

304 LUMO =-2.64 eV

-3.54

4.0+

4.5 4

Energy (eV)

HOMO =-4.92 eV

-5.04
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6.0 I I I |
0.0 02 04 06 0.8 1.0

Fig. 2.1: Band structure of P(EDOT-FL) obtained
from DFT/LSDA/6-31G calculation.

From the theoretical results it was found that band gap from LSDA
was more comparable to experimental values than B3LYP and HSE06. The
HOMO and LUMO values obtained for P(EDOT-FL) were -4.92 ¢V and
-2.64 eV, respectively. Meanwhile, HOMO and LUMO values for P(FL)
were -5.24 eV and -1.30 eV respectively. As seen from band structure, it can

be seen that the introduction of EDOT unit increased the energy of HOMO
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level of P(FL) by a factor of 0.3 eV, while LUMO level is decreased by a
factor of 1.34 eV and we get P(EDOT-FL) with a reduced band gap of
2.28 eV.

Table 2.1: Band structure data of P(EDOT-FL).

Sample HOMO (eV) LUMO (eV) Band gap(eV)
P(EDOT-FL) -4.95° -1.44* 3.51°

-4.82° -1.70° 3.12°

-4.92° 2.64° 2.28°
P(FL) -5.24° -1.30° 3.94°

“Bstimated from DFT/B3LYP/6-31G calculation. *Estimated from
DFT/HSE06/6-31G calculation. “Estimated from DFT/LSDA/6-31G calculation.

2.2.2. Polymer Synthesis

P(EDOT-FL) have been synthesized via direct arylation of EDOT
with 2,7-dibromo-9,9-dioctylfluorene in dry DMAc and 0.01 mol%
palladium acetate served as catalyst. Polymer was obtained in moderate
yield (61%). To increase the solubility of targeted copolymer, two bulky
octyl chains were introduced to the fluorene building unit. Hence P(EDOT-FL)
exhibited good solubility in organic solvents such as CH,Cl,, CHCl;, THF
and dichlorobenzene. This provides the processability required for electronic
device applications. The molecular weight of the P(EDOT-FL) was evaluated
by gel permeation chromatography in THF referring to polystyrene
standards. Copolymer exhibited number average molecular weight (Mn) of
6994 and weight average molecular weight (Mw) of 7106 with polydispersity
index (PDI) of 1.01. Scheme 1 illustrates the synthesis route used for the
preparation of P(EDOT-FL).
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1-bromooctane
Br P Br Br
Br KOH, TBAB

Q O Pd(OAc), TBAB O \
+ Br Br ———» \
DMAc, 90 °C g

P(EDOT-FL)
Scheme 1: Synthesis of P(EDOT-FL) by direct arylaton.

2.2.2.1. Structural Characterization

P(EDOT-FL) copolymer was characterized by FT-IR (Fig. 2.2),
'H NMR (Fig. 2.3) and XPS. FT-IR spectrum of the P(EDOT-FL) showed
intense peaks at 2918 and 1364 cm’ characteristic of aliphatic C-H
stretching and bending vibration of fluorene (FL) unit, respectively. The
C-O-C stretching vibration arising from bridged C-O in the ethylenedioxy
group of EDOT was revealed at 1086 and 1050 cm™ and ethylenedioxy ring
deformation mode at 920 cm™.**** The broad band observed at 1667 cm’
proved polyconjugation in the copolymer.®® Bands at 814, 845 and 943 cm’
are assigned to the C-H out-of-plane vibration of the phenyl ring of FL unit
and the peak at 1060 cm™ was due to C-H in-plane vibration of the phenyl

ring of FL unit.*
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Fig. 2.2: FT-IR spectrum of P(EDOT-FL).

The intense peaks at 2918 and 1086 cm™ were attributed to the
incorporation of EDOT-FL units into the polymer structure during
copolymerization. From the results of FT-IR analysis, the successful

achievement of copolymerization was revealed.

A b

9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

Fig. 2.3: "H NMR spectrum of P(EDOT-FL).

PPM
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The structure of the polymer was further confirmed with '"H NMR
spectrum. P(EDOT-FL) showed multiplets at & 0.8-2 ppm region due to
alkyl protons. Resonance peaks corresponding to -O-CH,- protons of EDOT
units were observed at o 4.2-4.5 ppm as multiplet. The broad peak
corresponding to aromatic protons observed at o 6.9-7.8 ppm were
confirmed to be the part of FL units. The characteristic signals at & 0.8-2 and
6.9-7.8 ppm were attributed to FL units and & 4.2-4.5 ppm are related to
EDOT units. They are in good agreement with the FT-IR results. In order to
get more insight into the polymer structure XPS investigation was also

carried out. The XPS survey scan is given in Fig. 2.4.

700 + Cls
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300+ O1s
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Fig. 2.4: XPS survey scan of P(EDOT-FL).

XPS survey scans of the copolymer revealed the presence of C, O, S
as the characteristic elements of the co-monomers. As seen from the
Fig. 2.5, the C-C and C-H functional groups are centered at 282.51 eV and
C-S and C-O bonds of EDOT moiety were revealed at 284.09 and 285.0 eV,
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respectively.®” The results obtained from XPS of P(EDOT-FL) are in good
agreement with those corresponding to FT-IR and 'H NMR.

Cc-C/C-H
2000 4
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2
<= 1000
=
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Fig. 2.5: XPS Cls high- resolution spectra of P(EDOT-FL).

2.2.3. Thermal Properties of P(EDOT-FL)

Thermal properties of the copolymer P(EDOT-FL) was investigated
by both TG and DSC analysis. Fig. 2.6 shows the TG, DTG and DSC (insert
figure) traces of (PEDOT-FL). In TGA of the copolymer there is an
exotherm coincident with mass loss due to decomposition under nitrogen
atmosphere. Decomposition onset was defined as a mass loss of 5 %. The
peak decomposition temperature was defined as the first inflection point in
the thermogravimetric curve, corresponding to peak in the derivative of TG
data. On the basis of TGA exotherm, the onset of degradation and degradation

temperature were 354 and 430 °C, respectively.

As revealed by TGA, the polymer exhibited excellent thermal

stability, which is higher than that of polyfluorene degradation temperature
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(400 °C) implying that the polyfluorene backbone has become more rigid
upon the incorporation of EDOT units in the copolymer.®® This is possibly
because of the fact that EDOT groups encourage stronger inter chain vander
Waals bonding. The glass transition temperature (T,) estimated from DSC
trace was 123 °C, which is higher than that of polyfluorene with 67 °C.%
These results allow for the use of high temperature sealing procedures in

device fabrication.

A
60 80 100 120 140 160

Temperature (°C)

Weight (%)
Derivative of Weight ( %/°C)

Temperature ( °Cc)

Fig. 2.6: (a) TG, (b) DTG, and (c) DSC (insert figure) traces of P(EDOT-FL).

2.2.4. Optical and electrochemical properties and band gap evaluation

Absorption spectra of the copolymer P(EDOT-FL) in THF and in spin
coated films are shown in Fig. 2.7. In the absorption spectrum, the band
with absorption maximum below 350 nm is due to m-mn* transition of the
backbone and the peak at longest wavelength is attributed to the intermolecular
charge transfer (ICT) band. As seen from the Fig. 2.7, the optical absorption
edges of the copolymer P(EDOT-FL) in solution was 540 nm from which the
optical band gap (E,™) was calculated to be 2.29 eV (from the onset of low
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energy transition). Meanwhile, the absorption edges of the polymer in thin
film form was 586 nm for P(EDOT-FL), from which E,”* was calculated
to be 2.12 eV. Thus ICT band edge is red shifted by 46 nm compared to
P(EDOT-FL) in solution. Significant red shift of the ICT band in the film
state than in the solution indicates the presence of strong dipole-dipole
interactions of this polymer in solid state. This is attributable to small
permanent dipole moment in the film, which does a major role in solid-state
packing in the polymer. As expected, P(EDOT-FL) exhibited low band gap

35 This difference reflects the strong donor

compared to polyfluorene.
property of the EDOT moieties, which raises the HOMO Ilevel and
decreases the LUMO level, leading to low band gap. This finding is also

"' values agree well with

consistent with previous reports.” This E,
theoretical values obtained by DFT/LSDA/6-31G than those obtained by
DFT/B3LYP/6-31G and DFT/HSE06/6-31G calculation. To improve the
efficiency of P(EDOT-FL) devices, the concept of bulk heterojunction was
introduced, in which the interfacial area between the donor and acceptor
was increased. Here an n-type material having high electron affinity,
PCs;:BM was used as strong acceptor. Optical properties of P(EDOT-
FL):PCs;BM (1:1) blend was studied both in solution and in the solid state.
P(EDOT-FL) exhibits similar absorption spectral features both in pristine
films and in blend films, but a red shift towards longer wavelength (at
605 nm) was revealed due to polaron formation or inter molecular charge
transition between P(EDOT-FL) and PCsBM. This reveals that the molecular
organization of P(EDOT-FL) was kept unchanged in the blend films. The
Amax Of PCEEDOT-FL) in blend with PCs;BM was also improved for 1:1 ratio,

i.e., an increase from 444 nm to 455 nm. The presence of EDOT units led to
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more structured material through S-O interaction, which permits to obtain
more planar chains and thus more structured materials even in the presence

OfPCmBM.

Normalized Absorbance

T T
400 450 500 550 600 650 700

Wavelength (nm)
Fig. 2.7: Absorption spectra of (a) P(EDOT-FL) in solution,
(b) P(EDOT-FL) as film, ¢) P(EDOT-FL):PC¢BM (1:1) as
film, (d) P(EDOT-FL):PCq,BM (1:2) in solution, and
(e) P(EEDOT-FL):PC¢BM (1:2) as film.

Electrochemical methods provide an excellent means of establishing
HOMO and LUMO energies. Electrochemical properties of the P(EDOT-FL)
was investigated by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) (Fig. 2.8). CV and DPV were performed in a solution of
BusNPFs (0.1 M) in dry acetonitrile at 100 mV/s under nitrogen atmosphere.
The setup was a three-electrode configuration with a Ag/Ag" reference
electrode, a platinum button electrode (0.08 cm’®) coated with the thin

copolymer film as working electrode, and a platinum wire as counter electrode.

HOMO level of the P(EDOT-FL) was calculated using the formula,
HOMO = - (4.4+E,°™") eV and LUMO level was estimated using the
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optical band gap. The values are -5.19 eV and -2.9 eV, respectively.
Moreover, from DPV, HOMO and LUMO was calculated to be -5.14 eV
and -2.86 eV, respectively. The DPV estimated HOMO-LUMO levels were
found to be lower than those determined by CV.

5
4.0x10" HOMO=- (0.74+4.4 =-514eV

3.0x10° 1

20x10° 4" b

5 00 02 04 06 08 10 12 14
1.0x10" 4 Potential (V)

~-(0.79+4.4) =-5.19%)\,

Current (A

-1.0x10° -

2.0x10° -

-3.0x10° r . :
00 02 04 06 08 10 12 14 16

Potential (V)

Fig. 2.8: CV (a) and DPV (insert picture) (b) curves of P(EDOT-FL)
film on Pt electrode in 0.1 M BusNPF¢ solution in
acetonitrile at a scan rate of 100 mV/sec.

This may be due to reduced background current in DPV and sharper
redox onset compared to the CV. In conclusion, incorporation of EDOT unit
to the P(EDOT-FL) chain effectively increases the HOMO level and
reduces the LUMO level of the polymer, because of more planar structure

and conjugation.

2.2.5. Photoluminescence properties

The photoluminescence spectrum (PL) of the P(EDOT-FL) in dilute
solution and as solid film (PC¢;BM blend) is shown in Fig. 2.9. The wavelength

corresponding to the absorption maximum of each polymer was used as
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excitation wavelength. The emission maximum of the P(EDOT-FL) occur at
514 nm. Before testing the photoconductivity of P(EDOT-FL) in blend with
PCs:BM in devices, fluorescence measurements were performed to examine
the charge transfer efficiency from the copolymer (donor) to PCgBM
(acceptor). There is a drastic decrease in PL emission of P(EDOT-FL) after
the incorporation of PC¢BM. Poor PL efficiency could be attributed to the
increase in intermolecular charge transfer between the polymer matrix and
PC¢1BM units. The significant fluorescence quenching is a strong evidence
to the efficient charge transfer from the photoexcited P(EDOT-FL) conjugated

backbone to PC¢BM and thus this system can be used in photoconductive

applications.
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Fig. 2.9: PL spectra of the polymer (a) P(EDOT-FL) in solution (1:0)
and (b) P(EDOT-FL):PCq;BM (1:1) as blend film.

2.2.6. Photoconductivity

Heterojunction photoconductive device was fabricated using the

P(EDOT-FL) as the electron donor and PCs;BM as the electron acceptor.
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The energy diagram presented in Fig. 2.10 shows the potential of P(EDOT-FL)
to serve as appropriate host for PCs;BM and hence efficient charge transfer
and better photoconductivity. In this device, the donor and acceptor
materials are mixed together and excitons can easily access the donor-acceptor

970 Brom the theoretical as well

interface and dissociate to free charge carriers.
as experimental data, it was found that the polymer P(EDOT-FL) has narrow
band gap which is very much suitable for photoconductive application.
Hence devices were fabricated with a typical sandwich structure of
glass/ITO/(PEDOT-FL):PCs;BM/Ag and the steady state photocurrent

measurements were performed using Keithly-236 Source Measure Unit.

Energy (eV)

w= P(EDOT-FL)
== PCBM

Fig. 2.10: Energy level diagram of P(EDOT-FL) and PC¢BM
blend in comparison with work functions of common
electrodes used in the device.

Photocurrent measurement in the steady state involves measuring the
steady state DC current through the sandwich cell with and without light.
For this, DC voltage was applied to the sandwich cell which was kept in the
dark and the resulting current was measured with respect to time. After the
dark current through the cell was stabilized, light was allowed to fall on the
ITO surface. Due to the photoinduced change in conductivity, the current

increased suddenly and reached a steady state. If ‘Ip’ and ‘I’ are the steady
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state current values, prior to illumination and after illumination respectively,

the photosensitivity of the polymer device can be written as,

1, = L (1)

Under dark conditions, the P(EDOT-FL):PCs;BM device produced a very
low current (107" A), meaning an “off ” state with a very low concentration of
charge carriers. But after the exposure to a pulsed light, the charge transfer
process from the donor to acceptor led to high photoconductivity in P(EDOT-
FL):PCs;BM without any thermal treatment and photosensitivity obtained
was found to be 415 at an applied field of 3.75 V/um and laser power density of
10 mW/cm’. Indeed, the alternative D-A arrangement ensures a stable CT and
avoids phase separation and resulting in good photoconductivity. On further
increasing the PCs;BM content (1:2) in the polymer blends led to significant

decrease of film quality and thereby photosensitivity.
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Fig. 2.11: Intensity dependence of photocurrent of P(EDOT-FL)
blend at 3 photon energy values (a) 488 nm, (b) 532 nm,
and (c) 632 nm (at an applied field of 3.75 V/um).
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Dependence of photocurrent on intensity of illumination was studied
at three different photon energies in blend film and is shown in Fig. 2.11.
The intensity of the laser beam was varied using a polarizer. The sample
exhibited a good photo response at 488 nm. Electric field dependence of
photoconductivity at 488 nm was also investigated (Fig. 2.12).
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Fig. 2.12: Electric field dependence of photocurrent of blend film
at 5 mW/cm’.

Generally, in organic semiconductors, photoconductivity is not through a
direct generation of carriers, but through the formation and subsequent
dissociation of an exciton. The exciton can dissociate at impurity sites,
interfaces with asymmetric ionization potentials or it can be dissociated by a

strong electric field.”""?

The photogenerated carrier move within the
transporting medium in the general direction of the applied electric field.
Field dependences of photogeneration quantum yields of charge carriers in
films of amorphous molecular semiconductors at high external electric field
strengths cannot be always explained in terms of the Onsager or the Poole-

Frenkel model. It is expected that an external electric field shifts the electron
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density in molecules from its equilibrium distribution, thus altering the
probability of electronic transitions resulting in changes not only in
intermolecular electronic transitions but also in probabilities of intramolecular
transitions.” As seen in Fig. 2.12, it is observed that the films can withstand
upto an electric field of 75 V/um and the photosensitivity at higher electric
fields was even greater than two lakh (at 75 V/um, the photosensitivity is
2,89,742). At higher electric fields, the photocurrent was of the order of
micro ampere range and showed a steep increase in the current with respect to
field. The photogeneration efficiency for carrier generation is strongly
dependent on applied field, since; polymers have a low dielectric constant.”
The sensitivity of the polymer to light, expressed as photoconductive
sensitivity, i.e., the photoconductivity per unit light intensity, can be calculated

as,

2

where, ‘o’ is the photoconductivity, ‘I’ is the light intensity, ‘i’ is the

photocurrent, ‘P’ is the laser power, ‘d’ is the thickness and ‘V’ is the
applied voltage. At 10 V/pum, for 488 nm, the photoconductive sensitivity

was calculated to be 7.6x107° SemW™', which is significantly higher than

other polymer systems such as polybenzoxazine-Cyo”~ and PVK:TNF:DANS."

This photoconductive sensitivity is sufficiently high for photorefractive effect.

2.2.7. Non-linear optical properties

The third-order NLO properties of P(EDOT-FL) was investigated

using z-scan technique,”” which was distinguished for its simplicity and
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sensitivity. The open-aperture (OA) z-scan trace of P(EDOT-FL) in dilute
CHCI; (a) and as thin film (b) is shown in Fig. 2.13.

a ) b
. Fa ‘
100 —— N StV SR F e Experimemal
e ™ - . / L] Theoretical fit
APTLTLL e YA
.y e Y, A\
/

- \ b

=)
8

®  Experimental
Theoretical fit

——
——_

Normalized transmittance
= o €
4 8
1 1 L
Normalized transmittance
.

o
8
|
w
\\.\
ot

o

T T
10 20 30

8
8
3
o
3
8
8
8
8
3
°

Z (mm) Z (mm)

Fig. 2.13: Open aperture z-scan traces of P(EDOT-FL) (a) in solution and (b)
as film at 112 pJ.

In solution phase, the P(EDOT-FL) shows a normalized valley,
indicating that polymer is behaving as reverse saturation absorber (RSA) with
a positive NLO absorption coefficient. However, in film phase the copolymer
is behaving as a saturation absorber (SA). This is due to ground state band
bleaching in film phase,” i.e., the excited state absorption and free carrier
absorption leading to ground state band bleaching in the polymer. The non-
linear absorption of the copolymer was fitting well by two photon
absorption (TPA). The non-linear absorption coefficient,  is obtained by
fitting the experimental scan plot of the OA measurement to equation (3):”

T(z5)=—C Tln(1+q0 R Y./ 3)

%\/;—oo

—al
where, q,.,,=B1,(t)L, and L, =(1 —¢ % is the effective thickness

with linear absorption coefficient a, and ‘I’ is the irradiance at focus. The
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solid curves in Fig. 2.13 are the theoretical fit to the experimental data. The

imaginary part of the third-order susceptibility is given by equation (4):”’

where, ng = 1.45 is the linear refractive index of the polymer solution, ‘c’ is

the velocity of light in vacuum, ‘@’ is the angular frequency of radiation used.

In order to determine the sign and magnitude of non-linear refraction
(NLR) property of P(EDOT-FL), closed-aperture (CA) z-scan technique
was performed by placing an aperture in front of the detector. The NLR z-
scan curve after excluding non-linear absorption effects was assessed from
the ratio of CA normalized z-scan data to the corresponding normalized OA

data. The normalized transmittance, T(z) for NLR is given by equation (5):"’

_ 4xAD,
(x> +9)(x* +1)

T(z)=1

where, “T(z)’ is the normalized transmittance for the pure refractive non-
linearity at different z, ‘@’ is on-axis non-linear phase shift and ‘x’ is given by
z/zy. The CA trace of P(EDOT-FL) is shown in Fig. 2.14. The polymer exhibits
peak-valley characteristics, indicating the negative NLR index due to self-

defocusing. The non-linear refractive index (n,). the real parts of ¥ @ (Re y @)

and third-order non-linear susceptibility ( 7 ') are calculated by the following

equations (6)-(8):”’
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77 =Rey

where, ‘y’

which can be estimated through the following equations 7/:A

A,
kL

A”0
eff

Normalized Transmittance

1.15

® 4ilm ;((3)

is the molecular cubic hyperpolarizability of the polymer

n
% and

0

where, ‘k’ is wave vector.
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Fig. 2.14: Closed aperture z-scan trace of P(EDOT-FL) at 112 pJ.

The calculated values of non-linear absorption coefficient (B, m/W),

the non-linear refraction coefficient (n,, esu) and the third-order non-linear

susceptibility ( 7 ), esu) are given in Table 2.2. The p value of P(EDOT-FL)

is obtained to be 3.19x107'° m/W. Furthermore, the y © value is found to be

1.25x 107" esu. As expected, P(EDOT-FL) show large optical non-linearity,

due to donor-acceptor scheme. Here, non-linearity is mainly due to the charge

transfer from donor to acceptor unit, i.e., due to strong delocalization of n

electrons.
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Table 2.2: Calculated values of non-linear absorption, non-linear refraction,
and non-linear susceptibility of P(EDOT-FL).

Copolymer Non-linear Non-linear Imaginary Real part of Non-linear
absorption  refractive part of non- non-linear susceptibility
coefficient index linear susceptibility (¥ ©, esu)

(B, m/'W) (ny, esu)  susceptibility (Re ¥ ), esu)
(Im y @, esu)

P(EDOT-FL) 3.19x10™ -0.68x10"°  0.07x 10" -1.04%x 10! 1.25x 10"

2.2.8. Optical power limiting

Optical limiters are materials in which they are transparent at low
input fluences, but become opaque at high inputs,” due to enhanced
absorption from the excited state or multiphoton absorption or both.** Such
materials can be used for the protection of eyes and sensitive optical devices
from laser induced damage. The criteria required for a good optical limiter
are low limiting threshold, high linear transmittance throughout the sensor
band width, stability etc. Optical limiting experiment was performed at
532 nm using OA z-scan technique. The optical limiting process has
different origins, such as TPA, free carrier absorption, RSA, self-focusing,
self-defocusing and induced scattering.®' Fig. 2.15 shows the transmitted
energy of P(EDOT-FL) as a function of input fluence. From the figure, it
could be seen that, at low input fluence, the output varies linearly with input
power. The deviation from linearity is noted as optical limiting threshold.
Optical limiting threshold of P(EDOT-FL) is determined to be 0.47
GW/cm®. The P(EDOT-FL) exhibits low limiting threshold due to the
presence of donor-acceptor units in the polymer, i.e., due to the large variation

in excited state dipole moment.
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Fig. 2.15: Optical limiting curve of P(EDOT-FL).

2.3. Experimental Section
2.3.1. Materials

3,4-Ethylenedioxythiophene (EDOT, Aldrich, 98 %), 2,7-dibromofluorene
(Aldrich, 97 %), magnesium sulphate (anhydrous) (MgSOs4, Spectrochem
Pvt. Ltd.), tetrabutyl ammoniumbromide (TBAB, Avra Synthesis Pvt. Ltd.,
98 %), sodium acetate (anhydrous) (Spectrochem Pvt. Ltd.), PCs;BM
(Solenne BV, >99 %), potassium hydroxide (KOH, Spectrochem Pvt. Ltd.),
palladium (II) acetate (Pd(OAc),, Aldrich, 99.98%), tetrabutylammonium
hexafluorophosphate (BusNPFg, Aldrich, > 99 %), and 1-bromooctane (Avra
Synthesis Pvt. Ltd., 98 %) were used as received. Acetonitrile HPLC grade
(Aldrich), dimethyl acetamide (anhydrous) (DMAc, Spectrochem Pvt. Ltd.),
chloroform (CHCls, Spectrochem Pvt. Ltd.), dimethyl sulphoxide (DMSO,
Spectrochem Pvt. Ltd.), dicholoromethane (DCM, Spectrochem Pvt. Ltd.),
tetrahydrofuran HPLC grade (THF, Spectrochem Pvt. Ltd.), dichlorobenzene
(Spectrochem Pvt. Ltd.) and methanol (anhydrous) (MeOH, Spectrochem Pvt.

Ltd.) were dried and distilled when necessary according to standard procedures.
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2.3.2. Synthesis Methods
2.3.2.1. Synthesis of 2,7-dibromo-9,9-dioctylfluorene (I)

In a three necked round bottom flask, KOH (8.0 g) was dissolved in
100 mL. DMSO and degassed under N,. After degassing, 2,7-dibromofluorene
(1.03 g, 6.77 mmol) and TBAB (1.0 g, 3.08 mmol) were added to the stirred
solution and kept for 30 min. 1-bromooctane was added in small portions
under stirring and, the reaction was allowed to proceed for 24 h at 80 °C.
The solution was cooled and poured into distilled water. The organic layer
was extracted with DCM and solvent was removed under vacuum by rotary
evaporation. Finally it was purified twice using chloroform and activated
charcoal and washed with cold MeOH until pale yellow powder was

obtained with 80 % yield.

M.P : 62 °C (from chloroform)

'"H NMR (400 MHz, CDCl;, 8) : 0.40-0.60 (m, 4H), 0.70-0.92
(t, 6H), 1.02-1.25 (m, 20H), 1.85-
1.91 (m, 4H), 7.41-7.48 (3d, 6H).

2.3.2.2. Synthesis of Poly(2,5-(3,4-ethylenedioxythiophene)-alt-2,7-(9,9-
dioctylfluorene))

To a stirred solution of EDOT (0.024 g, 0.17 mmol) in 10 mL DMAc
was added TBAB (0.05 g, 0.17 mmol) and sodium acetate (0.05 g, 0.68 mmol).
The reaction mixture was stirred at room temperature for 30 min followed
by addition of 2,7-dibromo-9,9-dioctylfluorene (0.1 g, 0.17 mmol) and 10 %
palladium acetate (0.003 g). The reaction mixture was stirred at 90 °C for
48 h. The mixture was cooled to room temperature and poured in to
methanol (20 mL). The precipitate was filtered and washed with methanol.

The polymer was purified by soxhlet extraction using hexane and methanol
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for 24 h. The residue was dissolved in minimum amount of CHCl; and

precipitated using methanol and dried under vacuum.

Yield ;61 %.

FT-IR (Vimax/cm™) : 2918s and 2852s (CH), 1086s and
1050w (CO), 1667br (conjugation).

'"H NMR (400 MHz, d8-THF, §) : 0.7-0.8 (m, 10H), 1.1-1.3 (m, 20H),
2.06 (br, 4H), 4.2-4.5 (m, 4H),
6.9-7.8 (m, 6H).

2.3.3. Instrumentation

"H Nuclear magnetic resonance ('H NMR) spectrum was recorded on
JEOL, JNM-EX400, FT-NMR SYSTEM operating at 400 MHz and
chemical shifts were quoted down field of TMS. Fourier transform Infra-
Red (FT-IR) analysis was obtained from Perkin Elmer Spectrum 100, FT-IR
Spectrometer. The copolymer was characterized by X-ray Photoelectron
Spectroscopy (XPS) measurements (Kratos Analytical XPS), which was
carried out using a monochromatic Al anode at energy of 40 eV. Gel
permeation chromatography (GPC) was carried out with Waters GPC with
THF as the eluent. All the electrochemical experiments were performed in
dry acetonitrile with BusNPFs (the supporting electrolyte) using BAS
Epsilon Electrochemical analyser with quiet time of 2 sec and scan rate of
100 mV/s. Absorption spectra were recorded with Thermo Scientific, Evolution
201, Ultraviolet-Visible (UV—Visible) spectrophotometer. Fluorescence spectra
were recorded with DT 1000CE, Fluorescence spectrophotometer and were
corrected for the spectral response of the machine. Thermogravimetric

measurements (TG and DTG) were performed on a TA Instrument Q 50
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Thermogravimetric analyzer with a continuous nitrogen flow and a heating
rate of 10 °C/min. Differential scanning calorimetry (DSC) was carried out
on TA Instrument Q 100 with a continuous nitrogen flow and a heating rate
of 2 °C/min. The steady state photocurrent measurements were done using
Keithly-236 Source Measure Unit. He-Ne Laser (632.8 nm, Melles Griot),
Diode Pumped Solid State Laser (532 nm, Coherent), and Optically Pumped

Semiconductor Laser (488 nm, Coherent) were used as different laser sources.

2.3.4. Computation methods

To determine the lowest energy structure of the P(EDOT-FL) copolymer,
a sequence of steps were followed involving quantum mechanical calculations,
based on DFT methods. Initially, the ground state geometries of oligomers
were optimized by means of the DFT at the B3LYP level of theory using
6-31G basis set. In order to correlate the experimental data with theory,
DFT calculations at three different energy levels were carried out using
B3LYP, HSE06 and LSDA on 6-31G basis set as implemented in
Gaussian 09 package.® The periodic boundary condition was used to study
the electronic properties of P(EDOT-FL) copolymer. The starting unit cell
geometries for the PBC calculation was taken from the central portion of the
optimized oligomer and optimized inside a given lattice length on the
constraints of PBC by assuming that the unit cell is repeated identically
an infinite number of times along the translation vector. In the main chain of
the polymer, long alkyl groups have been replaced by methyl group to
reduce the time of calculation and to avoid the frequently encountered
convergence problems. It has been assumed that the presence of alkyl
groups does not significantly affect the equilibrium geometry, and hence,

the opto-electronic properties. Band structure in the positive region of the
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first Brillouin zone (between k=0 and k=n/a) was plotted, i.e., the lowest 4
unoccupied and highest 4 occupied bands in the positive region of the first

Brillouin zone were plotted.

2.3.5. Preparation of sandwich cells

For photoconductivity measurements, a device configuration consisting
of glass/ITO/P(EDOT-FL):PC¢;BM/Ag was used. The samples were prepared
by spin coating of 5 wt% polymer solution (at 1:1 ratio) in dried spectroscopic
grade chloroform onto ITO coated glass plates. The ITO layer had a
thickness of 200 nm. The solution was filtered using a 0.45 um PTFE filter
prior to spin coating. After drying at room temperature for 12 h, the samples
were transferred to a vacuum desiccator and kept for complete solvent
removal. Thicknesses of the films were determined using a Dektak 6M Stylus
profiler. The prepared films had a thickness of 800 nm. Finally, silver
electrodes of area 2x2 mm® were vacuum deposited on to the films to complete

the sandwich structure. The silver electrode had a thickness of 50 nm.

2.3.6. NLO Measurements

NLO measurements were performed 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 spot of the lens with focal length
of 200 mm. The radius of the beam waist was calculated to be 42.56 um. The
Rayleigh length, Zy = nw,”/A, was calculated to be 10.69 mm, which was
greater than the thickness of the sample cuvette (1 mm), an essential

requirement for z-scan experiments. The z-scan system was calibrated using
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CS; as the 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 analysed according to the procedure described by Bahae et al.,”” and
the non-linear coefficients were obtained by fitting the experimental z-scan

plot with the theoretical plots.

2.4. Conclusions

In summary, this chapter describes the synthesis and characterization of
a copolymer containing fluorene and EDOT monomer units. The copolymer
has been synthesized via direct arylation method. The optical, electrochemical,
photoluminescence, photoconductive and third-order non-linear optical
properties were evaluated. The copolymer revealed good thermal stability
and amenable solubility. DFT computations have been performed for
analysing the electronic properties and the band gap (E) of the P(EDOT-FL)
was found to be 2.28 eV, using LSDA/6-31G level. The band gap of the
copolymer was obtained to be 2.29 eV from the electronic absorption
spectrum of copolymer which is in good agreement with theoretical band
gap. Theoretical and experimental studies revealed that the copolymer film
exhibited better properties than that of P(FL). Photocurrent measurements
were done in the sandwich cell configuration as blend with PCs;BM (1:1).

Photoluminescence quenching and moderate photoconductive sensitivity

(7.6x107"° ScmW™) confirmed the suitability of the copolymer for fabricating
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photoconductive devices. The third-order non-linear optical properties of
P(EDOT-FL) was investigated by z-scan technique. The polymer showed
negative non-linear refraction and switch over from RSA to SA behaviour
was observed as the sample changed from the solution to the thin film. The
non-linear absorption coefficient (), the non-linear refraction coefficient (n),

the third-order non-linear susceptibility (7 ©’) and the optical limiting

threshold of the polymer were determined to be 3.19x 10" m/W, -0.68x 107"
esu, 1.25x 10" esu and 0.47 GW/cm?, respectively.
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Chapter 3

Design, Synthesis and Third-order
Non-linear Optical Properties of
EDOT-Chalcogenadiazole Donor-Acceptor
Copolymers via Direct Arylation Method®

Abstract

Two 3,4-ethylenedioxythiophene (EDOT) based low band gap donor-acceptor (D-A)
conjugated copolymers were designed and synthesized via direct arylation, in which the
HOMO-LUMO gaps were fine-tuned by the regular insertion of electron deficient
units, 2,1,3-benzothiadiazole (B1Z) and 2,1,3-benzoselenadiazole (BISe), respectively.
Structural characterization was performed by FI-IR, 'H NMR, and XPS. In order to
investigate the variation in energy band structure of the copolymers, quantum-chemical
calculation using DFT theory was carried out. The alternating insertion of
chalcogenadiazole unit in the PEDOT (poly(3,4-ethylenedioxythiophene)) lowers the
HOMO and LUMO energy levels. As a result, polymers with low band gap compared
to that of the homopolymer, PEDOT was obtained. Present experimental results
correlate with HSEO06 level theoretical calculations than those with B3LYP level.
z-scan experiments reveal that the copolymers exhibit strong non-linear absorption
coefficient and non-linear refraction coefficient of the order 10-1° esu and the third-
order non-linear susceptibility is of the order of 10-"! esu. These findings indicated that
the EDOT-chalcogenadiazole copolymers can be developed into excellent third-order
non-linear optical material.

* Third-order non-linear optical properties of 3,4-ethylenedioxythiophene copolymers with
chalcogenadiazole acceptors, Sona Narayanan, Sreejesh Poikavila Raghunathan, Aby
Cheruvathoor Poulose, Sebastian Mathew, Krishnapillai Sreekumar, Cheranellore Sudha
Kartha, Rani Joseph, New Journal of Chemistry, 2015, DOIL: 10.1039/c4nj01899k.
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3.1. Introduction

Conjugated polymers with donor-acceptor architecture have been
widely investigated in photovoltaic devices,'” electrochromic devices,®® and

in light emitting diodes (LEDs),”"

owing to their better electron-hole
affinities and intramolecular charge transfer properties. Till date, one of the
best strategies to design narrow band gap polymers is the synthesis of an
alternating polymer containing electron rich (donor) and electron deficient
(acceptor) unit in the polyconjugated backbone there by allowing
intramolecular charge transfer. Among the conjugated polymers, EDOT
based polymers continue to fascinate many researchers due to their several
advantages such as low ionization potential, high conductivity and good

environmental stability.'""?

EDOT is a good electron donor as it shows
relatively high energy HOMO levels and small steric interaction between the
repeating units. By copolymerizing with different electron acceptors it gives
low band gap polymers with good conductivity and high stability. EDOT
based low band gap conjugated polymers with alternate donor-acceptor
structures in the main chain have been intensively studied in several reports.'>
Besides, there are several reports on polycondensation of EDOT via direct

arylation.'”*'

Here we have focused on the alternate donor-acceptor copolymers
bearing EDOT, as their electronic properties can be tuned efficiently by varying
the acceptor moieties and a broadening of absorption spectrum can be resulted.
The interaction between the electron donor (D) and acceptor (A) moieties in an
alternating D-A copolymer can lead to the hybridization of the high-lying
HOMO energy level of the donor and low-lying energy level of the acceptor,
leading to a relatively small band gap polymer with novel electronic structure

and ambipolar charge transport properties.”
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Recently, m conjugated polymers bearing the benzothiadiazole (BTZ)
unit have received great deal of interest because of their potential applications
in optoelectronic devices.”> The BTZ moiety ensures strong electron injection
or transporting properties and wide visible light absorption in copolymers.
Within the chalcogenadiazole family of charge transfer materials, replacement
of sulphur atom by selenium raises the dimensionality and conductivity of the
materials, because of strong intermolecular interaction between Se atoms and

2425 s e
> Based on this idea, we

greater stabilization effect towards radical cations.
have investigated the effect of introduction of two chalcogenadiazoles, 2,1,3-
benzothiadiazole and 2,1,3-benzoselenadiazole (BTSe) in to the PEDOT
backbone, keeping in mind the higher acceptor strength of the BTSe unit
than the BTZ unit. In this chapter, the electronic properties of EDOT based
D-A & conjugated polymers containing BTZ and BTSe moieties have been
investigated, both theoretically and experimentally. BTZ and BTSe units
can serve as electron accepting units, owing to the presence of two electron
withdrawing imine (C=N) nitrogens. Here, we discuss the effect of BTZ and
BTSe units as electron accepting moieties and the influence of replacement
of sulphur atom in the BTZ unit with selenium by comparing the HOMO
and LUMO energy levels. In recent years, organic photonic materials
possessing large non-linear optical (NLO) properties are the subject of
current research interest, owing to their potential applications in a wide
variety of optoelectronic and photonic devices.”**’ Conjugated structures
with donor-acceptor groups have been studied by several researchers.”>
However, there have been only a few reports on the third-order non-linear

33-35

properties of the polymers. Nevertheless, the organic NLO materials

possess large third order susceptibility, fast response time and processability.*®’
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This in turn attracted our interest in investigating non-linear optical
properties of donor-acceptor copolymers. Therefore, third-order non-
linearity of the EDOT-chalcogenadiazole copolymers has been investigated
using z-scan method. This is for the first time a synthesis via direct arylation
is being discussed; followed by electrochemistry, optical, thermal and third-

order non-linear optical properties.

3.2. Results & Discussion

3.2.1. Theoretical calculation of electronic structure of conjugated
polymers

To understand the electronic structure of P(EDOT-BTZ) and P(EDOT-
BTSe) copolymers, theoretical calculations were performed by hybrid density
functional theory (DFT)*® using B3LYP (Becke, three parameter, Lee-Yang-
Parr)”*!/6-31G level and HSE06 (Heyd-Scuseria-Ernzerhof functional)*/6-
31G level.
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Fig. 3.1: Energy levels of EDOT, EDOT-BTZ, EDOT-BTSe, BTZ and BTSe.

These are computationally cost effective procedures to calculate the

electronic structure with a good approximation and enable elimination of
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unsuitable materials before synthesis Before proceeding to evaluate the
electronic structure of the polymers, the ground state geometries of oligomers
were optimized by means of DFT at the B3LYP level of theory using 6-31G

basis set and the results are summarized in Fig. 3.1.

The relative ordering of occupied and virtual orbitals provides reasonable
qualitative information regarding the excitation properties” and ability of
electron/hole transport. The HOMO/LUMO energy levels describes electron or
hole transporting capacity. As EDOT is copolymerized with chalcogenadiazole
moicties, HOMOs are clevated, and the LUMOs are lowered, which
facilitates electron and hole transport. The electron density isocontours of
HOMO and LUMO of the model compounds in P(EDOT-BTZ) and
P(EDOT-BTSe) by B3LYP/6-31G levels are plotted in Fig. 3.2.

EDOT-BTZ EDOT-BTSe

Fig. 3.2: Frontier molecular orbital distribution of monomeric units of
P(EDOT-BTZ) and P(EDOT-BTSe) by B3LYP/6-31G method.

Design and Synthesis of Donor-Acceptor Low Band Gap Copolymers for Photoconductive and Non-linear Optical Appli(utions///l



Chapter 3

Here, the LUMO isocountours indicate more planar configuration in
the singlet excited state, leading to the efficient excitation of an electron
from the HOMO to the LUMO level. Since electrical and optical activity of
materials relies on the ability of a material to transport electrical charges
through their structures, it could be concluded that EDOT-chalcogenadiazole
copolymers consisting of BTZ and BTSe are good candidates for application
as donor-acceptor copolymers. Hence periodic boundary condition (PBC)
calculation, which is computationally economic than the oligomer approach
was used to solve the electronic structure of the copolymers at two levels of
theory (B3LYP/6-31G and HSE06/6-31G) and the evolved band structures
with HSE06/6-31G levels are depicted in Fig. 3.3.

o
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Fig. 3.3: Band strLc:;re of (A) P(EDOT-BTZ) and (B)k —PK(I];DOT-BTSe) by
HSE06/6-31G method.

From the band structures, it is revealed that, by the introduction of
chalcogenadiazole unit, energy of HOMO level of PEDOT is lowered by a
factor of 0.92 eV and 0.76 eV, while LUMO level is lowered by a factor of
1.29 eV and 1.14 eV and we get P(EDOT-BTZ) and P(EDOT-BTSe) with a
reduced band gap of 1.26 eV and 1.25 eV, respectively. The intramolecular

charge transfer induced a quinoid character in the polymer backbone which
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caused reduction in band gap. Here the electronic properties of the
copolymers did not vary systematically with the model compounds due to
the change in geometry from model compound to polymer. It could be seen
from the band structure that all the polymers are direct band gap polymers,
because the lowest band gap occurs at k=0. There is no significant decrease
in the band gap on the introduction of BTSe unit instead of BTZ. This may
be due to the slight increase in the dihedral angle between the adjacent
EDOT and BTSe than the BTZ unit. Band structure data (HOMO, LUMO
and HOMO-LUMO gap), ionization potential (IP) and electron affinity
(EA) of PEDOT and copolymers are compiled in Table 3.1.

Table 3.1: Computational data of P(EDOT-BTZ) and P(EDOT-BTSe) with
DFT/B3LYP/6-31G and DFT/HSE06/6-31G methods.

Polymer HOMO (eV) IP(eV) LUMO (eV) EA (eV) E,(eV)
PEDOT -3.62° 3.62°  -1.99° 1.99° 1.64°
P(EDOT-BTZ) -4.71° 471°  -2.99° 2.99 1.72°
-4.54° 4.54° -3.28° 3.28° 1.26°
P(EDOT-BTSe) -4.51" 451> -2.85° 2.85" 1.66°
-4.38° 438  -3.13° 3.13¢ 1.25°

“Reproduced from ref. 22, *Obtained by the DFT/B3LYP/6-31G method, “Obtained by the
DFT/HSE06/6-31G method.

The balanced transport of both injected electrons and holes are
important as far as device performance is considered. The enhancement in
well-defined properties such as IP and EA (negative of HOMO and LUMO
energy, respectively) indicates an efficient electron accepting/transporting

ability in the copolymers.

3.2.2. Polymer Synthesis

Donor-acceptor EDOT-chalcogenadiazole copolymers were synthesized

via a simple, new and facile route, i.e., direct arylation method. Usually
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EDOT-chalcogenadiazole copolymers were synthesized through electrochemical
polymerization.** However, direct arylation method confirms the regular
alternation of donor and acceptor in the polyconjugated backbone. The
synthesis of key monomers and copolymers are summarized in Scheme
1. 2,1,3-benzothiadiazole (2) was prepared from o-phenylenediamine (1) and
SOCL in DCM, 4,7-dibromo-2,1,3-benzothiadiazole (3) was prepared by
bromination of 2,1,3-benzothiadiazole (2) in 47 % HBr. To obtain 4,7-
dibromo-2,1,3-benzoselenadiazole (5), 4,7-dibromo-2,1,3-benzothiadiazole
(3) was reduced by NaBH, in absolute ethanol to give 2,3-diamino-1,
4-dibromobenzene (4). The 2,3-diamino-1,4-dibromobenzene was (4) reacted
with selenium dioxide to give 4,7-dibromo-2,1,3-benzoselenadiazole (5).

All the reactions were performed according to standard procedures.*

N _Se
N N N N
N/ ./
SOClz / Bry/HBr - NaBH, Seo2 /
/ l"rleth)].imme \ Br \ / Br Br Ethannl _/\ / Br
3 5

S

PN

N

/ \ \ S.
o o { 0/ o N N
/ \ /( N/
Pd(OAc)ZY TBAB / \
/ \\ + Br 4<—/\>—Br
s” \_/ DMAc, 90°C s n
6 3

P(EDOT-BTZ) (7)

_Se_ / \ _Se_
0O N

/ \ [¢) N

] o \ N/

>—< + B B Pd(OAc), TBAB / \

/\s P i E DMaAc, 90°C s \ 7/ |a

5 P(EDOT-BTSe) (8)

Scheme 1: Synthesis of PEDOT-BTZ) (7) and PEEDOT-BTSe) (8).

The resulting copolymers were collected by precipitation to cold

methanol followed by filtration and the crude polymer was further purified

by soxhlet extraction using methanol and hexane to remove the oligomers. The
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molecular weights of the polymers were obtained from gel permeation
chromatography in THF referring to polystyrene standards. The isolated yield
and molecular weight of both the polymers are summarized in Table 3.2. The
copolymers were readily soluble in common organic solvents such as THF and

chlorobenzene (50 mg/mL), hence can be easily processed in to thin films.

Table 3.2: Results of polymerization of copolymers.

Copolymer Mn* Mw* PDI* Yield (%)
P(EDOT-BTZ) 3237 4549 1.82 58
P(EDOT-BTSe) 3580 4928 1.66 55

"Determined by GPC in THF based on polystyrene standards.

3.2.3. Structural characterization

The copolymers, P(EDOT-BTZ) and P(EDOT-BTSe) were characterized
by FT-IR (Fig. 3.4), 'H NMR and XPS. FT-IR spectrum of the P(EDOT-
BTZ) showed the characteristic peaks at 1080 and 1062 cm™, which were
assigned to the stretching vibration of bridged C-O in the ethylenedioxy unit
and the peak at 905 cm™ is due to the ethylenedioxy ring deformation mode,

which signifies the existence of EDOT moieties in the copolymer.*®*’
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Fig. 3.4: FT-IR spectra of (a) PEEDOT-BTZ) and (b) PEEDOT-BTSe).
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Furthermore, the vibration peaks at 3097 cm™ (aromatic C-H stretching)
and 1691 cm™ (imine C=N stretching) were attributed to the incorporation
of BTZ unit in the polymer, P(EDOT-BTZ).* P(EDOT-BTSe) also showed
the vibration peaks at 1108 and 1056 cm™ (stretching vibration of bridged
C-O in the ethylenedioxy unit) and the peak at 905 cm™ (ethylenedioxy ring
deformation mode). The broad peak at 1697 cm™ is a marker for BTSe
moieties in the copolymer, P(EDOT-BTSe). The broad band observed at
1557 and 1588 cm™ for P(EDOT-BTZ) and P(EDOT-BTSe), respectively
proves the polyconjugation in the copolymers.*” The results of these FT-IR

analyses clearly indicated that copolymerization was successfully achieved.

J P /Se.
0 O NN
. \/
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\ 7 S .
[/ \
s A PEDOT-BTSe)

P(EDOT-BTZ)

Fig. 3.5: ' H NMR spectra of (A) P(EDOT-BTZ) and (B) P(EDOT-BTSe)

In order to get more insight into the polymer structure 'H NMR
(Fig. 3.5) was used for analysis. The P(EDOT-BTZ) revealed resonance
peaks at & 7.6 ppm and 4.5 ppm because of the aromatic protons of the BTZ
units and -O-CH,- protons of EDOT units, respectively. P(EDOT-BTSe)
also exhibited broad resonance peak at 6 8.4 ppm and 4.2 ppm corresponding to
aromatic protons of BTSe units and -O-CH;- protons of EDOT units, is in

well agreement with FT-IR results.
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The copolymers were further investigated by XPS measurements.
XPS survey scans are summarized in Fig. 3.6. The signals related to Cls are
observed at 284 eV, which are mainly due to the aromatic carbon atoms of
the polymeric conjugated backbone.”” The Nls signals appeared at 397 eV
and 398 eV, respectively for P(EDOT-BTZ) and P(EDOT-BTSe) due to the
nitrogen atoms of the imine units of BTZ and BTSe moieties, which are
attributed to the C=N bonding.’'* In addition, the O1s signals are observed
at 531 eV, as expected. For both copolymers, the signal related to the 2p
core levels of the S atom is observed at 163 eV, proved the presence of
EDOT units. Whereas, P(EDOT-BTSe) showed an additional signal at
56 eV which is attributed to the presence of Se atom. Furthermore, the
spectra of copolymers confirmed the lack of contaminates. Noticeable peaks
were absent at 334 and 340 eV indicating complete removal of catalyst

(palladium) in the copolymers.
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900 750 600 450 300 150 0
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Fig. 3.6: XPS survey scans of (a) PEDOT-BTZ) and (b) PEDOT-BTSe).

Fig. 3.7 represents the high resolution core-electron Cls spectra of

P(EDOT-BTZ) and P(EDOT-BTSe) copolymers. In the Cls core-electron
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spectra of P(EDOT-BTZ), the peak centered at 283 eV is assigned to C-C
and C-H bonds, where carbon is non-bonded to any hetero atoms such as
oxygen, nitrogen, sulphur etc. While the peak centered at 284 eV is
attributed to C-S bonds in the copolymer and the peak centered at 286 eV is
due to the combination of C-O and C-N bonds present in the copolymer.”
In conclusion, the results obtained from XPS spectra of copolymers are in

good agreement with those corresponding to FT-IR and 'H NMR.
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Fig. 3.7: High resolution core-electron Cls spectra of (A) P(EDOT-BTZ) and
(B) P(EDOT-BTSe).

3.2.4. Electrochemical properties

Electrochemical measurements were performed to determine the
HOMO and LUMO energy levels of P(EDOT-BTZ) and P(EDOT-BTSe).
Cyclic voltammetry (CV), differential pulse voltammetry (DPV) and square
wave voltammetry (SWV) were performed on these copolymers to analyse

the electrochemical behaviour of the polymers in detail.
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Table 3.3: Redox properties of P(EEDOT-BTZ) and P(EDOT-BTSe).

Polymer Onset of HOMO Onsetof LUMO Band
oxidation (eV) reduction (eV) Gap

A2 A2 (eV)

P(EDOT-BTZ) 0.32° -4.72* -0.87* 3.53* 1.19°
0.26 -4.66" -0.80° 3.6° 1.06°

0.25° -4.65° -0.80° -3.6° 1.05°

P(EDOT-BTSe) 0.30° -4.70° -0.81° 3.59 L11®
0.23 -4.63° -0.80° 3.6° 1.03°

0.26° 4.66° -0.80° 3.6° 1.06°

P(EDOT)’ -3.62 -1.99 1.64
P(BTZ-EDOT-BTZ)* 1.19
P(BTSe-EDOT-BTSe)* 1.05

“Determined by CV, "Determined by DPV, “Determined by SWV, “Reproduced from ref. 22,
‘Reproduced from ref. 54.

In order to get a clear comparison, the electrochemical data is
summarized in Table 3.3, revealing that all the methods showed a good
agreement with theoretical calculation. From the onset of oxidation, the
HOMO levels of P(EDOT-BTZ) and P(EDOT-BTSe) were calculated to be
-4.66 eV and -4.63 eV (DPV), respectively based on the equation, HOMO =
- (4.4+E,"™%). The SCE energy level of -4.4 eV below the vacuum level is
used. While the LUMO energy levels (from the onset of reduction potential)
of P(EDOT-BTZ) and P(EDOT-BTSe) are calculated to be -3.6 eV and
-3.6 eV, respectively. In both the polymers, the HOMO and LUMO energies
were lowered on copolymerization, indicating enhanced electron accepting/
transporting properties in conjugated backbone. The results are in good
agreement with DFT/PBC calculation, though some deviation still exists.
This is due to, the fact that 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.””® Electrochemical
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measurements, DPV and SWV yielded close values for both copolymers.
Thus, through copolymerization electron injection and transportation are

expected to be enhanced.

3.2.5. Optical Properties

A regular alternation of conjugated donor and acceptor moieties
increases the double bond character which leads to broadening of valence
and conductance band. The normalized absorption spectra of pristine
polymers in THF solution and as thin films are reported in Fig. 3.8. The
absorption spectra of P(EDOT-BTZ) and P(EDOT-BTSe) were characterized
with strong and broad absorption peaks at 532 and 537 nm (Amax),
respectively with onset at 725 and 768 nm, respectively. This can be
assigned to the intramolecular charge transfer (ICT) transition between the
donor unit (EDOT) and acceptor unit (chalcogenadiazole). The copolymers
also display a characteristic peak at lowered wavelength due to high energy
transition such as n-* transition of the conjugated backbone. The thin film
absorption of both copolymers has much broad absorption range than
solution absorption spectra. The optical band gaps (E,™) derived from the
absorption edge of a polymer thin film for P(EDOT-BTZ) and P(EDOT-
BTSe) are 1.04 and 1.04 eV respectively, differing by 0.67 and 0.57 eV
respectively, from the solution optical band gap values. As expected, both
P(EDOT-BTZ) and P(EDOT-BTSe) copolymers exhibit low band gap
compared to PEDOT (1.6 eV), reflecting the enhanced acceptor property of
the BTZ and BTSe unit, which lowers the LUMO levels, leading to low
band gap.

\\\\ Department of Polymer Science and Rubber Technology, CUSAT



Design, Synthesis and Third-order Non-linear Optical Properties of EDOT-Chalcogenadiazole. ..

144

1.2

4 0 % n
co0oT o

[ )
1.0]%
g 101 00
(]
2 gl [
g% & &
£ £ -
o 064 aX "g
2 % WX " e
E 04 =,
<) [ ] *v..
z [] ‘;V ()
[ v_e
0.2+ " %Y

ons,
™ Vv "0000000000‘
MAMZAA A A ‘ "%
0.0+ ‘Q—

T T T T T T T
400 500 600 700 800 900 1000 1100 1200

Wavelength (nm)
Fig. 3.8: UV-Visible spectra of the copolymers in THF solution (a) P(EDOT-
BTZ) (b) P(EDOT-BTSe) and in thin film (¢) P(EDOT-BTZ),
(d) P(EDOT-BTSe). The polymer films were spin coated from CHCl;
solution on to glass substrate.

Compared with solution absorption, the film sample prepared by spin
coating showed pronounced peak broadening and a remarkable red shift of
approximately above 470 nm of the absorption edge. This significant red
shift is attributed to the planarization of aryl rings and the presence of inter
chain interactions in the solid state. These E,”™ values agree closely with
theoretical results, obtained by HSE06/6-31G method than the B3LYP/6-31G

method.

3.2.6. Photoluminescence properties

The photoluminescence spectra of the polymers in THF solution are
shown in Fig. 3.9. The wavelengths corresponding to the absorption maxima
of the polymers are used as the excitation wavelength. P(EDOT-BTZ) and
P(EDOT-BTSe) exhibit fluorescence in THF with an emission maximum at
689 and 667 nm, respectively, regardless of excitation. The PL emission

spectrum was red shifted for P(EDOT-BTZ) relative to those of P(EDOT-
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BTSe) and this suggests the high energy transfer of EDOT (donor) unit to
BTZ (acceptor) unit.
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Fig. 3.9: PL spectra of the polymers (a) P(EDOT-BTZ) and
(b) P(EDOT-BTSe) in THF solution.

3.2.7. Thermal properties

The thermal characteristics of the polymers were investigated by DSC
and TG. The TG traces are shown in Fig. 3.10. DSC showed no characteristic
thermal transition between 40 and 200 °C. This suggests that the polymers
were in an amorphous glassy state, probably due to the rigid backbone in the
copolymer, making it suitable for device applications. From the TG traces, it
was found that the copolymers exhibit step wise degradation and the
decomposition exotherms are broad with multiple peaks. The first exotherm
can be assigned to elimination of imine (C=N) nitrogen which is more
susceptible to degradation. TG traces of P(EDOT-BTZ) showed degradation
temperature of 160 and 426 °C and onset degradation temperature of 103
and 344 °C, choosing 5 wt% loss as the onset loss point. While P(EDOT-
BTSe) has onset degradation temperature of 203 and 371 °C and
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degradation temperature of 335 and 399 °C, which is an indication of
excellent thermal stability than PEDOT. The DTG peaks show exotherms
at this temperature which is indicative of degradation rather than
vaporization. Kiebooms et al., have reported that PEDOT films are stable
upto 150 °C and complete decomposition occurs above 390 °C.>" The
P(EDOT-BTSe) exhibits higher onset and peak degradation temperatures
than P(EDOT-BTZ) and PEDOT. This is probably due to intermolecular
van der Waals bonding between the Se units, which result in self rigidification

in the polymer chain.
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Fig. 3.10: TG traces of polymers (a) PEEDOT-BTZ) and (b) P(EDOT-BTSe).

3.2.8.Non-linear optical properties

The non-linear optical transmission of D-A copolymers was investigated
at 532 nm using z-scan technique, which is known for simplicity and
sensitivity. The NLO absorption coefficients were evaluated by z-scan
technique under an open aperture configuration. Fig. 3.11 presents the open

aperture (OA) z-scan traces of copolymers in dilute CHCI; solution (A) and
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as thin film (B). The solid curves in the figure are the theoretical fit to the

experimental data.
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Fig. 3.11: Open aperture z-scan traces of P(EDOT-BTZ) and P(EDOT-BTSe)
(A) in solution and (B) as film.

In solution phase, the open-aperture curve shows a normalized valley,
indicating the presence of reverse saturation absorption (RSA) with
a positive coefficient. However, the copolymer films exhibit different
optical response. The polymers show saturation absorption (SA) in film
phase. The polymers show complete switch over behaviour from RSA to SA
in thin film. This could be due to ground state band bleaching,58 Le., the
excited state absorption and free carrier absorption result in ground state
band bleaching. From the figure it could be seen that the experimental curve
is fitted well with two photon absorption (TPA) theory. This infers that TPA
is the basic mechanism involved in the non-linear absorption process. The
non-linear absorption coefficient, B is obtained by fitting the experimental
scan plot of the OA measurement to equation (1) (equation (3), given in

section 2.2.7).
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The non-linear refractive (NLR) property of the copolymers was
investigated by closed aperture (CA) z-scan configuration. The pure NLR
z-scan curves after excluding non-linear absorption effects can be obtained
by dividing the CA z-scan data by the corresponding open aperture data
(Fig. 3.12). Here, the normalized transmittance T(z) is given by equation (2)
(equation (5), described in section 2.2.7). All the spectra display peak-valley
pattern, indicating a negative NLR index due to self-defocusing. The non-

linear refractive index (n), the real parts of y (Re ) and third-order
non-linear susceptibility ( 7') are calculated by using equations (3)-(5)

(equation (6)-(8), given in section 2.2.7).

= P(EDOT-BTSe)
® P(EDOT-BTZ)
Theoretical fit

Normalized Transmittance

Fig. 3.12: Closed aperture z-scan tracezs (();1 ;()EDOT-BTZ) and P(EDOT-BTSe).
The non-linear absorption coefficient (B, m/W), the non-linear
refraction coefficient (n,, esu), and the third-order non-linear susceptibility
(7, esu) at 532 nm are calculated and listed in Table 3.4. The P is obtained
to be 0.8x10"° and 2.08x10"° m/W for P(EDOT-BTZ) and P(EDOT-
BTSe), respectively. In addition, the »® value is also found to be
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increased for P(EDOT-BTSe). As given in table, it is found that the
P(EDOT-BTSe) show large optical non-linearity than P(EDOT-BTZ), as
expected. This is due to the more acceptor strength of BTSe than the BTZ
unit. The magnitude of the non-linear refractive index is directly related to
the polarizability of polymers. In D-A compounds, non-linearity is mainly
due to the charge transfer from donor to acceptor unit, i.e., the non-linearity
due to strong delocalization of © electrons or in other words, due to charge

asymmetry.

Table 3.4: Calculated values of non-linear absorption, non-linear refraction,
and non-linear susceptibility of copolymers at 532 nm.

Copolymer Non-linear Non-linear Imaginary Real part of Non-linear
absorption refractive part of non- non-linear susceptibility
coefficient index linear susceptibility ( ;((3), esu)

(B, m/W)  (ny, esu) susceptibility (Re ¥, esu)
(Im ;((3), esu)

P(EDOT-BTZ) 0.8x10"  -0.46 x10" 0.02x10"  -0.71x10"" 0.74x10™"
P(EDOT-BTSe) 2.08x10"° -1.29x10" 0.05x10"°  -1.98x10""  2.04x10™"
PABAzo" 3.33x10" -0.81x10" 0.11x10"  -1.84x10"  2.15%x10™"
P-NPAPA-5"  1.07x107"
PANI/SiO2° 2.17x 107"
PMMA-M3* 2.29%x 107"

"Reproduced from ref. 59, "Reproduced from ref. 60, “Reproduced from ref. 61,
Reproduced from ref. 62.

3.2.9. Optical power limiting

The non-linear optical process in which the transmittance of a
material decreases as the input light intensity increases is called optical
limiting process. This occurs mostly due to non-linear absorption. Optical
limiters are devices which are transparent at low input fluences, but

become opaque at high inputs, used for the protection of eyes and sensitive
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optical devices from laser induced damage. The optical limiting property
of the copolymers was investigated at 532 nm by OA z-scan technique.
Fig. 3.13 shows the transmitted energy of copolymers as a function of input

fluence.
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Fig. 3.13: Optical limiting curves of P(EDOT-BTZ) and P(EDOT-BTSe).

At lower fluence, polymers obey Beer’s law very well. When the
input energy reaches optical limiting threshold, the transmitted energy starts
to deviate and exhibit a typical optical limiting effect. Optical limiting
threshold is determined to be 0.34 and 0.25 GW/cm® for P(EDOT-BTZ) and
P(EDOT-BTSe), respectively. The lower the optical limiting threshold the
better is the optical limiting material. The P(EDOT-BTSe) showed good
optical limiting response than P(EDOT-BTZ). This is due to the large
variation of the dipole moment of the polymer in the excited electronic

s‘[a‘[e.63 64
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3.3. Experimental
3.3.1. Materials

3,4-Ethylenedioxythiophene (EDOT, Aldrich, 98 %), o-phenylenediamine
(Merck, 98%), tetrabutyl ammonium bromide (TBAB, Avra Synthesis
Pvt. Ltd., 98%), sodium acetate (anhydrous) (Spectrochem Pvt. Ltd.),
triethyl amine (Spectrochem Pvt. Ltd.), palladium (II) acetate (Pd(OAc),,
Aldrich, 99.98%), tetrabutylammonium hexafluorophosphate (BusNPFs,
Aldrich, >99%), thionyl chloride (SOCL, Merck, 97%), hydrobromic acid
(HBr, Spectrochem Pvt. Ltd., 47%), bromine (Merck), sodium borohydride
(NaBH4, Merck, 98%), ethanol absolute (Merck), diethyl ether (Spectrochem
Pvt. Ltd.), magnesium sulphate (anhydrous) (MgSOs, Spectrochem Pvt. Ltd.)
and selenium dioxide (SeO,, Aldrich, 98%) were used as received.
Acetonitrile HPLC grade (CH3CN, Aldrich), dimethyl acetamide (anhydrous)
(DMAc, Spectrochem Pvt. Ltd.), chloroform (CHCl;, Spectrochem
Pvt. Ltd.), dicholoromethane (CH,Cl,, Spectrochem Pvt. Ltd.), tetrahydrofuran
HPLC grade (THF, Spectrochem Pvt. Ltd.), n-hexane (Spectrochem Pvt.
Ltd.) and methanol (anhydrous) (MeOH, Spectrochem Pvt. Ltd.) were

dried and distilled when necessary according to the standard procedures.

3.3.2. Computation methods

Theoretical calculations were done using computation methods, which

has been described in section 2.3.4.

3.3.3. Chemical procedures
3.3.3.1. 2,1,3-Benzothiadiazole (2):
1,2-phenylenediamine (1) (5.42 g, 50 mmol), triethylamine (30 mL)

and dichloromethane (150 mL) were stirred under nitrogen with drop wise
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addition of thionyl chloride (9.5 mL) in dichloromethane (30 mL). After the
addition was complete, the reaction mixture was heated at reflux for 30 min.
The mixture was filtered; the solid residue was washed with dichloromethane
and discarded. The filtrate was evaporated under vacuum to give a
yellowish red residue. The residue was recrystallized from hexane to give

2,1,3-benzothiadiazole (2) as yellow needles.

Yield © 54% (3.7 g).
M.P. : 43-45°C.
"H NMR (400 MHz, CDCL) 8 7.52 (s, 2H), 7.94 (s, 2H).

3.3.3.2. 4,7-Dibromo-2,1,3-benzothiadiazole (3):

A mixture of 6.8 g (0.5 mol) of 2,1,3-benzothiadiazole (2) in 15 mL of
47 % HBr was heated under reflux with stirring while 24 g (0.15 mol, 15.3
mL) of bromine was added slowly. After completion of the bromine
addition, the reaction mixture became a suspension of solid in HBr and 7.5
mL of HBr was added, and the reaction mixture was heated under reflux for
another 2.5 h. The mixture was filtered, washed well with water,

recrystallized from chloroform, and dried to give white needle crystals.

Yield © 93 %(13.65 g)
M. P. : 187-188 °C.
"H NMR (400 MHz, CDCL) : 8773 (s, 2H).

3.3.3.3. 3,6-Dibromo-1,2-phenylenediamine (4):

To a suspension of 4,7-dibromo-2,1,3-benzothiadiazole (3) (5.88 g,
0.02 mol) in ethanol (190 mL), sodium borohydride (14 g, 0.37 mol) was

added in three portions at 0 °C, and the mixture was stirred for 20 h at room
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temperature. After evaporation of the solvent, 200 mL of water was added,
and the mixture was extracted with ether. The extract was washed with brine
and dried over anhydrous sodium sulfate. Evaporation of the solvent gave

3,6-dibromo-1,2-phenylenediamine (4) as a pale yellow solid.

Yield : 85%(4.52 g)
M. P. : 100 °C
"H NMR (400 MHz, CDCL) : 83.90 (s, 4 H), 6.85 (s, 2H).

3.3.3.4. 4,7-Dibromo-2,1,3-benzoselenadiazole (5):

To a solution of 3,6-dibromo-1,2-phenylenediamine (4) (2.7 g, 10
mmol) in refluxing ethanol (55 mL), was added a solution of selenium
dioxide (1.17 g, 10.5 mmol) in hot water (22 mL). The reaction mixture
was heated under reflux for 2 h. Filtration of the yellow precipitate and
recrystallization from ethyl acetate gave 4,7-dibromo-2,1,3-benzoselenadiazole

(5) as golden yellow needles.

Yield © 73 % (2.5 9)
M. P. . 285-287°C
"H NMR (400 MHz, CDCL) : 87.63 (s, 2H).

3.3.3.5. Synthesis of P(EDOT-BTZ) (7)

To a stirred solution of EDOT (6) (0.024 g, 0.17 mmol) in 10 mL
DMAc was added TBAB (0.055 g, 0.17 mmol) and sodium acetate
(0.055 g, 0.68 mmol). The reaction mixture was stirred at room
temperature for 30 min followed by addition of 4,7-dibromo-2,1,3-
benzothiadiazole (3) (0.05 g, 0.17 mmol) and 10 % palladium acetate.

The reaction mixture was stirred at 90 °C for 48 h. The reaction mixture
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was cooled to room temperature and poured in to methanol (20 mL). The
precipitate was filtered and washed with methanol. The polymer was
purified by soxhlet extraction using hexane and methanol for 24 h. The
residue was dissolved in minimum amount of CHCI; and precipitated

using methanol and dried under vacuum.

Yield : 58 %

FT-IR (Viay/cm’™) :2956s and 2874s (C-H),
1080w, 1062s and 905w
(C-0), 1557br (conjugation),
3097br (C-H ar), 1691(C=N).

"H NMR (400 MHz, d8-THF): & (ppm) : 4.5 (m, 4H), 7.6 (m, 2H).

3.3.3.6. Synthesis of P(EDOT-BTSe) (8)

To a stirred solution of EDOT (6) (0.024 g, 0.17 mmol) in 10 mL
DMACc was added TBAB (0.055 g, 0.17 mmol) and sodium acetate (0.055 g,
0.68 mmol). The reaction mixture was stirred at room temperature for
30 min followed by addition of 4,7-dibromo-2,1,3-benzoselenadiazole (5)
(0.06 g, 0.17 mmol) and 10 % 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 methanol (20 mL). The precipitate was
filtered and washed with methanol. The polymer was purified by soxhlet
extraction using hexane and methanol for 24 h. The residue was dissolved
in minimum amount of CHCl; and precipitated using methanol and dried

under vacuum.
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Yield : 55 %

FT-IR (Vpa/cm™) :2956s and 2874s (C-H),
1094w, 1056s and 905w
(C-0), 1588br (conjugation),
1697(C=N);

"H NMR (400 MHz, d8-THF): & (ppm) : 4.2 (m, 4H), 8.4 (m, 2H).

3.3.4. Instrumentation

Copolymers were characterized by instrumentation methods which

have been described in section 2.3.3.

3.3.5. NLO Measurements

NLO properties were determined by methods which have been described

in section 2.3.6.

3.4. Conclusion

Two promising low band gap D-A EDOT based alternate copolymers
have been designed and successfully synthesized via direct arylation
reaction using palladium acetate as catalyst. Electronic properties of the two
polymers based on 3,4-ethylenedioxythiophene and 2,1,3-chalcogenadiazole
were calculated using density functional theory under periodic boundary
condition. Theoretical calculation revealed the HOMO and LUMO levels of
the P(EDOT-BTZ) at -4.54 and -3.28 eV respectively, and showed a band
gap of 1.26 eV. The HOMO and LUMO levels of the P(EDOT-BTSe) were
revealed at -4.38 eV and -3.13 eV respectively, and hence had a band gap of
1.25 eV. The polymer exhibited good thermal and chemical stability, as
evidenced by TG and CV. Polymers exhibited broad absorption band and
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the band gaps were estimated to be 1.04 eV for both P(EDOT-BTZ) and
P(EDOT-BTSe). The band gap and energy levels of the polymers were
determined using both optical and electrochemical methods. The results
showed good agreement with the theoretical prediction obtained by
HSE06/6-31G method compared to the B3LYP/6-31G method. The z-scan
results indicated that the copolymers exhibited negative non-linear
refractive index which was of the order of 10" esu. The non-linear
absorption coefficient (B, m/W) and third-order non-linear susceptibility
(7, esu) of polymers are in the order of 10™” and 10", respectively. The
polymers exhibited good optical power limiting behaviour at 532 nm. Hence

the polymers investigated seem to be promising candidates for future

photonic applications.
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Chapter 4‘

Synthesis and Third-order Non-linear
Optical Properties of Low Band Gap 3,4-
ethylenedioxythiophene-quinoxaline
Copolymers®

Abstract

A series of low band gap 3,4-ethylenedioxythiophene (EDOT) and quinoxaline donor-
acceptor (D-A) copolymers were designed and their electronic structure and properties were
investigated by employing density functional theory (DFT) in the periodic boundary
condition using HSE06 exchange correlation functional and 6-31G basis set. The acceptors
investigated were acenaphthylene, phenyl and phenanthrene substituted quinoxaline units.
DFT calculations have been performed for both monomers and model oligomers to analyse
their electronic properties. The designed copolymers have been synthesized through a simple
and facile method, i.e., direct arylation reaction. The photophysical and electrochemical
properties of EDOT-quinoxaline copolymers were investigated. The copolymers, P(EDOT-
ACEQ)X), P(EDOT-BZQX), and P(EDOT-PHQX) exhibited theoretical band gap of 1.81,
1.76 and 1.63 eV, respectively using the DFT/HSE06/6-31G calculation and the optical
band gap of 1.80, 1.75, and 1.66 eV, respectively, according to the onset edge of lower
energy peak, of the polymers in solution. Electrochemical studies demonstrated that
quinoxaline moieties elevated the HOMO (highest occupied molecular orbital) level and
lowered the LUMO (lowest unoccupied molecular orbital) level of the PEDOT (Poly(3,4-
ethylenedioxythiophene)) backbone. The theoretical and experimental evaluations revealed
the reqular alternation of quinoxaline moieties. The band gap of the copolymers was well
correlated with the acceptor strength. The experimental results supported the theoretical
predictions. The third-order non-linear optical (NLO) properties of D-A EDOT-quinoxaline
copolymers, evaluated by z-scan method with nanosecond laser beam at 532 nm, are
reported. Polymers possess strong refractive effect with non-linear refraction coefficient of
-0.47% 1019, -0.95% 10° and -0.64x 100 esu, respectively. Effective third-order non-
linear susceptibilities were calculated to be 0.82x 101, 1.46 X 10! and 1.17X 10" esu,
respectively. Polymers showed good optical [limiting behaviour due to two photon
absorption (IPA). The results suggest that EDOT-quinoxaline copolymers are promising
materials for third-order non-linear optical applications.

* Synthesis and third-order non-linear optical properties of low band gap 3,4-
ethylenedioxythiophene—quinoxaline copolymers, Sona Narayanan, Sreejesh Poikavila
Raghunathan, Sebastian Mathew, M.V. Mahesh Kumar, Anshad Abbas, Krishnapillai
Sreekumar, Cheranellore Sudha Kartha, Rani Joseph, Eur. Polym. J., 2015, 64, 157.
http://dx.doi.org/10.1016/j.eurpolym;j.2015.01.002.
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4.1. Introduction

Organic conjugated polymers are widely used in electronic devices
owing to their good opto-electronic properties. Conjugated polymers with
D-A architecture have attracted considerable research interest, since they
permit fine tuning of band gap and thereby improved electron or hole
affinities. Electronic properties of a polymer can be fine-tuned by structural
modification via increasing quinanoid character by alternating electron
donor and electron acceptor along the conjugated backbone.' Band structure
engineering by alternating donor and acceptor groups has become
significant in the field of material science, where the mixing of monomer
segments with high HOMO and low LUMOs is effective in producing low
band gap polymers through efficient inter-chain charge transfer.” The D-A
copolymers have found a variety of advanced technological applications in
the field of light emitting diodes (LEDs),”* photovoltaic’™ and elecrochromic'"
12 devices, owing to their tunable opto-electronic properties. EDOT based
D-A copolymers have been widely studied in several opto-electronic
devices, due to strong electron donor effect of ethylenedioxy group.”™!” The
regular insertion of EDOT unit can serve to raise the HOMO level of the
copolymer through self rigidification of conjugated chain by intramolecular
sulphur-oxygen interactions.® Quinoxaline moieties have proved to be

22-28

promising acceptors in LEDs,""?' photovoltaic devices™>® and electrochromic

. 29-32
devices,

owing to their high electron affinity due to the presence of two
symmetric unsaturated nitrogen atoms in quinoxaline ring. Here, we have
investigated the acceptor strength of quinoxaline units in PEDOT chain by
keeping in mind the fact that, both the acceptor strength and the stable

geometry govern the optoelectronic properties of D-A copolymers. The
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effect of structural changes in the quinoxaline unit on the band gap and
energy levels of alternating copolymers of EDOT with acenaphthylene
(ACEQX), phenyl (BZQX) and phenanthrene (PHQX) substituted
quinoxalines are investigated. In order to get deep insight into the structure-
property relationship, the electronic properties were calculated using density
functional theory (DFT) adopting two levels of theory. Generally, the
quinoxaline copolymers were reported to be synthesized either through

Stille,”>*"*** Suzuki polycondensation®>°

3

. . 29,31,34-
or electrochemical reaction,”

7 which make the synthesis tedious and costly. We have attempted to
synthesize EDOT-quinoxaline polymers through a simple and facile route,
direct arylation reaction.”® The results of the investigation of third-order
NLO and optical limiting properties of EDOT-quinoxaline copolymers
through z-scan technique under nanosecond laser excitation at 532 nm are

reported.

4.2. Results and discussion
4.2.1. Electronic structure of model compounds

To investigate the effect of structural change of the quinoxaline
derivatives on the band gap of EDOT-quinoxaline copolymers, a sequence
of steps were followed involving quantum chemical calculations, based on
DFT* at B3LYP*** and HSE06"* level of theory using 6-31G basis set.
B3LYP/6-31G method was employed to predict the ground state geometries
of the model compounds and the relevant electronic structure data of

monomers obtained are summarized in Fig. 4.1.
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Fig. 4.1: Energy levels of EDOT, EDOT-ACEQX, EDOT-BZQX, EDOT-PHQX,
ACEQX, BZQX and PHQX.

The LUMO levels of ACEQX, BZQX, and PHQX moieties obtained
are -1.80, -2.01 and -2.06 eV, respectively. The lower the LUMO energy
level, the higher is the acceptor strength. Hence, the quinoxaline acceptor
strength follows the order, PHQX > BZQX > ACEQX. As revealed from
the energy level diagram, the LUMO level of EDOT-ACEQX, EDOT-
BZQX and EDOT-PHQX were calculated to be -2.06, -2.03 and -2.27 eV,
respectively, i.e., during coupling, the HOMO levels were elevated and the
LUMO levels lowered. The energy gap of the model compounds, EDOT-
ACEQX, EDOT-BZQX and EDOT-PHQX followed the order, EDOT-
BZQX > EDOT-ACEQX > EDOT-PHQX, which revealed that both the
geometry and acceptor strength has played a major role in band gap
reduction. This band gap reduction in the D-A monomer is mainly due to the
charge transfer between donor, EDOT and acceptor, quinoxaline ring, i.e., the
intramolecular charge transfer significantly improves the m-electron
delocalization and thus decreases the bond length alteration (BLA) of EDOT-

quinoxaline monomers.” This can be visualized from the frontier orbital
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distribution of the model compounds (Fig. 4.2). The wave functions of HOMO
and LUMO are localized on the EDOT and quinoxaline unit, respectively.

JJ\ F)

¢ s

%

@
LUMO ’s

HOMO ‘ @

EDOT-ACEQX EDOT-BZQX EDOT-PHQX

Fig. 4.2: Frontier molecular orbital distribution of monomeric units of P(EDOT-
ACEQX), P(EDOT-BZQX), and P(EDOT-PHQX) by B3LYP/6-31G
method.

4.2.2. Band structure of copolymers

The electronic structure and properties of the copolymers were well
studied at the DFT level of theory as implemented in Gaussion 09*
software package. In order to account for the reliability of the theoretical
results with the experimental results, DFT calculations at two different
levels (at B3ALYP and HSE06) were carried out. The band structure of the
copolymers, P(EDOT-ACEQX), P(EDOT-BZQX) and P(EDOT-PHQX)
calculated through HSE06/6-31G level is as shown in Fig. 4.3.
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Fig. 4.3: Band structure of (A) P(EDOT-ACEQX), (B) P(EDOT-BZQX), and
(C) P(EDOT-PHQX) by HSE06/6-31G method.

As expected, the regular insertion of quinoxaline unit lowers the
LUMO level of PEDOT. From the Fig. 4.3, it could be seen that the band
gaps for P(EDOT-ACEQX), P(EDOT-BZQX) and P(EDOT-PHQX) are
1.81, 1.76 and 1.63 eV, respectively, which are in the order of acceptor
strength. The band structure data of the copolymers are summarized in
Table 4.1. The LUMO level of PEDOT is reduced by a factor of 0.51, 0.61
and 0.82 eV, respectively, by introducing ACEQX, BZQX and PHQX units
into the PEDOT backbone. The band gap of P(EDOT-PHQX) is much
lower than that of both P(EDOT-BZQX) and P(EDOT-ACEQX).

Table 4.1: Computational data of P(EDOT-ACEQX), P(EDOT-BZQX) and
P(EDOT-PHQX) with DFT/B3LYP/6-31G and DFT/HSE06/6-31G

methods.

Copolymer HOMO (eV) LUMO (eV) E, (eV)

PEDOT -3.62° -1.99° 1.64°

P(EDOT-ACEQX) -4.47° -2.20° 2.27°
-4.31° 2.50° 1.81°

P(EDOT-BZQX) -4.36° 2.27° 2.09°
-4.36° -2.60° 1.76

P(EDOT-PHQX) -4.57° -2.50° 2.07°
-4.44° -2.81° 1.63¢

“Reproduced from Ref. 47, "Obtained by the DFT/B3LYP/6-31G method, “Obtained by
the DFT/HSE06/6-31G method.
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Significant difference is observed between the values of band gap
obtained by the HSE06 and B3LYP methods. The difference between the
DFT/B3LYP and HSEO06 methods is that HSE06 exchange correlation
functional uses an error function screened coulomb potential to calculate the
exchange portion of the energy in order to improve computational
efficiency.” N. Marom et al., have reported that screened-hybrid functionals
such as the HSE approach reduce self-interaction errors in systems
possessing both localized and delocalized orbitals and could be applied to

both finite and extended systems.*®

4.2.3. Monomer synthesis

Scheme 1 summarizes the synthesis of key monomers. 2,1,3-
Benzothiadiazole (2) was prepared from o-phenylene diamine (1) and SOCl, in
DCM. 4,7-Dibromo-2,1,3-benzothiadiazole (3) was prepared by bromination
of 2,1,3-benzothiadiazole (2) in 47 % HBr. To obtain 2,3-diamino-1,
4-dibromobenzene (4), 4,7-dibromo-2,1,3-benzothiadiazole (3) was reduced by
NaBH4 in absolute ethanol. 5,8-Dibromoacenaphthylquinoxaline (8), 5,
8-dibromo-2,3-diphenylquinoxaline (9), 10,13-dibromodibenzo[a,c]phenazine
(10) were synthesized through condensation reaction of 2,3-diamino-1,
4-dibromobenzene (4) with 1,2-acenaphthaquinone (5), benzil (6) and 9,
10-phenanthrenequinone (7) in ethanol/acetic acid mixture, in 70 %, 60 %
and 72 % yields. The compounds were characterized using '"H NMR and
melting point measurement. All the reactions were performed according to

49
standard procedures.
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Scheme 1: Synthesis of quinoxaline monomers.

4.2.4. Polymer synthesis

The synthetic route toward the EDOT-quinoxaline copolymers is
depicted in Scheme 2. The designed copolymers were synthesized by simple
and economic method, direct arylation reaction using palladium acetate as
catalyst.’® It eliminates tedious steps involved in Stille and Suzuki
polymerization reactions. The crude polymers were purified by precipitating

in methanol followed by Soxhlet extraction using methanol and hexane. The
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polymers were soluble in common organic solvents (50 mg/mL) such as
chloroform, chlorobenzene and THF. Table 4.2 summarizes the polymerization
results including molecular weight, polydispersity index (PDI) and yield of the
copolymers. Only low molecular weight polymers were obtained by the
polymerization method adopted. The reaction did not proceed to high yield,

probably because of the steric hindrance offered by the quinoxaline ring.

)

d 0 N/ \N . /) \N
Z/ \; Pd(OAc),/ TBAB s —
* Br Br _—
S DMAc, 90 °C \ / .
1 "
o O P(EDOT-PHQX) (14)

Scheme 2: Synthesis of P(EDOT-ACEQX), P(EDOT-BZQX) and P(EDOT-
PHQX).
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Table 4.2: Results of polymerization reaction.

Polymer Mn* Mw* PDI* Yield (%)
P(EDOT-ACEQX) 3789 6595 1.74 40
P(EDOT-BZQX) 3207 6300 1.96 45
P(EDOT-PHQX) 4556 6048 1.90 35

"Determined by GPC in THF based on polystyrene standards.
4.2.5. Structural characterization

The EDOT-quinoxaline copolymers were characterized by FT-IR
(Fig. 4.4), '"H NMR and XPS. FT-IR spectra of the P(EDOT-ACEQX) showed
the following peaks: 3055 cm™ (aromatic C-H stretching), 2949 cm™ (aliphatic
C-H stretching of ethylenedioxy group), 1551 cm™ (aromatic C-C and C=N
stretching of quinoxaline unit), 1062 cm™ (C-O-C stretching vibration of
ethylenedioxy group). The broad band around 1659 cm™ was attributed to the
polyconjugation in P(EDOT-ACEQX). Both P(EDOT-BZQX) and P(EDOT-
PHQX) had consistent number of peaks as in P(EDOT-ACEQX). The results

of FT-IR studies clearly indicated that the copolymerization was successfully

achieved.
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Fig. 4.4: FT-IR spectra of (a) P(EDOT-ACEQX),
(b) P(EDOT-BZQX) and (¢) P(EDOT-PHQX).
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The 'H NMR spectra (Fig. 4.5) of P(EDOT-ACEQX), P(EDOT-
BZQX) and P(EDOT-PHQX) showed the resonance signals around 4.5 ppm
which corresponded to the protons in ethylenedioxy ring of EDOT moieties in
the copolymers. Additionally, P(EDOT-ACEQX), P(EDOT-BZQX) and
P(EDOT-PHQX) revealed the multiple peaks at 7.8-8.8, 7.2-7.8 and 7.2-7.8
ppm, respectively which were attributed to aromatic protons of
acenaphthylene, phenyl and phenanthrene substituted quinoxaline moieties in
the copolymers. All the detected peaks are consistent with the proposed

structure.
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Fig. 4.5: "H NMR spectra of (A) P(EDOT-ACEQX), (B) P(EDOT-BZQX) and
g
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In order to evaluate the core level composition of the quinoxaline
copolymers, XPS investigation was carried out. XPS survey scans of
copolymers are depicted in Fig. 4.6. As seen in figure, The Cls signal
observed at 283 eV, corresponded to the C-C bonding which was
irrespective of the type of hybridization in the polymeric conjugated
backbone. The Nls signal of copolymers observed at 396 eV, was mainly
due to the nitrogen atoms in the quinoxaline moiety, and indicated the
presence of C=N bonding. Moreover, the signals at 531 eV was attributed to
the presence of Ols in the copolymers, and refers to the presence of C-O
bonding in the copolymers. S2s and S2p core levels have signals at 226 and
163 eV, respectively.”® XPS results of copolymers are in agreement with the
FT-IR and 'H NMR results. However, weak signals at 100 and 150 eV are
seen in spectrum ‘c’, due to the presence of Si2p and Si2s which are

originated from the silicon substrate.

C1s

O01s

N1s

1000 800 600 400 200 0
Binding Energy ( eV )

Fig. 4.6: XPS survey scans of (a) PEDOT-ACEQX), (b) P(EDOT-BZQX) and
(¢) P(EDOT-PHQX).
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4.2.6. Optical properties

To probe the spectral response of polymers, UV-Visible spectra were
monitored both in THF solution and as thin film. The normalized optical
absorption spectra of the three quinoxaline copolymers are depicted in
Fig. 4.7. All the three quinoxaline polymers revealed two absorption maxima
(Amax), the first one in the shorter wavelength ranging from 300-450 nm,
owing to m-mt* transition, whereas the second at the longer wavelength region,
which refers to intramolecular charge transfer transitions from the donor,
EDOT units to the acceptor, quinoxaline moieties. As shown in the figure, the
P(EDOT-ACEQX) showed a broad absorption peak at 507 nm with an onset
at 687 nm, whereas the P(EDOT-BZQX) and P(EDOT-PHQX) had peaks at
561 and 575 nm with an onset at 707 and 748 nm, respectively. The
absorption maximum of P(EDOT-BZQX) and P(EDOT-PHQX) were red
shifted by 54 and 68 nm, respectively compared to that of P(EDOT-ACEQX).

144 ¢ »
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Fig. 4.7: UV-Visible spectra of the copolymers in THF solution (a) P(EDOT-
ACEQX) (b) P(EDOT-BZQX), (¢) P(EDOT-PHQX) and as thin film
(d) P(EDOT-ACEQX), (¢) P(EDOT-BZQX), (f) P(EDOT-PHQX). The
polymer films were spin coated from CHCL; solution on to glass
substrate.
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The band gap of the copolymers, P(EDOT-ACEQX), P(EDOT-
BZQX) and P(EDOT-PHQX) were calculated to be 1.80, 1.75 and 1.66 eV,
respectively according to the onset edge of the lower energy peak of
polymer in solution. As expected, the optical band gap varies as the function
of the acceptor strength of the quinoxaline units. This could be because
‘greater the acceptor strength of the quinoxaline, greater will be the donor-
acceptor interaction’, which leads to greater reduction in the band gap.*
Thus, the reduction in the band gap is mainly due to the charge transfer from
EDOT unit to the quinoxaline unit. These E,®" values could be correlated
with the theoretical prediction that is obtained by HSE06/6-31G than the
B3LYP/6-31G method. Despite the agreement, some deviations still exist due
to the negligence of solid state effects such as polarization effects and

intermolecular packing forces in the periodic boundary condition calculation.”'

The thin film of polymers showed more broad absorption spectra than
in solution phase. The Am.x of P(EDOT-BZQX) film was red shifted by
21 nm from the corresponding polymer in solution phase. While considering
the P(EDOT-ACEQX) and P(EDOT-PHQX), the Amax values are quite
similar. The onset of absorption of P(EDOT-ACEQX), P(EDOT-BZQX)
and P(EDOT-PHQX) were red shifted by 37, 103, and 34 nm, respectively.
The band gap of P(EDOT-ACEQX), P(EDOT-BZQX), and P(EDOT-
PHQX) obtained are 1.71, 1.53, and 1.58 eV, respectively. The significant
redshift in band gap suggests reduction in conformational freedom, less
solvent interaction, and aggregation/ordered arrangement in the solid state.
Here, the band gap did not vary systematically with acceptor strength of
quinoxaline unit. This could be due to the influence of polymer geometry.

The geometry of the donor-acceptor material was significantly affected by
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the ring size and intramolecular charge transfer;* i.e., the lower band gap of
P(EDOT-BZQX) could be attributed to the structural planarity compared to
the P(EDOT-ACEQX) and P(EDOT-PHQX), owing to the n-m interaction

between the polymer chains.

4.2.7. Electrochemical studies

The electrochemical behaviour of the copolymers was investigated by
cyclic voltammetry (CV). Electrochemical methods provide a means of
establishing the HOMO and LUMO energies of conjugated polymers. The
redox behaviour of polymer was measured using polymer coated platinum
(Pt) electrode as working electrode, Pt wire as the counter, and Ag/Ag" as
the reference electrodes in 0.1 M BusNPFs-acetonitrile solution. The
electrochemical data of the polymers are summarized in Table 4.3. The
HOMO and LUMO were estimated from the onset of oxidation and

reduction potential according to the equation proposed by Bredas.>>

The HOMO levels of P(EDOT-ACEQX), P(EDOT-BZQX) and
P(EDOT-PHQX) are obtained to be -2.72, -2.65, and -2.66 eV, respectively.
The LUMO levels were calculated to be -3.77, -3.65, and -3.65 eV, for
P(EDOT-ACEQX), P(EDOT-BZQX) and P(EDOT-PHQX), respectively.
The band gap of the copolymers were calculated to be 1.05, 1.0, and 0.99 eV,
respectively, for P(EDOT-ACEQX), P(EDOT-BZQX) and P(EDOT-
PHQX). The band gap of copolymers followed the order, P(EDOT-
ACEQX) > P(EDOT-BZQX) > P(EDOT-PHQX), in the order of acceptor
strength. The copolymers have relatively low LUMO energy compared to
PEDOT, indicating better electron accepting/transporting property.”’ The

electrochemical band gap showed deviations of the order of 0.6-0.75 eV
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from the optical band gap. This could be due to the difference in the
mechanism of optical excitation and electrochemical oxidation/reduction
processes. In the former process, excitation creates excitons (bound
electrons and hole pair) and the latter process creates ions. The low energy
of excitons, compared to the ions and solvation of the ions during
electrochemical experiment was reflected in the observed electrochemical

band gap.

Table 4.3: Electrochemical data of P(EDOT), P(EDOT-ACEQX), P(EDOT-
BZQX), P(EDOT-PHQX), P(EDOT-ACEQX-EDOT) and P(EDOT-

BZQX-EDOT).

Polymer Onset HOMO Onset LUMO E/

oxdn (V) (eV) Redn(V)  (eV)  (eV)
P(EDOT)" -3.62 -1.99 1.64
P(EDOT-ACEQX)" -1.68 2.72 -0.63 377 1.05
P(EDOT-BZQX)" -1.75 -2.65 -0.75 365 1.0
P(EDOT-PHQX)" -1.74 -2.66 -0.75 -3.65 099
P(EDOT-ACEQX-EDOT)" -1.14 -0.51 0.93
P(EDOT-BZQX-EDOT)* 1.01

“Reproduced from Ref. 45, "Determined by CV, ‘Reproduced from Ref. 35, “Reproduced
from Ref. 37.

4.2.8. Photoluminescence (PL) properties

The PL emission spectra of copolymers in THF and as film are shown
in Fig. 4.8. In solution, copolymers exhibited distinct emission at 653, 672
and 731 nm for P(EDOT-ACEQX), P(EDOT-BZQX) and P(EDOT-PHQX),
respectively. The red shift in emission maximum is observed for P(EDOT-
BZQX) and P(EDOT-PHQX) compared to that of P(EDOT-ACEQX). The
polymers exhibited emission max in the order of P(EDOT-PHQX) >
P(EDOT-BZQX) > P(EDOT-ACEQX), which are in the order of acceptor

strength of quinoxaline units.
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Fig. 4.8: PL spectra of the polymers (a) P(EDOT-ACEQX), (b) P(EDOT-BZQX),
and (c¢) P(EDOT-PHQX) in THF solution, (d) P(EDOT-ACEQX),
(e) P(EDOT-BZQX), and (f) P(EDOT-PHQX) as thin film.

To get insight into the intramolecular charge transfer process, PL
spectra of thin films have been investigated. In thin film, all the copolymers
revealed broad and red shifted emission with a tail extending to lower
energy side of the spectrum, which indicated the efficient intramolecular
charge transfer in copolymers. The emission peaks of P(EDOT-ACEQX),
P(EDOT-BZQX) and P(EDOT-PHQX) in thin films are red shifted to
around 692, 803 and 740 nm, respectively. This can be attributed to the
reduced torsion angles between the adjacent units and hence the energy
levels are affected in various degrees.” In thin film, polymers exhibited
emission maximum in the order of P(EDOT-BZQX) > P(EDOT-PHQX) >
P(EDOT-ACEQX). The red shift of emission of these alternating copolymers
is not in consistence with the increasing order of acceptor strength of
quinoxaline units. The variation in emission maximum of P(EDOT-BZQX)
could be due to better delocalization and thus better intramolecular charge

transition.
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The most reliable method for determining the quantum yield is the
comparative method proposed by Willams ez al.,>* which involve the use of
well-known studied samples with known quantum yield (®) values. The
absolute PL quantum yield of the polymers in solution was estimated by
plotting the magnitude of the integrated fluorescence intensity against
solution absorbance. Absolute values were calculated using the standard
sample, rhodamine 6G (®gq = 0.75 in chloroform),” according to the

following equation (1),

B Grad )
a Grad,,

4, x
where, the subscripts ‘p” and ‘std” denote polymer and standard, respectively
and ‘Grad’ is the gradient from the plot of integrated fluorescence intensity vs.
absorbance. The quantum yield of P(EDOT-ACEQX), P(EDOT-BZQX) and
P(EDOT-PHQX), was obtained to be 0.21, 0.20 and 0.29, respectively. No
systematic variation in the PL quantum yield with acceptor strength of

quinoxaline units was observed.

4.2.9. Thermal properties

The thermal stability of the copolymers was investigated by both TGA
and DSC. The TG traces of copolymers are depicted in Fig. 4.9. As shown
in the figure, the copolymers reveal step wise degradation. DSC is devoid of
any characteristic peak in the temperature range of 40 and 200 °C. This
confirms the suitability in device applications. On the basis of TGA
exotherm, the thermal decomposition temperature for P(EDOT-ACEQX),
P(EDOT-BZQX) and P(EDOT-PHQX) were determined to be 146, 328 and

140 °C, respectively, choosing 5% weight loss at the onset loss point. The
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P(EDOT-ACEQX) copolymer showed the degradation temperature at 173,
402 and 440°C. While P(EDOT-BZQX) showed the degradation temperature
of 406 and 435 °C. Whereas the copolymer P(EDOT-PHQX) showed the
significant weight losses at 170, 250, 390 and 440 °C. The lower thermal
stability of quinoxaline copolymers could be attributed to the presence of
azomethine bonds which are highly prone to degradation. The copolymer,
P(EDOT-BZQX) displayed more thermal stability than P(EDOT-ACEQX)
and P(EDOT-PHQX), owing to the lack of ring strain in phenyl substituted

quinoxaline when compared to the others.
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Fig. 4.9: TG traces of polymers (a) P(EDOT-ACEQX),
(b) P(EDOT-BZQX) and (c) P(EDOT-PHQX).

4.2.10. Non-linear optical properties

The third-order NLO parameters of EDOT-quinoxaline copolymers
were investigated using z-scan technique. To study the non-linear optical
absorption of polymers, the open aperture (OA) z-scan technique was
conducted at 532 nm. The OA trace of quinoxaline copolymers in dilute

CHCl; (A) and as thin film (B) is shown in Fig. 4.10.
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Fig. 4.10: Open aperture z-scan traces of (a) P(EDOT-ACEQX), (b) P(EDOT-
BZQX) and (¢) P(EDOT-PHQX), in solution (A) and as film (B) at
112 pJ.

In solution phase, copolymers depict a normalized transmittance
valley, indicating the reverse saturation (RSA) type of absorption with a
positive NLO absorption coefficient. However, the z-scan data of copolymer
film show enhanced transmittance at the focus, indicating saturation
absorption (SA) type behaviour with a negative NLO absorption coefficient.
The switch over from RSA to SA could be attributed to ground state band
bleaching of polymers in film phase.’® The normalized transmittance for the
standard OA z-scan’’ is expressed by the equation (2) (equation (3), given in
section 2.2.7.). The theoretical curves obtained with the equation (2)
(equation (3), given in section 2.2.7.) were fitted with the experimental data
for SA and RSA and the effective non-linear absorption coefficients, 3 for
the copolymers were calculated. Also the imaginary part of the third-order

(3))57

susceptibility (Im y of copolymers is determined by equation (3)

(equation (4), given in section 2.2.7.).

Closed aperture (CA)®’ z-scan measurements with aperture in front of

the detector were performed to study the non-linear refractive index of the
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polymers in CHCI; Fig. 4.11 shows the CA traces of EDOT-quinoxaline
copolymers in CHCl;. The CA traces show the transmittance maximum
(peak) followed by transmittance minimum (valley) pattern for all the
solutions. Thus, all the copolymers exhibited strong self-defocusing
behaviour and negative non-linear refraction coefficient, n, as revealed in
the peak-valley patterns. Since the CA transmittance is affected by both
non-linear refraction and non-linear absorption, it is necessary to eliminate
the effect of non-linear absorption from that of non-linear refraction. This could
be achieved by dividing the CA z-scan data by the corresponding OA data. The
normalized transmittance, T(z) for non-linear refraction’’ is given by the
relation (4) (equation (5), given in section 2.2.7.). The non-linear refractive
index (my), the real parts of 4 ® (ReX®) and third-order non-linear
susceptibility (#’) of EDOT-quinoxaline copolymers is calculated by the
following equations (5)-(7)"’ (equations (6)-(8), given in section 2.2.7.).
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Fig. 4.11: Closed aperture z-scan traces of (A) P(EDOT-ACEQX), (B) P(EDOT-
BZQX) and (C) P(EDOT-PHQX) at 112 pJ.

The calculated values of non-linear absorption coefficient (B, m/W),
the non-linear refraction coefficient (n,, esu) and the third-order non-linear
susceptibility (£, esu) at 112 pJ are given in Table 4.4. The B value of
P(EDOT-ACEQX), P(EDOT-BZQX) and P(EDOT-PHQX) is obtained to
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be 1.58x10™°, 0.4x 107" and 2.54x 10" m/W, respectively. Furthermore,
the £ value is found to be 0.82x10™", 1.46x10™" and 1.17x10"" esu,
respectively. Copolymers show strong optical non-linearity, due to donor-
acceptor scheme. Here, non-linearity is mainly due to the charge transfer
from donor to acceptor unit, i.e., due to strong delocalization of & electrons.
The results also indicate that the structure of the copolymers have great
impact on NLO properties. In film, saturation intensity (Is) was calculated
using the equation Is = -a,/ 2 and it was found to be 1.3x10°, 1.6x10° and
1.47x10° W/m® for P(EDOT-ACEQX), P(EDOT-BZQX) and P(EDOT-
PHQX), respectively, that too not in the order of acceptor strength.

Table 4.4: Values of non-linear absorption, non-linear refraction, and non-

linear susceptibility of P(EDOT-ACEQX), P(EDOT-BZQX) and
P(EDOT-PHQX) at 112 pJ intensity.

Copolymer Non-linear Non-linear Imaginary Real part of Non-linear
absorption refractive part of non- non-linear susceptibility
coefficient index linear susceptibility ( ;((3), esu)

(B, m/W) (my,esu)  susceptibility (Re y ), esu)
(Im y @, esu)

P(EDOT-ACEQX) 1.58x 10" -047x10" 0.04x10™  -0.72x10""  0.82x10™"
P(EDOT-BZQX) 2.4x10" -095x10" 0.01x10™  -142x10"  1.46x10"

P(EDOT-PHQX) 2.54x10™"° -0.64x10" 0.06x10"  -1.0x10™" 1.17x 10"
p3* 1.57x10™"
p2° 9.4x 10" 2.7x10™M
TPD-PFE* 57x10™
p¢ 3.0x10™ 6.25x 10"
PI° 1.3x10™

HMePc' 57%x10" 3.6x10™" 1.9x10™" 4.07x 107"

"Reproduced from ref. 58, bReproduced from ref. 59, “Reproduced from ref. 60,
Reproduced from ref. 61, “Reproduced from ref. 62, "Reproduced from ref. 63.

The results revealed that the copolymers investigated in the present

study have a good non-linear optical response and are comparable to or even
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better than the D-A copolymers reported in the literature (given in Table 4.4),
and hence could be chosen as ideal candidates with potential applications

for non-linear optics.
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Fig. 4.12: The open-aperture z-scan traces of (A) P(EDOT-ACEQX),
(B) P(EDOT-BZQX) and (C) P(EDOT-PHQX) at (a) 55, (b) 112 and
(c) 141 pJ input fluences.

Fig. 4.12 shows variation of non-linear transmission of copolymers at
different input fluences (55, 112 and 141 pJ). The calculated values of 3 at
different fluences are gathered in Table 4.5. From the results it is clear that
there is considerable variation in the non-linear absorption with input

fluences.

Table 4.5: Calculated values of non-linear absorption coefficient of P(EDOT-
ACEQX), P(EDOT-BZQX) and P(EDOT-PHQX) at 55, 112 and
141 pJ intensity.

Polymer p(m/W)at55pud B (m/W)at112 pJ B (m/W) at 141 pJ
P(EDOT-ACEQX) 1.38x10™"° 1.58x10™° 2.12x101°
P(EDOT-BZQX) 0.62x10™" 2.4%x107° 3.6x107°
P(EDOT-PHQX) 1.76x10™" 2.54x10™° 5.27x101°
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4.2.11. Optical power limiting

To investigate the optical limiting property of the polymers, the non-
linear transmission is measured as a function of input fluence. 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 absorptive non-linearity, which corresponds to the imaginary
part of third-order susceptibility,’* i.e., it could be due to TPA, free carrier
absorption, RSA, self-focusing, self-defocusing or induced scattering. Thus,
the optical limiting property of EDOT-quinoxaline copolymers was studied
by a standard OA z-scan technique at 532 nm. As shown in Fig. 4.13, the
approximate fluence at which the normalized transmission begins to deviate
from linearity corresponds to optical limiting threshold and it is found to be
0.41, 0.35 and 0.41 GW/cm® for P(EDOT-ACEQX), P(EDOT-BZQX) and
P(EDOT-PHQX), respectively, which are not in the order of acceptor
strength of quinoxaline unit. In conjugated polymeric materials, electrons
can move in the molecular orbitals, which results from the linear
superposition of the carbon p, atomic orbitals. This leads to high optical
non-linearity, which increases with conjugation length.® On the other hand,
non-linearity is the result of an optimum combination of various factors
such as m-delocalization length, donor-acceptor groups, dimensionality,
conformation, and orientation for a given molecular structure.”*® The
results indicate that these polymers can be used for optical power limiting at

high laser fluences.
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Fig. 4.13: Optical limiting curves of (a) P(EDOT-ACEQX),
(b) P(EDOT-BZQX) and (c¢) P(EDOT-PHQX).

4.3. Materials and methods
4.3.1. Materials

3,4-Ethylenedioxythiophene (EDOT, Aldrich, 98 %), o-phenylene
diamine (Merck, 98 %), tetrabutyl ammonium bromide (TBAB, Avra
synthesis Pvt. Ltd., 98 %), sodium acetate (anhydrous) (Spectrochem
Pvt. Ltd.), triethyl amine (Spectrochem Pvt. Ltd.), palladium (II) acetate
(Aldrich, 99.98 %), tetrabutylammonium hexafluorophosphate (BusNPFg,
Aldrich, >99 %), thionyl chloride (SOCl,, Merck, 97 %), hydrobromic acid
(HBr, Spectrochem Pvt. Ltd., 47 %), bromine (Merck), sodium borohydride
(NaBH.4, Merck, 98%), ethanol absolute (Merck), diethyl ether (Spectrochem
Pvt. Ltd.), magnesium sulphate (anhydrous) (MgSOs4, Spectrochem Pvt.
Ltd.), acenaphthenequinone (Aldrich), benzil (Aldrich, 98 %), phenanthrene-
9,10-dione (Aldrich, 95 %) and glacial acetic acid were used as received.

Acetonitrile HPLC grade (CH3CN, Aldrich), dimethyl acetamide (anhydrous)
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(DMAc, Spectrochem Pvt. Ltd), chloroform (CHCl;, Spectrochem Pvt.
Ltd.), dicholoromethane (CH,ClL,, Spectrochem Pvt. Ltd.), tetrahydrofuran
HPLC grade (THF, Spectrochem Pvt. Ltd.), hexane (Spectrochem Pvt. Ltd.)
and methanol (anhydrous) (MeOH, Spectrochem Pvt. Ltd.) were dried and

distilled when necessary according to the standard procedures.

4.3.2. Computation methods

Theoretical calculations were done using computational methods,

which has been described in section 2.3.4.

4.3.3. Chemical procedures
4.3.3.1. Synthesis of 5,8-dibromoacenaphthyl quinoxaline (ACEQX) (8):

A solution of 2,3-diamino-1,4-dibromobenzene (4) (0.15 g, 0.56 mmol)
(section 3.3.3.3) and acenaphthenequinone (5) (0.10 g, 0.55 mmol) in
ethanol (20 mL) and few drops of glacial acetic acid was heated to reflux for
1h, and cooled to 0 °C. The precipitate formed was separated by filtration
and washed with ethanol to afford 5,8-dibromoacenaphthyl quinoxaline (8)
as light yellow solid.

Yield 70 %
'"H NMR (400 MHz, CDCL;) : & 8.54 (d, 2H), 8.15 (d, 2H), 7.92
(s, 2H), 7.89-7.86 (m, 2H).

4.3.3.2. Synthesis of 5,8-dibromo-2,3-diphenyl quinoxaline (BZQX) (9):

A solution of 2,3-diamino-1,4-dibromobenzene (4) (1.0 g, 3.8 mmol)
(section 3.3.3.3) and benzil (6) (0.80 g, 3.8 mmol) in ethanol (40 mL) and

few drops of glacial acetic acid was heated to reflux for 1h, and cooled to
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0 °C. The precipitate formed was isolated by filtration and washed with
ethanol to afford 5,8-dibromo-2,3-diphenyl quinoxaline (9) as light yellow
solid.

Yield £ 60 %
M. P. £ 221 °C.
"H NMR (400 MHz, CDCL) : 8 7.92 (s, 2H), 7.64 (m, 4H), 7.37 (m, 6 H).

4.3.3.3. Synthesis of 10,13-dibromodibenzofa,c]phenazine (PHQX) (10):

A solution of 2,3-diamino-1,4-dibromobenzene (4) (1.03 g, 3.9 mmol)
(section 3.3.3.3) and phenanthrene-9,10-dione (7) (0.81 g, 3.9 mmol) in
42 mL ethanol/acetic acid (20:1) was heated to reflux for 2 h, and cooled to
0 °C. The precipitate formed was isolated by filtration and washed with
ethanol to afford 10,13-dibromodibenzo[a,c]phenazine (10) as yellow solid.

Yield 2 72 %.

M.P. :317°C

"H NMR (400 MHz, CDCL) : & 9.48 (dd, J1=8 Hz, ]2=1.2 Hz, 2 H),
8.57 (dd, J1=8 Hz, J2=0.8 Hz, 2 H),
8.04 (s, 2H), 7.87-7.83 (dt, J1=15.2 Hz,
J2=1.6 Hz, 2 H), 7.81-7.77 (dt, J1=13.2
Hz, J2=1.2 Hz, 2 H).

4.3.3.4. Synthesis of PLEDOT-ACEQX) (12):
To a stirred solution of EDOT (11) (0.024 g, 0.17 mmol) in 10 mL
DMAc was added TBAB (0.05 g, 0.17 mmol) and sodium acetate (0.05 g,

0.68 mmol). The reaction mixture was stirred at room temperature for

30 min followed by addition of 5,8-dibromoacenaphthyl quinoxaline (8)
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(0.07 g, 0.17 mmol) and 10 % palladium acetate (0.003 g). The reaction
mixture was stirred at 90 °C for 48 h. The reaction mixture was cooled to
room temperature and poured in to methanol (20 mL). The precipitate was
filtered and washed with methanol. The polymer was purified by soxhlet
extraction using hexane and methanol for 24 h. The residue was dissolved in

minimum amount of CHCl; and precipitated using methanol and dried under

vacuum.
Yield £ 40%
FT-IR (Vaa/cm') : 3055br (C-H ar), 2949s (C-H),

1551w (C-C/C=N), 1062s and

905w (C-0), 16590br (conjugation).
"H NMR (400 MHz, d8-THF) : & (ppm): 4.3 (m, 2H), 4.5 (m, 2H),

7.6 (s, 1H), 7.8 (m, 2H), 8.1 (m, 2H),

8.4 (m, 2H), 8.7 (m, 2H).

4.3.3.5. Synthesis of P(EDOT-BZQX) (13):

To a stirred solution of EDOT (11) (0.024 g, 0.17 mmol) in 10 mL
DMAc was added TBAB (0.05 g, 0.17 mmol) and sodium acetate (0.05 g,
0.68 mmol). The reaction mixture was stirred at room temperature for 30 min
followed by addition of 5,8-dibromo-2,3-diphenylquinoxaline (9) (0.074 g,
0.17 mmol) and 10% palladium acetate (0.003 g). The reaction mixture was
stirred at 90 °C for 48 h. The reaction mixture was cooled to room
temperature and poured in to methanol. The precipitate was filtered and
washed with methanol. The polymer was purified by soxhlet extraction
using hexane and methanol for 24 h. The residue was dissolved in minimum

amount of CHCl; and precipitated using methanol and dried under vacuum.
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Yield : 45 %,

FT-IR (Vmay/cm’™) : 3055br (C-H ar), 2951s (C-H),
1567w (C-C/C=N), 1062s and 905w
(C-0), 1651br (conjugation).

"H NMR (400 MHz, d8-THF): & (ppm): 4.5 (m, 4H), 6.9 (s, 1H), 7.0
(m, 2H), 7.4 (m, 2H), 7.6 (m, 2H),
8.7 (m, 2H).

4.3.3.6. Synthesis of P(EDOT-PHQX) (14):

To a stirred solution of EDOT (11) (0.024 g, 0.17 mmol) in 10 mL
DMAc was added TBAB (0.05 g, 0.17 mmol) and sodium acetate (0.05 g,
0.68 mmol). The reaction mixture was stirred at room temperature for
30 min followed by addition of 10,13-dibromodibenzo[a,c]phenazine (10)
(0.074 g, 0.17 mmol) and 10% palladium acetate (0.003 g). The reaction
mixture was stirred at 90 °C for 48 h. The reaction mixture was cooled to
room temperature and poured in to methanol. The precipitate was filtered
and washed with methanol (20 mL). The polymer was purified by soxhlet
extraction using hexane and methanol for 24 h. The residue was dissolved in
minimum amount of CHCl; and precipitated using methanol and dried
under vacuum.
Yield 135 %.
FT-IR (Vpa/cm™) : 3052br (C-H ar), 2956s (C-H),
1537w (C-C/C=N), 1062s and 905w
(C-0), 1636br (conjugation).

"H NMR (400 MHz, d8-THF): & (ppm): 4.7 (m, 4H), 6.9 (s, 1H), 7.1
(m, 2H), 7.6 (m, 2H), 7.7 (m, 2H),
7.8 (m, 2H).
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4.3.4. Instrumentation

EDOT-quinoxaline copolymers were characterized by instrumentation

methods which have been described in section 2.3.3.

4.3.5. NLO Measurements

NLO properties were measured by methods which have been described

in section 2.3.6.

4.4. Conclusions

Three alternating D-A EDOT-quinoxaline copolymers were
designed and have been synthesized by an economic method, direct
arylation from the corresponding EDOT and quinoxaline monomers. The
electronic structure of copolymers were calculated using HSE06/6-31G
and B3LYP/6-31G method. Theoretically predicted values are in good
agreement with the optical band gap. The copolymers, P(EDOT-
ACEQX), P(EDOT-BZQX), and P(EDOT-PHQX) exhibited electrochemical
band gap of 1.05, 1.0 and 0.99 eV, respectively. The reduction in band
gap is the function of the acceptor strength of the quinoxaline unit. Third-
order non-linear optical parameters of EDOT-quinoxaline copolymers were
studied by z-scan technique. The z-scan results imply that the
copolymers exhibited negative non-linear absorption and the p value was
obtained to in the order of 10" m/W. The non-linear refractive index of

copolymers was found to be negative and it was in the order of 10" esu.
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Chapter 5

Third-order Non-linear Optical Properties of
EDOT-Thiophene Copolymers*

Abstract

Alternate copolymers of thiophene (TH) and 3-methyl thiophene (MeTH) with EDOT
(3,4-ethylenedioxythiophene) were synthesized via a simple and facile route, i.e., direct
arylation and their electronic and third-order non-linear optical properties were
investigated. The resultant copolymers, P(EDOT-TH) and P(EDOT-MeTH) were
characterized by FI-IR, 'H NMR, and XPS. The photophysical, thermal and
electrochemical characterizations were performed to highlight the structural attributes
to the electronic properties of the copolymers. The band structure of the homopolymers
and copolymers have been investigated by quantum mechanical calculation using
density functional theory (DFT) at B3LYP/6-31G level. The copolymers revealed low
band gap and better electronic properties as compared to the homopolymers. The
introduction of EDOT unit in the polythiophene leads to decreased HOMO-LTUMO
energy levels, and the absorption spectra was red shifted when compared with that of
the parent compound. The third-order optical non-linearities of EDOT-thiophene
copolymers were studied by z-scan method under nanosecond excitation. The non-linear
absorption and non-linear refraction coefficient of copolymers have been investigated at
532 nm. The optical limiting properties of copolymers have also been measured. The
copolymers exhibited strong optical non-linearity owing to the presence of alternate
donor-r-acceptor scheme in the polymers.

* Third-order Non-linear Optical Properties of EDOT-thiophene Copolymers, Sona Narayanan,
Sreejesh Poikavila Raghunathan, Sebastian Mathew, Krishnapillai Sreekumar, Cheranellore
Sudha Kartha, Rani Joseph, Polymer International. (Under Review)
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5.1. Introduction

A great deal of attention was focused on donor-acceptor polymers owing
to the broad spectrum range and commercial applications in photovoltaics,'™
light emitting diodes (LEDs),” and electrochromic devices.”® EDOT bearing
copolymers have received a great deal of research interest because of their

potential application in opto-electronic devices.”"'

Several synthetic
strategies have been described for the modification of polymer backbone.
Structural modifications can be done by altering the planarity of backbone
as a function of steric hindrance, increasing the conjugation length by means
of fused heterocyclic rings, the attachment of electron-donating and/or
electron-accepting group to the repeating unit or by copolymerization of
different monomers. Band structure engineering by copolymerization is
ideally suited to develop narrow band gap polymers with broad band
spectrum. This strategy enables the fine-tuning of band gap and leads to an
interesting combination of properties. The copolymerization of EDOT and

thiophene has been studied in several reports.'*"*

Herein, the copolymerization
of thiophene and 3-methyl thiophene by direct arylation is described with a
view to improve the electronic properties of the copolymers. The opto-
electronic properties of the conjugated polymers mainly depend on the
HOMO and LUMO energy levels. In this chapter, it was aimed to
investigate the effects of EDOT units on the band structure of thiophene and
3-methyl thiophene homopolymers. The structural characterization was carried
out with various spectral techniques. Electronic structure and properties of

resultant copolymers were investigated through DFT calculation at B3LYP/6-
31G level of theory.
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Materials possessing large third-order non-linear optical (NLO)
coefficients have been subjected to extensive study as regards their potential

15,16

applications in optical switching, three dimensional (3D) fluorescence

imaging,'” 3D optical data storage,'® 3D lithographic micro fabrication,'*’
and optical power limiting.*' > Among the wide range of NLO materials, ©
conjugated organic molecules appear as most promising because of their
potentially large third-order susceptibility, fast response time and
processablity.®” Several design strategies available for getting large optical
non-linearity in organic molecules are donor-acceptor-donor (D-A-D),
donor-n-donor (D-n-D), donor-m-acceptor (D-m-A) and acceptor-donor-

acceptor (A-D-A) arrangements.***’

This in turn intrigued our research
interest in third-order NLO properties of EDOT/thiophene copolymers. The
values of the effective non-linear optical absorption, refraction coefficients
and the third-order non-linear susceptibility of P(EDOT-TH) and P(EDOT-

MeTH), determined using z-scan technique, are reported here.

5.2. Results and Discussion

5.2.1. Electronic structure of model compounds

Theoretical calculation based on DFT® was employed to investigate
the electronic properties of model compounds. To gain more insight into the
structural dependence on the energy band gap of the oligomers, the
geometry optimizations were carried out at B3LYP’'?%/6-31G level of
theory as implemented in Gaussian 09 package.’® Fig. 5.1 compares the
highest occupied molecular orbital (HOMO), lowest unoccupied molecular
orbital (LUMO) energy levels and band gap of model compounds and the

monomer units.
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Fig. 5.1: Energy levels of EDOT, EDOT-TH, EDOT-MeTH, TH and MeTH units.

As expected, the introduction of electron donating EDOT unit and
thereafter the more planar conformation lift the HOMO energy level and
lower the LUMO energy level of thiophene and 3-methyl thiophene. The
HOMO level of EDOT-TH and EDOT-MeTH is elevated by a factor of 0.78
and 1.02 eV, respectively, than with TH and MeTH unit. The LUMO level
is lowered by a factor of 0.84 and 1.14 eV, respectively. This effect is much
pronounced in the case of 3-methyl thiophene than with thiophene unit.
Thus, the introduction of EDOT unit, leads to lowering of band gap. The
electron donating moiety; EDOT enhances the extended conjugation over
the whole molecule by decreasing the dihedral angle between the two
neighbouring units and thus stabilizes the LUMOs. This facilitates the
overlap between the levels and enhanced absorption occurs at the lowest
optical transition. This can be visualized in Fig. 5.2. Here, the electron
density isocountours of EDOT-TH and EDOT-MeTH indicated that HOMO
and LUMO wave function is distributed over both EDOT and thiophene
units. Indeed, the insertion of EDOT unit leads to delocalization of the
electron density distribution and therefore, a lowering of band gap is an

indication of superior charge transfer properties of monomers.
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Fig. 5.2: Frontier molecular orbital distribution of monomeric units
of P(EDOT-TH) and P(EDOT-MeTH) by B3LYP/6-31G
method.

5.2.2. Band structure of copolymers

In order to analyse the electronic properties of copolymers in detail,
theoretical calculations have been performed using DFT and PBC calculation
at the B3LYP/6-31G level. Here, the effects of EDOT units in the
poly(thiophene) (PTH) and poly(3-methyl thiophene) (PMeTH) have been
investigated. The evolved band structure of the copolymers is depicted in

Fig. 5.3.
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Fig. 5.3: Band structure of (A) P(EDOT-TH) and (B) P(EDOT-MeTH) by
B3LYP/6-31G method.
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To correlate the electronic properties (HOMO/LUMO energy levels
and band gap) of copolymers and homopolymers, the results are gathered in
Table 5.1. The Ionization potential (negative of HOMO energy) and the
electron affinity (negative of LUMO energy) are also calculated at the
B3LYP/6-31G level and summarized in Table 5.1.

Table 5.1: Computational data of P(EDOT-TH) and P(EDOT-MeTH) estimated
by B3LYP/6-31G method.

Polymer HOMO (¢V) LUMO (eV) BG (eV) IP(eV) EA (eV)
P(EDOT-TH) 4.12 2.38 1.74 412 2.38
P(EDOT-MeTH)  -3.98 2.26 1.72 398  2.26
PTH 4.73 2.87 1.86 473 2.87
PMeTH -4.40 2.60 1.80 4.4 2.6

The HOMO energy level of P(EDOT-TH) and P(EDOT-MeTH) are
-4.12 and -3.98 eV, differed by 0.61 and 0.42 eV and the LUMOs are -2.38
and -2.26 eV, differed by 0.49 and 0.34 eV, respectively as far as the energy
levels of homopolymers are concerned. As expected, the copolymers
revealed low band gap (1.74 and 1.72 eV) than the homopolymers,
poly(thiophene) (1.86 eV) and poly(3-methyl thiophene) (1.80 eV). The
higher the HOMO level, the better the hole injection and transportation in
the material. The ionization potential, the energy required to create a hole in
the polymers, P(EDOT-TH) and P(EDOT-MeTH) are 4.12 and 3.98 eV,
respectively, which are lower to that in PTH (4.73 eV) and PMeTH
(4.4 eV). Hence, the hole injection and transportation in EDOT-thiophene

copolymers are expected to be bettter than the homopolymers.

\\\\ Department of Polymer Science and Rubber Technology, CUSAT



Third-order Non-linear Optical Properties of EDOT-Thiophene Copolymers

5.2.3. Polymer Synthesis

d o o 0
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2
1 P(EDOT-TH) (4)
O o H3C O O
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1 3 CHs

P(EDOT-MeTH) (5)
Scheme 1: Synthesis of PEEDOT-TH) and P(EDOT-MeTH).

The copolymers, P(EDOT-TH) and P(EDOT-MeTH) were synthesized
via, economic and facile route, direct arylation method. The synthesis routes
are shown in Scheme 1. The copolymers were purified by soxhlet extraction
and characterized using FT-IR, "H NMR, XPS and GPC analysis. The GPC
data and the polymerization results are summarized in Table 5.2. The
copolymers show amenable solubility in solvents such as THF, chlorobenzene

and 1, 2-dichlorobenzene (50 mg/mL).

Table 5.2: Results of polymerization of EDOT with TH and MeTH.

Copolymer Mn Mw PDI Yield (%)
P(EDOT-TH) 4500 7115 1.58 62
P(EDOT-MeTH) 5800 16847 2.05 65

"Determined by GPC in THF based on polystyrene standards.
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5.2.4. Structural characterization

FT-IR spectra of the copolymers are depicted in Fig. 5.4. As shown
in the FT-IR spectra of P(EDOT-TH) and P(EDOT-MeTH) copolymers,
aliphatic C-H stretching bands of ethylenedioxy group were observed at
2966 and 2955 cm’, respectively. The FT-IR spectrum of P(EDOT-TH)
showed bands at 1082 and 768 cm’, characteristic of C-O and C-S
stretching vibrations, respectively. Whereas, P(EDOT-MeTH) showed the
C-O and C-S stretching vibration at 1077 and 774 cm™, respectively. The
coupled C-C stretching of P(EDOT-TH) and P(EDOT-MeTH) appear at
1231 and 1227 cm™, respectively. The broad bands observed at 1649 and

1638 cm’" attest the polyconjugation in the thiophene copolymers.
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Fig. 5.4: FT-IR spectra of (a) P(EDOT-TH) and (b) P(EEDOT-MeTH).

The '"H NMR spectra of P(EDOT-TH) and P(EDOT-MeTH) are
shown in Fig. 5.5. From the spectra, it could be seen that the polymers
showed a broad peak in the region 6 4.2-4.4 ppm, which is due to -OCH;-
protons of EDOT unit. Also, P(EDOT-TH) and P(EDOT-MeTH) exhibited
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multiple peaks in the region 6 6.9-7.1 ppm, which are due to the aromatic

protons of thiophene units.
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Fig. 5.5: "H NMR spectra of (A) PEEDOT-TH) and (B) P(EDOT-MeTH).

P(EDOT-MeTH) showed an added peak at & 2.1-2.2 ppm which is
characteristic of methyl group of 3-methyl thiophene moiety. XPS
investigations were performed to evaluate the surface composition of
copolymers in detail. As seen in XPS results (Fig. 5.6), the signals observed
at 285 eV, is due to the carbon atoms belonging to aromatic carbon elements
of the polymeric conjugated backbone. The Ols signals were observed at
532 eV, assigned to C-O bonding in the copolymers. The 2p and 2s core
levels of S atom of polymers have the signals at 167 and 228 eV,
respectively.” As observed from the XPS spectra, there is no contaminants
at the expected area (334 and 349 eV), which confirms the complete
removal of palladium catalyst. The results of FT-IR, '"H NMR and XPS
studies clearly indicated that the copolymerization was successfully

achieved.
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Fig. 5.6: XPS survey scans of (a) P(EDOT-TH) and (b) P(EDOT-MeTH).

5.2.5. Photophysical properties

Absorption spectra of copolymers in THF solution and as thin films

are shown in Fig. 5.7.
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Fig. 5.7: Absorption spectra of copolymers in solution, (a) P(EDOT-TH) and

(b) P(EDOT-MeTH) and as film, (¢) P(EDOT-TH) and (d) P(EDOT-
MeTH).

Both copolymers, P(EDOT-TH) and P(EDOT-MeTH) showed a broad ICT

transition maxima centered around 453 nm with the optical band gap of2.10

156 \\\}
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and 2.06 eV, respectively, determined from the onset of absorption in
solution. To gain more insight into the self-assembly and morphology of
copolymers in the solid state, absorption spectra were measured using thin

films.

The copolymers showed intramolecular charge transfer band centered
around 463 nm with band edge at 678 nm (1.82 eV), which is lower than
PTH (2.1 ¢V)*® and PMeTh (2.0 eV).>” The magnitude of the optical band
gap primarily reflects the extent of intramolecular m electron conjugation
and the presence of well-defined band structure. The red shift in absorption
indicated the enhanced molecular order along the conjugated backbone. The
optical band gaps are in good agreement with the theoretical prediction.
Thus, introduction of EDOT unit into the PTH backbone causes reduction in
band gap as well as yielded better electronic properties. Fluorescence
emission of copolymers in THF solution is shown in Fig. 5.8. The
copolymers, P(EDOT-TH) and P(EDOT-MeTH) showed distinct emission
at 564 and 586 nm, respectively.
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Fig. 5.8: PL spectra of (a) PEEDOT-TH) (b) P(EDOT-MeTH).
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5.2.6. Electrochemical studies

The electrochemical behaviour of the copolymers was investigated
using cyclic voltammetry (CV), differential pulse voltammetry (DPV), and
square wave voltammetry (SWV) methods and the results are summarized in
Table 5.3. The HOMO energy level of P(EDOT-TH) and P(EDOT-MeTH)
were calculated to be -4.83 eV (DPV). The LUMO energy levels were
observed at -3.40 and -3.41 eV, respectively. Thus, the electrochemical band
gap of P(EDOT-TH) and P(EDOT-MeTH) are determined to be 1.42 and
1.40 eV, respectively. From the table, it could be seen that HOMO levels of
copolymers were elevated and LUMO levels were lowered by the addition of
EDOT unit to polythiophene backbone. This implies that the introduction of
EDOT unit significantly affects the electron distribution and hence the
electronic properties. The DPV and SWV estimated band gaps were found to
be smaller than those determined by CV, due to reduced back ground current
and sharper redox onset. The obtained electrochemical band gaps are not in
good agreement with the optical band gap as well as the predicted band gap.
The predicted band gaps are actually obtained for the isolated gas phase chains
and the difference in the mechanism of optical excitation and electrochemical

oxidation/reduction processes in the system under study leads to this mismatch.

Table 5.3. Electrochemical data of P(EDOT-TH) and P(EDOT-MeTH).

Polymer Oxidation HOMO Reduction LUMO BG
onset (V) (eV) onset (V) (eV) (eV)
P(EDOT-TH) 0.50° -4.90° -1.12° 3280 1.62°
0.43° -4.83° -0.99° 3.40°  1.42°
0.57° -4.97° -0.88° 3.52° 1.45°
P(EDOT-MeTH)  0.48° -4.88" -1.09* 3310 1.57°
0.43° -4.83° -1.0° 3.41°  1.40°
0.57° -4.97° -0.81° -3.59° 1.38°
PTH 0.50¢ -4.90¢ -1.6¢ -2.8¢ 2.1¢

“determined by CV, °determined by DPV, “determined by SWV, ‘Reproduced from ref. 38.
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5.2.7. Thermal properties

The thermal properties of the copolymers were investigated using
DSC and TGA. DSC is devoid of any characteristic peak in the temperature
range of 40 and 200 °C. The TG traces are shown in Fig. 5.9. As observed in
the figure, the copolymer underwent step wise degradation. The decomposition
temperatures (defined as 5 wt% loss) were determined at 303 and 223 °C for
P(EDOT-TH) and P(EDOT-MeTH), respectively, which is higher than
PEDOT. TG traces display that P(EDOT-TH) possess higher thermal
stability than P(EDOT-MeTH). Both the copolymers were found to be

moderately stable to thermal changes or degradation.
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Fig. 5.9: TG traces of (a) PEEDOT-TH) and (b) P(EDOT-MeTH).

5.2.8. Non-linear optical properties

The third-order NLO properties of EDOT/thiophene copolymers were
investigated using z-scan technique. The non-linear transmission of polymers
without aperture (open aperture, OA) was measured in the far field as the
sample was moved through the focal point at 532 nm. The OA traces of
EDOT/thiophene copolymers in dilute CHCl; (a) and as thin film (b) are
presented in Fig. 5.10.
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Fig. 5.10: Open aperture z-scan traces of (a) P(EDOT-TH) and (b) P(EDOT-
MeTH) in solution (A) and as film (B) at 112 pJ.

As seen in the figure, the two polymers showed a normalized
transmittance valley of light. From the OA traces, it can be concluded that
polymers are reverse saturation absorbers (RSA) with positive NLO
absorption coefficient, whereas, the copolymer film showed enhanced
transmission of light at the focus, indicating saturation absorption (SA) with
negative NLO absorption coefficient. Polymers showed complete switchover
from RSA to SA in film phase due to ground state band bleaching. z-scan
data were analysed by using the procedure described by M. S. Bahae et al.,”
and the non-linear coefficients were obtained by fitting the experimental
z-scan plot with the theoretical plots. The non-linear absorption coefficient,
B of the copolymer sample is obtained by fitting the experimental data using
equation (1) (equation (3), given in section 2.2.7). The imaginary part of the
third-order susceptibility (Im % ) of copolymers is determined by equation (2)

(equation (4), given in section 2.2.7).

The non-linear refractive (NLR) property of EDOT/thiophene
copolymers was evaluated by dividing the normalized z-scan data obtained

under closed aperture configuration by the normalized z-scan data obtained
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under open aperture configuration, shown in Fig. 5.11. The peak to valley
configuration of the traces indicates that the refractive index change of
copolymers is negative, signifying self-defocusing effect of polymer
samples. The normalized transmittance, T(z) for NLR is given by relation (3)
(equation (5), given in section 2.2.7). The effective non-linear refractive
index (ny), the real parts of 4 @ (Re £ and third-order non-linear
susceptibility (4 ) of EDOT/ thiophene copolymers are calculated by
following the equation (4)-(6) (equations (6)-(8), given in section 2.2.7).
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Fig. 5.11: Closed aperture z-scali (tr:':Jces of (a) P(EDOT-TH) and
(b) P(EDOT-MeTH) at 112 pJ.

The values obtained for non-linear absorption coefficient (B, m/W),
the non-linear refraction coefficient (n,, esu) and the third-order non-linear
susceptibility (£ ), esu) are given in Table 5.4. The B value of P(EDOT-TH)
and P(EDOT-MeTH) is obtained to be 3.11x10"° and 3.19x10"° m/W,
respectively. Furthermore, the £ @ value is found to be 1.27x10"" and

1.48x10™" esu, respectively. Copolymers showed strong non-linear absorption
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and non-linear refraction coefficient due to donor-m-acceptor scheme. In
D-n-A copolymers, non-linearity originates due to the intramolecular charge
transfer from donor to acceptor unit and delocalization of & electrons.

Table 5.4: Calculated values of non-linear absorption, non-linear refraction,

and non-linear susceptibility of P(EDOT-TH) and P(EDOT-
MeTH) at 112 pJ intensity.

Copolymer B (m/W)  n, (esu) Im y ® (esu) Rey ® (esu) y ® (esu)

P(EDOT-TH)  3.11x10™ -0.70x10™ 0.07x10"  -1.07x10" 127x10™"
P(EDOT-MeTH) 3.19x10™"° -0.85x10™ 0.07x10"  -131x10"" 1.48 x10™

5.2.9. Optical power limiting

To probe the optical limiting behaviour of EDOT/thiophene copolymers,
the non-linear transmission is measured as a function of input fluence under
OA z-scan configuration at 532 nm. Optical limiter can be used as chopper
for high energy inputs, i.e., once the input fluence exceeds optical limiting
threshold it becomes opaque. Therefore it could be developed as devices
which can protect human eye and high sensitive instruments from laser
induced damages. Optical limiting property has different origins such as two
photon absorption (TPA), free carrier absorption, RSA, self-focusing, self-
defocusing or induced scattering. The optical limiting performance of
copolymers exhibiting RSA behaviour is revealed in Fig. 5.12. The
approximate fluence at which the normalized transmission begins to deviate
from linearity is called optical limiting threshold and it is obtained to be

0.45 GW/cm” for both copolymers.
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Fig. 5.12: Optical limiting curves of (a) P(EDOT-TH) and
(b) P(EDOT-MeTH).

5.3. Experimental

5.3.1. Materials

3,4-Ethylenedioxythiophene (EDOT, Aldrich, 98 %), tetrabutylammonium
bromide (TBAB, Avra Synthesis Pvt. Ltd., 98%), sodium acetate
(anhydrous) (Spectrochem Pvt. Ltd.), palladium (II) acetate (Pd(OAc),,
Aldrich, 99.98 %), tetrabutylammonium hexafluorophosphate (BusNPFg,
Aldrich, >99 %), 2,5-dibromothiophene (Aldrich, 95%) and 2,5-dibromo-
3-methylthiophene (Aldrich, 97 %) were used as received. Acetonitrile
HPLC grade (CH3CN, Aldrich), dimethyl acetamide (anhydrous) (DMAc,
Spectrochem Pvt. Ltd.), chloroform (CHCl;, Spectrochem Pvt. Ltd.),
dicholoromethane (CH,Cl,, Spectrochem Pvt. Ltd.), tetrahydrofuran HPLC
grade (THF, Spectrochem Pvt. Ltd.), n-hexane (Spectrochem Pvt. Ltd.)
and methanol (anhydrous) (MeOH, Spectrochem Pvt. Ltd.) were dried

and distilled when necessary according to the standard procedures.
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5.3.2. Computation methods
Theoretical calculations were done using computational methods,

which has been described in section 2.3.4.

5.3.3. Polymer Synthesis
5.3.3.1. Synthesis of P(EDOT-TH) (4)

To a stirred solution of EDOT (1) (0.024 g, 0.17 mmol) in 10 mL
DMACc was added TBAB (0.055 g, 0.17 mmol) and sodium acetate (0.055 g,
0.68 mmol). The reaction mixture was stirred at room temperature for
30 min followed by addition of 2,5-dibromothiophene (2) (0.04 g, 0.17 mmol)
and 10 % 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
methanol (20 mL). The precipitate was filtered and washed with methanol.
The polymer was purified by soxhlet extraction using hexane and methanol
for 24 h. The residue was dissolved in minimum amount of CHCl; and
precipitated using methanol and dried under vacuum. A yield of 62 % was

observed.

5.3.3.2. Synthesis of P(EDOT-MeTH) (5)

To a stirred solution of EDOT (1) (0.024 g, 0.17 mmol) in 10 mL
DMACc was added TBAB (0.055 g, 0.17 mmol) and sodium acetate (0.055 g,
0.68 mmol). The reaction mixture was stirred at room temperature for
30 min followed by addition of 2,5-dibromo-3-methylthiophene (3) (0.05 g,
0.17 mmol) and 10 % 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 methanol (20 mL). The precipitate was filtered and washed

with methanol. The polymer was purified by soxhlet extraction using
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hexane and methanol for 24 h. The residue was dissolved in minimum
amount of CHCI3 and precipitated using methanol and dried under vacuum.

A yield of 65 % was observed.
5.3.4. Instrumentation

Copolymers were characterized by analytical and spectral methods

which have been described in section 2.3.3.

5.3.5. NLO Measurements

NLO properties were determined by methods which have been

described in section 2.3.6.

5.4. Conclusion

The synthesis and characterizations of copolymers containing EDOT
and thiophene units via the direct arylation method is reported. Their
electronic properties were investigated by DFT calculation at B3LYP/6-31G
level. The addition of EDOT to the PTH backbone causes fine tuning of
HOMO and LUMO energy levels. Also, the introduction of EDOT units
into the PTH conjugated backbone facilitated the broadening of absorption
spectrum in the polymer. Moreover, optical and electrochemical results
show that the copolymers have low band gap as compared to polythiophene.
This can be attributed to the rigid and planar molecular geometry induced in
the conjugated backbone by the incorporation of EDOT units. The
copolymers exhibit large refractive index coefficient and the third-order
non-linear susceptibility at 532 nm. Both the copolymers showed optical
limiting threshold of 0.45 GW/cm’, which confirms the suitability in optical
limiting devices. This indicates that these polymers can be used in non-linear

optical devices.
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Chapter 6

Novel Soluble Phenothiazine-Triazine
Copolymer: Synthesis and Third-order
Non-linear Optical Properties

Abstract

Novel soluble conjugated phenothiazine-N-piperidine substituted triazine copolymer,
(P(PH-1Z)) has been designed and synthesized via Suzuki coupling reaction. The
electronic properties of the copolymer were investigated by employing density
functional theory (DFT) in the periodic boundary condition (PBC) formalism at HSE06
and B3LYP level of theory. The copolymer showed good solubility in common organic
solvents like chloroform, tetrahydrofuran and chlorobenzene. Polymer showed broad
absorption spectrum with wavelength maximum at 395 nm with optical band gap of
2.5 and 2.3 eV in THEF solution and as thin film, respectively. The theoretically
calculated values were in good agreement with experimental results. In thin film, the
energy gap tends to narrow and the absorption and emission peaks are red shifted to
longer wavelengths due to the increase in planarity of the copolymer in thin film. The
copolymer, P(PH-1Z) showed third-order non-linear optical susceptibility and optical
limiting threshold of 1.27x 10°! esu and 0.22 GW)/cn?, respectively.
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6.1. Introduction

Organic © conjugated structures with 1,3,5-triazine as the core unit
have received significant attention due to their promising applications in
liquid crystalline materials,"” magnetic materials,” solar cells*® and light
emitting diodes (LEDs).”” Owing to their high thermal stability, polymers
containing 1,3,5-triazine unit are widely used in industry. Recently, some
new polymers bearing 1,3,5-triazine units have been reported.*' The 1,3,
5-triazine unit possesses high electron affinity,'> structural symmetry, high
thermal, mechanical and oxidative resistance.””"’ Unfortunately, these
features also lead to low solubility and processability. Insertion of
phenothiazine unit with bulky alkyl substituent imparts flexibility to this
copolymer. The 1,3,5-triazine unit in the polymer backbone favoured the

better electron injection and transportation in devices.”

Phenothiazines are a class of electron rich tricyclic nitrogen-sulphur
heterocycle compound with low oxidation potential, high luminescence and

photoconductivity. They are widely used as dyes, antioxidants, pharmaceuticals

18,19 20-22

etc These molecules are potential candidates for applications in LEDs,

»2% and organic field effect transistors.””*® The =

photovoltaic devices
conjugated organic compounds have emerged as promising candidates
due to their fast response time, large third-order susceptibility and

30 The NLO properties of organic molecules can be tuned

processability.
by adopting suitable synthetic strategies, such as donor—m—acceptor (D-m—A),
donor-n—donor (D-n-D), donor—acceptor—donor (D—-A-D), and acceptor—
donor—acceptor (A-D-A).>'? Here, we are mainly interested in the

alternating donor-acceptor copolymer since their optoelectronic properties
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can be tuned by efficient intramolecular charge transfer. The strong donor-
acceptor intramolecular interaction and delocalized n-electron system yields
NLO properties in m conjugated organic compounds. This in turn intrigued
our research interest in the third-order NLO behaviour of D-n-A type
copolymer, P(PH-TZ). In this paper, we discuss the electronic structure,
synthesis, optical and electrochemical properties of phenothiazine-triazine
copolymer and have demonstrated the applicability of the polymer as active

material in optical limiting devices.

6.2. Results and discussion

6.2.1. Theoretical calculation

All the DFT*’ calculations were carried with Gaussian 09°* program.

The monomer geometries were optimized by B3LYP/6-31G method.

. L't.‘" ¢ L:Lh’
LMo @ e . <
¢
L%
_ e
HOMO | .‘Oé?u
(=

Fig. 6.1: Frontier molecular orbital distribution of monomeric unit
of P(PH-TZ) by B3LYP/6-31G method.
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Fig. 6.1 shows the frontier molecular orbitals of monomeric unit, PH-TZ. It
reveals that the HOMO (highest occupied molecular orbital) level of PH-TZ
was located on phenothiazine unit and LUMO (lowest unoccupied molecular
orbital) level was located on triazine moieties. This large degree of
polarization might be responsible for the small band gap value for P(PH-TZ)
compared to homopolymer, poly(phenothiazine) (P(PH)).

The electronic properties of the P(PH) and P(PH-TZ) were studied by
PBC calculation at two different energy levels (B3LYP*?7/6-31G and
HSE06°**/6-31G) and the band structure obtained by HSE06/6-31G level have
been plotted in Fig. 6.2. Table 6.1 lists the calculated theoretical HOMO-
LUMO energy levels and band gaps of the homopolymer, (P(PH)) and
copolymer, P(PH-TZ).

-0.5
-1.0

a5
&4
2.5
3.0
35
4.0
e
5.0
S5
Ao

LUMO = -2.02eV

Energy (eV)

HOMO= -4.89¢V

0.0 0.2 0.4 0.6 0.8 1.0
k==n/a

Fig. 6.2: Band structure of P(PH-TZ) by HSE06/6-31G method.

Comparing the band structure of P(PH-TZ) with band structure of
P(PH), it could be seen that energy of HOMO level of P(PH) was lowered
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by a factor of 0.13 eV while LUMO level was lowered by a factor of
0.61 eV and we get P(PH-TZ) with a reduced band gap of 2.87 eV. The
lower band gap of P(PH-TZ) compared to that of P(PH), indicated
a significant effect of intramolecular charge transfer between the
phenothiazine and triazine moieties.

Table 6.1: Computational data of P(PH) and P(PH-TZ) with DFT/B3LYP/6-
31G and DFT/HSE06/6-31G methods.

Polymer HOMO (eV) LUMO (eV) E, (eV)
P(PH) -4.76 -1.41 3.35
P(PH-TZ)" -5.02 -1.75 3.27
P(PH-TZ) -4.89 -2.02 2.87

“Obtained by the DFT/B3LYP/6-31G method, *Obtained by the DFT/HSE06/6-31G method.
6.2.2. Synthesis and Characterization

The synthetic procedures towards the synthesis of monomers and
copolymer are outlined in Schemes 1 and 2. Scheme 1 summarizes the
synthesis of key monomers. The monomer 2-(N-piperidine)-4,6-dichloro-s-
triazine (3) was synthesized from cyanuric chloride (1) and piperidine (2) in
acetone according to standard procedure.* The monomer, 10-octyl-3,7-
bis(4,4,5,5-tetramethyldioxaborolan-2-yl)-phenothiazine (7) was synthesized
in three steps starting from the phenothiazine (4). Firstly, 10-octylphenothiazine
(5) was synthesized by the alkylation of phenothiazine (4) using
I-bromooctane and KOH. 3,7-Dibromo-10-(octyl)-phenothiazine (6) was
prepared by brominating the 10-octylphenothiazine in CH,Cl,. To obtain
10-octyl-3,7-bis(4,4,5,5-tetramethyldioxaborolan-2-yl)-phenothiazine ~ (7),
3,7-dibromo-10-(octyl)-phenothiazine (6) was stirred with n-butyl lithium
followed by 2-isopropoxy-4,4,5,5,-tetramethyl-1,3,2-dioxaborolane in THF

at -78 °C according to standard procedure.”!
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Scheme 1: Synthesis of monomers.
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The conjugated polymer derived from phenothiazine and triazine was
synthesized by palladium (0) catalysed Suzuki coupling reaction with an
equivalent ratio of diboronyl phenothiazine monomer (7) and 2-(N-
piperidine)-4,6-dichloro-s-triazine monomer (3) using freshly prepared
palladium triphenylphosphene as the catalyst. The copolymer was purified
by washing with methanol and hexane in a soxhlet apparatus to remove the
oligomers and catalyst residues and was dried under reduced pressure. After
purification, the polymer was obtained in good yield (60 %).

) )
ROy e )
L @E e LGS aE:

N
3
P(PH-TZ) (8)

Scheme 2: Synthesis of copolymer, P(PH-TZ).
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The copolymer was readily soluble in common organic solvents, such
as THF, chloroform, dichloromethane and chlorobenzene. The molecular
weight of polymer was determined by gel permeation chromatography in
THF referring to polystyrene standards. GPC analysis showed that
copolymer had number average molecular weight (Mn) of 3580, weight

average molecular weight (Mw) of 4928 and polydispersity index (PDI) of
1.66.
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Fig. 6.3: FT-IR spectrum of P(PH-TZ).

The molecular structure of the copolymer was verified by FT-IR,
'"H NMR and XPS analysis. A representative FT-IR spectrum of triazine
copolymer is shown in Fig. 6.3, where the bands at 805 and 1492 cm™ are
attributed to the out of plane vibrations of 1,3,5-triazine ring.** The intense
bands at 1570 and 1539 cm™ are attributed to the aromatic C=C stretching
of phenothiazine moiety. The aliphatic C-H stretching vibration appeared at

2931 and 2852 cm™ is an indication of alkylated phenothiazine moiety. The
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copolymer also exhibited two bands at 905 and 983 cm™ due to C-C deformation
of piperidine ring. FT-IR results clearly indicated that copolymerization was

successfully achieved.

Fig. 6.4: ' H NMR spectrum of P(PH-TZ).

The 'H NMR spectrum of P(PH-TZ) copolymer is depicted in
Fig. 6.4. The "H NMR spectrum showed multiplets at & 0.65-1.9 ppm due to
alkyl protons of phenothiazine and piperidine units and the characteristic
signal of CH, segments attached to the nitrogen atoms of phenothiazine and
piperidine units was observed as multiplet at & 3.8 ppm. The peaks corresponding
to aromatic protons of phenothiazine units were observed at 6 6.8-7.5 ppm

as multiplets.
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Fig. 6.5: XPS survey scan of P(PH-TZ) showing the presence of
N1s, Cls, S2s, S2p and Si2p peaks.

Fig. 6.5 represents the XPS survey scan of the copolymer, P(PH-TZ)
which showed the presence of C, N, S as the characteristic elements of the
comonomers. In XPS spectrum, the signals related to Cls are observed at
282 eV, which is mainly due to aromatic carbons of the polymeric
conjugated backbone.** The N1s signal appear at 396 ¢V and is attributed to
the presence of C-N bonding.” The 2s and 2p core levels of S atom show
signals at 228 and 160 eV, respectively, which reveals that monomeric units
containing phenothiazine rings are present in the copolymer, as expected.
The FT-IR, '"H NMR and XPS spectra of P(PH-TZ) are consistent with the

chemical structure.

6.2.3. Photophysical properties

The photophysical characteristics of copolymer were investigated by
both UV-Visible absorption (Fig. 6.6) and photoluminescence (PL) (Fig. 6.7)
spectra in dilute THF solution and as thin film. As shown in Fig. 6.6,

copolymer exhibited two distinct peaks and one of the peak appeared at
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304 nm which is assigned to the n-m* transition and the other peak at longer
wavelength at 395 nm, with tailing of absorption to around 496 nm can be
attributed to the intramolecular charge transfer between the donor and
acceptor unit. In thin film, copolymer exhibited two absorption bands at 294
and 410 nm, which are assigned to the m-n* transition and intramolecular
charge-transfer, respectively. The thin film absorption pattern of P(PH-TZ)
is nearly identical to the dilute solution spectrum, with red shifted

absorption maximum of 425 nm.
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Fig. 6.6: UV-Visible spectra V(\;E;,ezi::)l;rmn)er, P(PH-TZ) in (a) THF

solution and (b) as thin film.

The optical band gap of P(PH-TZ) was calculated to be 2.5 eV, from
the cut-off wavelength of optical absorption in THF solution. Optical band
gap derived from the absorption edge of the polymer film was 2.3 eV,
differed 0.2 eV, from the solution band gap. As expected, the copolymer has
lower band gap than the conjugated homopolymer, poly(phenothiazine)
(2.76 eV)*! due to better charge transfer between the units. Even if the

optical band gap of copolymer showed good agreement with the theoretical
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prediction (DFT/HSEO06), some deviations still exists. This could be due to

negligence of solid-state effects (polarization effects and intermolecular

. . . .. 44 45
forces) and environmental effects in theoretical prediction.™
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Fig. 6.7: PL spectra of copolymer, P(PH-TZ) in (a) THF solution
and (b) as thin film.

The PL emission maximum of P(PH-TZ) in THF solution and film are
observed at 529 and 535 nm, respectively (Fig. 6.7). The absorption and
emission peaks of P(PH-TZ) film show red shift in wavelength maximum
compared to those obtained in the solution, which is caused by intermolecular
interaction in thin film. Here, the copolymer emits in the green region,
whereas its homopolymer emits in blue region (486 nm).*' The observed
Stokes shift according to poly(phenothiazine) emission suggests that there is
an intramolecular charge transfer between the phenothiazine and neighbouring

triazine units.

6.2.4. Thermal properties

The thermal stability of copolymer was investigated by TGA and DSC
under nitrogen atmosphere. The TG thermogram is depicted in Fig. 6.8. The
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thermogram of the copolymer revealed that 5 W% loss was observed at
201 °C, which is an indication of moderate thermal stability. The thermal
induced phase transition behaviour of copolymer was investigated with DSC
under nitrogen atmosphere. The insert picture in Fig. 6.8 shows the DSC
trace of the copolymer, P(PH-TZ). As for DSC trace, the copolymer
exhibited no obvious phase transition until 250 °C, which is sufficient for
device applications. The lower thermal stability of P(PH-TZ) in comparison
with P(PH) (320 °C)*' could be due to the presence of piperidine units,
which are highly prone to degradation.
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Fig. 6.8: TG (a), DTG (b) and DSC (c) curves of copolymer, P(PH-TZ).

6.2.5. Electrochemical characterization

Electrochemical investigations of the copolymer were performed by
cyclic voltammetry (CV) and differential pulse voltammetry (DPV). To
determine the HOMO and LUMO energy levels of the polymer, CV and
DPV were carried out in thin polymer film which was coated on Pt electrode

using 0.1M BuyNPF¢ electrolyte in acetonitrile. The HOMO and LUMO
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energies of the polymer were calculated from the onset values of the first
oxidation and reduction peaks of CV and DPV using Bredas equation.*® The
onset of oxidation occurs at 0.82 and 0.69 V in CV and DPV corresponding
to HOMO energies of -5.22 and -5.09 eV, respectively. Similarly, onset of
reduction occurs at -1.61 and -1.41V corresponding to LUMO energies of
-2.99 and -2.79 eV for CV and DPV, respectively. The electronic properties
of the copolymer are summarized in Table 6.2. Hence the electrochemical
band of P(PH-TZ) was obtained to be 2.43 and 2.1 eV from CV and DPV,
respectively. The band gap obtained from DPV is found to be smaller than
CV values, because of reduced back current and sharper onset. The HOMO
level of P(PH) was reported to be -5.0 eV.*' It is clear that the HOMO level
of copolymer was lowered by 0.22 eV. This indicates that triazine unit is a

strong electron acceptor due to the presence of more number of nitrogen

atoms.
Table 6.2: Redox properties of copolymer, P(PH-TZ).
Polymer HOMO (eV) LUMO (eV) E, (eV)
P(PH)" -5.0
P(PH-TZ) -5.22 -2.99 2.43
P(PH-TZ)" -5.09 -2.79 2.10

"Reproduced from ref. 41, °Obtained by CV, “Obtained from DPV.

6.2.6. Non-linear optical (NLO) properties

The measurement of third-order NLO properties of copolymer, P(PH-
TZ) was performed with the z-scan technique at 532 nm by the reported
method.*” The open-aperture (OA) z-scan signal in dilute CHCl; is shown in

Fig. 6.9,
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Fig. 6.9: Open aperture z-scan trace of P(PH-TZ).

The normalized transmittance valley of light at the focus suggests that
the copolymer is reverse saturation absorber (RSA) with positive NLO
absorption coefficient. The non-linear optical absorption coefficient, B is
obtained by fitting the experimental data using equation (1)*’ (equation (3),
given in section 2.2.7). The imaginary part of the third-order susceptibility
(Im y @)y of P(PH-TZ) is determined by equation (2)*’ (equation (4), given
in section 2.2.7). To determine the sign and magnitude of non-linear
refraction, closed aperture (CA) z-scan'’ was performed by placing an
aperture in front of the detector. The non-linear refraction data can be
obtained from the ratio of the closed aperture transmittance divided by the
open aperture transmittance. The peak to valley configuration of the trace
indicates that the refractive index change of copolymer is negative,
signifying self-defocusing effect of copolymer, P(PH-TZ) shown in
Fig. 6.10.
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Fig. 6.10: Closed aperture z-scan trace of P(PH-TZ).

The normalized transmittance, T(z) for NLR is given by relation (3)*’
(equation (5), given in section 2.2.7). The effective non-linear refractive

index (ny), the real parts of y @ (Re 4 @)Y and third-order non-linear
susceptibility (  ?) of P(PH-TZ) copolymer are calculated by following the

equations (4)-(6)" (equations (6)-(8), given in section 2.2.7). The calculated
non-linear optical parameters have been compared with reported values in
Table 6.3. Non-linearity originated in the copolymer, P(PH-TZ) is due to
strong delocalization of m-electrons. The polymer investigated here is
designed based on the donor—m—acceptor scheme. As evident from
Table 6.3, the copolymer synthesized showed large optical non-linearity

than the reported ones.
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Table 6.3: Calculated values of non-linear absorption, non-linear refraction
and non-linear susceptibility of copolymer, P(PH-TZ).

Copolymer B (m/W)  n, (esu) Re y @ Imy® 7% (esu)

(esu) (esu)
P(PH-TZ) 3.75x10" -0.58x10™ 0.09x10™ 0.09x10™ 1.27x10™
p3* 1.57x10™"
p2° 9.4x10™ 2.7x 10"
TPD-PFE* 57x10™
HMePc* 5.7x10™" 3.6x10%  19x10%  4.07x10"

"Reproduced from ref. 48, bReproduced from ref. 49, “Reproduced from ref. 50,
Reproduced from ref. 51.

6.2.7. Optical limiting property

An optical power limiter is a device which has very high transmission
for weak optical signals, but becomes opaque for intense optical signals.™
The optical power limiting property is mainly due to non-linear absorption
property of a molecule. The optical power limiting behaviour of the polymer

obtained from the OA z-scan curve is shown in Fig. 6.11.
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Fig. 6.11: Optical limiting curve of P(PH-TZ).
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The optical limiting threshold will determine the ability of the limiter. The
lower the limiting threshold value, the better is the optical limiter. Optical
limiting threshold of the copolymer, P(PH-TZ) is obtained to be 0.22 GW/cn’.

6.3. Experimental

6.3.1. Materials

Phenothiazine (Aldrich, >98 %), cyanuric chloride (2,4,6-trichloro-1,3,5-
triazine, Aldrich, 99 %), 1-bromooctane (Aldrich, 99 %), piperidine (Aldrich,
99 %), sodium bicarbonate (Aldrich, 99.5 %), palladium (II) acetate (Pd(OAc),,
Aldrich, 99.98 %), triphenyl phosphine (PPhs, Aldrich, 99 %), potassium
phosphate (K3POj, Aldrich, >98%), tetrabutylammonium hexafluorophosphate
(BusNPF, Aldrich, >99 %), bromine (Merck), diethyl ether (Spectrochem Pvt.
Ltd.), magnesium sulphate (anhydrous) (MgSO., Spectrochem Pvt. Ltd.),
n-butyl lithium (Aldrich, ~1.6M in hexane), 2-isopropoxy-4,4,5,5-tetramethyl
-1,3,2-dioxaborolane (Aldrich, 97 %), and potassium hydroxide (Spectrochem
Pvt. Ltd.) were used as received. Acetonitrile HPLC grade (CH3CN, Aldrich),
dimethyl acetamide (anhydrous) (DMAc, Spectrochem Pvt. Ltd.), chloroform
(CHCl3, Spectrochem Pvt. Ltd.), dichloromethane (CH,Cl,, Spectrochem
Pvt. Ltd.), tetrahydrofuran HPLC grade (THF, Spectrochem Pvt. Ltd.), n-
hexane (Spectrochem Pvt. Ltd.), acetone (Spectrochem Pvt. Ltd.), dimethyl
sulphoxide (DMSO, Spectrochem Pvt. Ltd.) and methanol (anhydrous)
(MeOH, Spectrochem Pvt. Ltd.) were dried and distilled when necessary

according to the standard procedures.

6.3.2. Computation methods

Theoretical calculations were done using computational methods,

which have been described in section 2.3.4.
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6.3.3. Chemical procedures
6.3.3.1. 2-(N-piperidine)-4,6-dichloro-s-triazine®’ (3):

A solution of cyanuric chloride (1) (9.22 g, 0.05 mol) in 30 mL
acetone was added with stirring to a cold solution (0+5 °C) of sodium
bicarbonate (5.3 g) in 50 mL of distilled water, in a two necked flask. This
resulted in the formation of slurry of cyanuric chloride. A solution of
piperidine (2) (4.3 mL, 0.05 mol) in 5 mL of acetone was added to the cold
slurry of cyanuric chloride. The reaction mixture was stirred for 2 h at 0+5 °C.
The white product was filtered, dried and recrystallized from ethanol.

Yield : 80 %

M. P. : 86 °C.

'H NMR 400MHz, CDCL) : & 1.6-1.9 (m, 6H), 3.7-3.9 (m, 4H).

6.3.3.2. 10-Octylphenothiazine® (5):

A mixture of phenothiazine (4) (5 g, 25 mmol), KOH (10.0 g,
250 mmol), and DMSO (100 mL) were placed in a 250 mL two-necked
flask. The reaction mixture was stirred for 30 min and octyl bromide (3.8 mL,
22.5 mmol) was added drop wise to the reaction mixture in 20 min, and this
mixture was stirred for 24 h at room temperature. The reaction mixture was
poured into water, extracted with CH,Cl,, and dried with MgSOs. The
resulting liquid was purified by column chromatography using hexane as
eluent which gave colourless liquid.
Yield : 93 %
'"H NMR 400 MHz, CDCl;) : & 0.87 (t, J=6.8 Hz, 3H), 1.24-1.43 (m,
10H), 1.77 (m, 2H), 3.80-3.84 (t, J=7.2
Hz, 2H), 6.83-6.91 (m, 4H), 7.11-7.15
(m, 4H).
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6.3.3.3. 3, 7-Dibromo-10-(octyl)-phenothiazine* (6):

10-Octylphenothiazine (5) (7.5 g, 0.024 mol) was dissolved in 50 mL of
CH,Cl,, 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 NaOH (20 mL)
was added to the reaction mixture and kept for 30 min. The reaction mixture
was extracted with CH,Cl, and brine. The concentrated crude product was
purified using column chromatography using hexane as the eluent which

gave yellow oil.
Yield 719 %

'"H NMR (400 MHz, CDCL) : & 0.86 (t, J=6.4 Hz, 3H), 1.14-1.51
(m, 10 H), 1.74 (m, 2H), 3.72 (¢, J=7.2
Hz, 2H), 6.66 (d, J=8.4 Hz, 2H), 7.18-
7.20 (dd, J1=8 Hz, J2=2.4 Hz, 2H),
7.24 (d, J=8 Hz, 2H).

6.3.3.4. 10-octyl-3,7-bis(4,4,5,5-tetramethyldioxaborolan-2-yl)-
1 0then0thiazine41 (7):

To a solution of 3,7-dibromo-10-(octyl)-phenothiazine (6) (2 g,
4.262 mmol) in THF (35 mL) at -78 °C, n-butyl lithium (1.6 M in hexane)
(5.59 mL, 8.95 mmol) was added. The reaction mixture was stirred at -78 °C,
warmed to 0 °C for 20 min and then cooled again to -78 °C for 20 min.
2-Isopropoxy-4,4,5,5,-tetramethyl-1,3,2-dioxaborolane (1.86 g,10 mmol)
was added to the reaction mixture and warmed to room temperature and
stirred for 24 h. The reaction mixture was poured into water and organic

layer was extracted with ether and brine. The residue was purified by
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several reprecipitation from methanol/acetone mixture to provide the

product as a slight yellow solid.

Yield : 51%

M. P. : 87°C

'H NMR (400 MHz, CDCl;) : & 0.78 (t, J=6.3 Hz, 3 H), 1.49-1.71
(m,34 H), 2.4 (m, 2 H),3.75 (t, J=7.2
Hz 2 H), 6.71 (m, 2 H), 7.48 (m, 2 H),
7.4 (m, 2H).

6.3.3.5. Synthesis of P(PH-TZ)(8):

Suzuki polycondensation reaction was used to synthesize
phenothiazine-triazine copolymer, P(PH-TZ) (8). Dry THF (20 mL) was
added to a flask charged with 10 mol% palladium acetate (0.0036 g,
0.016 mmol) and 20 mol% PPhs ( 0.0086 g, 0.032 mmol) and stirred for 30 min.
To the reaction mixture of 2-(N-piperidine)-4,6-dichloro-s-triazine (3) (0.038 g,
0.164 mmol) and 10-octyl-3,7-bis(4,4,5,5-tetramethyldioxaborolan-2-yl)-
phenothiazine (7) (0.1 g, 0.18 mmol), K5PO4 (2 equ. 0.07 g) was added and
stirred at 80-90 °C for 72 hours. Copolymer was precipitated from the
reaction mixture by adding large amount of methanol. Repeated purification
by soxhlet extraction was performed using methanol and hexane to remove
oligomers and dried under reduced pressure. The polymer was obtained as

yellowish green powder with 60 % of yield.

'"H NMR (400 MHz, CDCL;) @ & 0.65-1.9 (m, 21H), 3.8 (m, 6 H),
6.8-7.5 (m, 6 H).
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6.3.4. Instrumentation

Copolymer, P(PH-TZ) was characterized by analytical and spectral

methods which have been described in section 2.3.3.

6.3.5. NLO Measurements

NLO properties were determined by methods which have been

described in section 2.3.6.

6.4. Conclusions

In conclusion, we have developed a new soluble conjugated
copolymer of phenothiazine and triazine via standard Suzuki coupling
reaction. Structural characterization was performed by FT-IR, '"H NMR and
XPS. We have performed a theoretical investigation on the copolymer,
P(PH-TZ) using density functional theory calculations at two different
energy levels. The band gap obtained by DFT/HSE06 method reveals good
agreement with the optical band gap. Compared to the homopolymer,
copolymer exhibited decreased band gap value (2.5 eV) and red shifted
emission. The third-order non-linear optical parameters were studied using
z-scan technique. The z-scan results indicate that the polymer exhibits
negative non-linear refractive index and positive non-linear absorption and
it is calculated to be -0.58x 10™'? esu and 3.75x 10™"° m/W, respectively. The
copolymer exhibits optical power limiting behaviour at 532 nm wavelength.
Hence, the polymer investigated seem to be promising candidate for

photonic and optoelectronic applications.
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Summary and Outlook

The main focus of the present study was to develop ideal low band gap D-A copolymers
for photoconducting and non-linear optical applications. This chapter summarizes the
overall research work done. Designed copolymers were synthesized via direct arylation or
Suzuki coupling reactions. Copolymers were characterized by theoretical and experimental
methods. The suitability of these copolymers in photoconducting and optical limiting
devices has been investigated. Major achievements of the present work, and scope for

future work are also outlined here.

7.1. Summary of the work

Conjugated polymers with alternating electron donor and electron
acceptor units along their conjugated backbone (D-A copolymers) have
recently received significant attention because of their potential applications in
transistors, photovoltaic devices, light emitting diodes (LEDs), photorefractive
devices and in non-linear optical devices. The intramolecular charge transfer
between donor and acceptor units is responsible for lowering of band gap
and hence low energy optical transitions. IT conjugated polymers have
several inherent advantages over the traditional inorganic systems such as
low cost, high optical contrast and stability, processability, low dielectric

constant, etc. One of the major challenges in device applications has been
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the development of suitable material that simultaneously possesses suitable
HOMO-LUMO energy levels and processability. In the present thesis, the aim
was to develop polymers which are suitable for use in both photoconducting
and non-linear optical devices. So an attempt was made to develop D-A low
band gap copolymers. To identify the suitability of the polymer, density
functional theory methods were adopted to design D-A copolymers. D-A
copolymer systems offered a very simple alternative as tunability of properties
can be achieved easily by varying the donor-acceptor combinations through

the conjugated backbone.

In the present thesis, we have designed ‘9’ D-A copolymers composed of
3,4-ethylenedioxythiophene (EDOT), phenothiazine as donor units and
fluorene, 2,1,3-benzothiadiazole, 2,1,3-benzoselenadiazole, quinoxaline, triazine,
thiophene as the acceptor units for photoconducting and non-linear optical
applications by employing density functional theory in the periodic boundary
condition formalism. A DFT calculation prior to synthesis is an economic way
to screen out the unsuitable materials before synthesis. The electronic properties
such as HOMO-LUMO energy levels and band gaps were calculated by
DFT/PBC methods. To account the reliability of the theoretical calculations
with experimental results, DFT calculations at different energy levels

(HSE06/6-31G, B3LYP/6-31G and LSDA/6-31G) were carried out.

In this work, EDOT based eight D-A copolymers were synthesized
successfully via a simple and facile route, direct arylation reaction and
piperidine substituted phenothiazine-triazine copolymer was synthesized via
standard Suzuki coupling reaction. Copolymers were characterized by

analytical and spectral methods. All the polymers are readily soluble in THF,
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chlorobenzene and dichlorobenzene. This gives the processability in device
applications. Optical and electrochemical band gaps were determined by UV-
Visible spectroscopy and cyclic voltammetry. The theoretical values along
with the experimental band gaps are given in the Table 7.1. Theoretically

calculated values are in good agreement with the experimental values.

Table 7.1: Theoretical and experimental band gap of copolymers.

No. Copolymer DFT/PBC  Optical Optical  Electrochemical
Band gap, Band gap, Band gap, band gap, eV
eV eV eV
(Insoln)  (As film)
1 P(EDOT-FL) 2.28 2.29 2.12 2.29
2  P(EDOT-BTZ) 1.26 1.7 1.04 1.06
3 P(EDOT-BTSe) 1.25 1.61 1.04 1.03
4  P(EDOT-ACEQX) 1.81 1.80 1.71 1.05
5 P(EDOT-BZQX) 1.76 1.75 1.53 1.0
6  P(EDOT-PHQX) 1.63 1.66 1.58 0.99
7  P(EDOT-TH) 1.74 2.10 1.82 1.42
8 P(EDOT-MeTH) 1.72 2.06 1.82 1.40
9 P(PH-TZ) 2.87 2.5 23 2.1

Photocurrent measurements of P(EDOT-FL) were done in the sandwich
cell configuration as blend with PCs;BM (1:1). A low band gap copolymer
system designed to be photorefractive have been prepared and the
photoconductive properties have been characterized at different wavelengths,
intensities and electric fields. Photoluminescence quenching and moderate
photoconductive sensitivity (7.6x 10"° ScmW™) of P(EDOT-FL) confirmed the
suitability of the copolymer for fabricating photoconductive devices. The third-
order non-linear optical (NLO) properties of copolymers were investigated by
z-scan technique. All the copolymers showed negative non-linear refraction and
switch over from RSA (reverse saturation absorption) to SA (saturable

absorption) behaviour were observed as the sample changed from the solution
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to the thin film. The non-linear absorption coefficient (), the non-linear
refraction coefficient (ny), the third-order non-linear susceptibility ( y ©’) and
the optical limiting threshold of the polymer were calculated using the

procedure reported in literature and tabulated in Table 7.2.

Table 7.2: Values of non-linear optical coefficients and optical limiting thresholds
of copolymers.

No. Copolymer Non-linear ~ Non-linear = Third-order  Optical
absorption  refraction non-linear limiting
coefficient coefficient  susceptibility threshold
B, /W)  (mesu) (xPyesu)  (GW/em?)

1 P(EDOT-FL) 3.19x10™  -068x10™  125x10" 047
2 P(EDOT-BTZ) 0.8x10™ -046x10™  0.74x10" 025
3 P(EDOT-BTSe)  2.08x10™  -129x10™  204x10" 034
4  P(EDOT-ACEQX) 1.58x10™  -047x10™ 0.82x10" 041
5 P(EDOT-BZQX) 24x10™" -095x10™  1.46x10™ 0.35
6 P(EDOT-PHQX) 254x10™  -064x10™ 1.17x10" 041
7 P(EDOT-TH) 311x10™  -070x10™  127x10™ 045
8 P(EDOT-MeTH)  3.19x10™  -085x10™  148x10" 045
9  P(PH-TZ) 3.75x10™  -058x10™  127x10M 022

All the copolymers showed strong non-linear optical absorption and
refraction coefficient due to donor-n-acceptor scheme. In D-A copolymers,
non-linearity originates due to the intramolecular charge transfer from donor
to acceptor units and delocalization of m electrons. The non-linear refractive
indices of copolymers were found to be negative and it was in the order of
10" esu. Non-linear absorption coefficient (m/W) and third-order non-
linear susceptibility (esu) of copolymers are in the order of 10" and 107",
respectively. The tabulated results suggest that the copolymers investigated
in the present study have a good non-linear optical response and are

comparable to or even better than the D-A copolymers reported in the
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literature and hence could be chosen as ideal candidates with potential
applications for non-linear optics. The results also show that the structures
of the polymers have great impact on NLO properties. Copolymers studied
here exhibits good optical limiting property at 532 nm wavelength due to
two-photon absorption (TPA) process. The results revealed that the two
copolymers, (P(EDOT-BTSe) and P(PH-TZ)) exhibited strong two-photon
absorption and superior optical power limiting properties, which are much

better than that of others.

Importance of the present work is that copolymers were synthesized
via a new method, which is more simple and economic than the
conventional synthesis methods like Suzuki, Stille and Kumada coupling.
The main advantage is that these polymers may find applications in
holography because of the inherent photoconductivity and non-linearity due
to the donor-acceptor scheme. The study was a success in the sense that the
aim was achieved along with some results which may find applications in

other areas like solar cells and LEDs also.

7.2. Major achievements

= Designed and synthesized ‘9’ copolymers for photoconductive

and NLO applications.

=  Photoconductive devices were fabricated using P(EDOT-FL) with
device structure of ITO/(PEDOT-FL):PC¢BM/Ag.

= P(EDOT-FL) showed good photoconductivity at 488 nm.

=  All the copolymers showed third-order NLO properties.
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=  The copolymers exhibited good optical power limiting behaviour

at 532 nm.

=  The copolymers investigated seem to be promising candidates for

future photonic applications.

7.3. Future Outlook

P(EDOT-FL)/PCs;BM blend films showed photoconductivity per
unit light intensity in the order of 10'° ScmW™ which is higher than
conducting polymers used for photorefractivity. Hence, the suitability
of P(EDOT-FL):PC¢BM blend films as a photorefractive material for
hologram recording is to be investigated. Out of the polymers synthesized,
only one polymer was used to study photoconductivity to measure the
suitability in photorefractive devices. Other polymers could be subjected
to more detailed studies to explore the suitability of these copolymers in
photoconducting device applications. To be photorefractive, polymer should
have both photoconducting and non-linear optical (second-order NLO)
properties simultaneously. Second-order NLO properties of these copolymers is
to be investigated. A number of copolymers investigated in the present
study have wide applications in solar cells, light emitting diodes and
electrochromic devices. This leads to the possibility of copolymers in these

frontier areas also.
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Abbreviations

A Acceptor

ACEQX 7,10-Diaza-8,9-benzofluoranthene
A-D-A Acceptor-Donor-Acceptor
BusNPF, Tetrabutylammonium hexafluorophosphate
B3LYP Becke, three parameter, Lee-Yang-Parr
BTZ 2,1,3-Benzothiadiazole

BTSe 2,1,3-Benzoselenadiazole

BZQX 2,3-Diphenyl quinoxaline

BLA Bond length alteration

BG, E, Band gap

CT Charge-transfer

Ceo Fullerene

C-C Carbon-Carbon

CvV Cyclic Voltammetry

D-A Donor-Acceptor

DTG Differential Thermogravimetry
DSC Differential Scanning Calorimetry
DPV Differential Pulse Voltammetry
DC Direct Current

d§8-THF Deuterated tetrahydrofuran

DANS 4-N,N-dimethylamino-4’-nitrostilbene
DMSO Dimethyl sulphoxide

DCM Dicholoromethane

DFT Density functional theory

D-A-D Donor-Acceptor-Donor

D-n-D Donor-n-Donor

D-n-A Donor-n- Acceptor

EDOT 3,4-Ethylenedioxythiophene

E.™ Optical band gap

E, Band gap

EA Electron affinity
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Abbreviations

EDOT-ACEQX (3,4-Ethylenedioxythiophene)-(7,10-diaza-8,9-
benzofluoranthene)

EDOT-BZQX (3,4-Ethylenedioxythiophene)-(2,3-diphenyl-
quinoxaline)

EDOT-PHQX (3,4-Ethylenedioxythiophene)-(1,2-3,4-
dibenzophenazine)

EO Electro-optic

e Electronic charge

E Electric field applied

FL Fluorene

FT-IR Fourier Transform Infra-Red

GPC Gel Permeation Chromatography

Grad Gradient

GRIM Grignard metathesis

G Rate at which carriers are photogenerated

HOMO Highest occupied molecular orbital

HSEO06 Heyd-Scuseria-Ernzerhof

HPLC High Performance Liquid Chromatography

h Hour

'H NMR '"H Nuclear magnetic resonance

ICT Intermolecular charge transfer

ITO Indium tin oxide

Ip Steady state current values, prior to illumination

I Steady state current values, after illumination

Ion Photosensitivity

1ph Photocurrent

I, Irradiance at focus.

Im y @ Imaginary part of the third-order susceptibility

IP Ionization potential

Is Saturation intensity

Int Intermolecular interactions

k Wave vector

LUMO Lowest unoccupied molecular orbital

Lot Effective thickness with linear absorption coefficient
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Abbreviations

MeTH

NLO

ngy

NLR

n

Nd:YAG
OPV

OA

OFETs
P(EDOT-FL)

PCsBM
PC;BM
PFs
PLED
PBC
P(FL)
PDI

PL

P

PVK
PEDOT

P(EDOT-BTSe)
P(EDOT-BTZ)
P(EDOT-ACEQX)

P(EDOT-BZQX)

Local Spin Density Approximation

Light emitting diodes

Number average molecular weight

Weight average molecular weight

Melting point

3-methyl thiophene

Non-linear optical

Linear refractive index of the polymer solution
Non-linear refraction

Non-linear refractive index
Neodymium-doped yttrium aluminium garnet
Organic photovoltaic

Open-aperture

Organic field-effect transistors

Poly(2,5-(3,4-ethylenedioxythiophene)-alt-2,7-(9,9-
dioctylfluorene))

[6,6]-Phenyl Cg; butyric acid methyl ester
[6,6]-Phenyl C;;-butyric acid methyl ester
Polyfluorenes
Polymer light-emitting diodes
Periodic boundary condition
Poly(dioctyl fluorene)
Poly dispersity index
Photoluminescence spectrum
Laser power
Poly(vinyl carbazole)
Poly(3,4-ethylenedioxythiophene)
Poly(3,4-ethylenedioxythiophene-alt-2,1,3-
benzoselenadiazole)
Poly(3,4-ethylenedioxythiophene-alt-2,1,3-
benzothiadiazole)
Poly(3,4-ethylenedioxythiophene-alt- 7,10-diaza-8,9-
benzofluoranthene)
Poly(3,4-chylenedioxythiophene-alt-2,3-diphenyl-
quinoxaline)
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Abbreviations

P(EDOT-PHQX) Poly(3,4-ethylenedioxythiophene-alt-1,2-3,4-
dibenzophenazine)
PHQX 1,2-3,4-dibenzophenazine

P(EDOT-ACEQX-EDOT) Poly(3,4-ethylenedioxythiophene-co-acenaphthylene
quinoxaline-co-3,4-ethylenedioxythiophene)

P(EDOT-BZQX-EDOT) Poly(3,4-ethylenedioxythiophene-co-2,3-
diphenylquinoxaline-co- 3,4-ehylenedioxythiophene)

p Polymer

P(EDOT-TH) Poly(3,4-ethylenedioxythiophene-alt-thiophene)

P(EDOT-MeTH) Poly(3,4-ethylenedioxythiophene-alt-(3-methyl)-
thiophene)

PTH Poly(thiophene)

PMeTH Poly(3-methyl thiophene)

P(PH-TZ) poly(N-octylphenothiazine-alt-2-(N-piperidine)-s-
triazine)

PH-TZ N-octylphenothiazine-2-(N-piperidine)-s-triazine

P(PH) Poly(phenothiazine)

PQ Poly(fluorene-co-quinoxaline)

PSC Polymer solar cell

ProDOT 3,4-Propylenedioxythiophene

Py Light power density

do Fitting parameter

RSA Reverse saturation absorber

Re y © Real parts of y

SA Saturation absorber

SWV Square Wave Voltammetry

SCE Standard calomel electrode

std Standard

Sub Substituents

SHG Second harmonic generation

TCNQ 7,7,8,8-Tetracyanoquinodimethane

TG Thermogravimetry

T, Glass transition temperature

TPA Two photon absorption

TBAB Tetrabutyl ammoniumbromide
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Abbreviations

THF

T(z)

TH

TNT

TOF

T
UV-Visible
\%

X

XPS

o/l

{ ™ Q

Tetrahydrofuran

Normalized transmittance
Thiophene

Trinitrotoluene

Time of flight

Temperature

Ultraviolet-Visible

Applied voltage.

z/z

X-ray Photoelectron Spectroscopy
Position of sample
Photoconductivity per unit light intensity
Photoconductivity

Non-linear absorption coefficient
Linear absorption coefficient
Angular frequency of radiation used
On-axis non-linear phase shift

Third-order non-linear susceptibility

Molecular cubic hyperpolarizability
Wavelength

Quantum yield

Wavelength maximum

Three dimensional

Chemical shift in ppm
Dihedral angle

Field dependence of mobility
Recombination time
Polarizability

First hyperpolarizability
Second hyperpolarizability
Dipole moment
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