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ABSTRACT

BENZODITHIOPHENE AND BENZOTRIAZOLE BEARING
ALTERNATING COPOLYMERS, EFFECT OF THIOPHENE AND
BITHIOPHENE π-BRIDGES ON PHOTOVOLTAIC PROPERTIES

İstanbulluoğlu, Çağla

M.S., Department of Chemistry

Supervisor : Prof. Dr. Levent Toppare

August 2016, 104 pages

In this study, two novel 1,2,3-benzotriazole and benzodithiophene bearing alter-

nating copolymers were synthesized via Stille coupling reaction. Benzodithio-

phene was used as the donor moiety due to its strong electron donating ability

and planar structure. Benzotriazole moiety was incorporated as the acceptor

unit due to its electron deficient nature. Moreover, thiophene (P1) and bithio-

phene (P2) conjugated moieties were incorporated between donor and acceptor

units in order to investigate the effect of π-bridge. Electrochemical, spectroelec-

trochemical and kinetic studies were performed. Since both polymers revealed

ambipolar character, HOMO-LUMO energy levels were calculated from cyclic

voltammograms. As a result of kinetic studies, good stabilities and low switch-

ing times were recorded. Moreover, bithiophene bearing copolymer showed en-

hanced percent transmittance and low switching time at NIR region when com-

pared with thiophene bearing polymer.
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Organic photovoltaic applications of the polymers were conducted with a de-

vice structure of ITO/PEDOT:PSS/POLYMER:PC70BM/LiF/Al The analysis

of the photovoltaic devices was performed under standard AM 1.5G illumina-

tion. Alkyl chains on the donor and acceptor moieties enhanced the solubility

of the polymers in organic solvents. Thickness and morphology of the devices

were examined via AFM and TEM studies. As a result of several optimization

studies, power conversion efficiencies were reached to 2.12 % and 1.20 % for P1

and P2, respectively.

P1 was used as active layer for OLED applications which were constructed with

a device structure of ITO/PEDOT:PSS/P1/LiF/Al. Red emissive OLED was

produced with CIE coordinates (x,y) of 0.65, 0.34, respectively.

Keywords: Donor-Acceptor approach, benzotriazole, π-bridge, organic solar

cells, organic light emitting diodes
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ÖZ

BENZODİTİYOFEN VE BENZOTRİAZOL İÇEREN SIRALI
KOPOLİMERLERDE TİYOFEN VE BİTİYOFEN

π-KÖPRÜLERİNİN FOTOVOLTAİK ÖZELLİKLERE ETKİSİ

İstanbulluoğlu, Çağla

Yüksek Lisans, Kimya Bölümü

Tez Yöneticisi : Prof. Dr. Levent Toppare

Ağustos 2016 , 104 sayfa

Gerçekleştirilen bu tez çalışmasında, iki yeni benzotriazol ve benzoditiyofen içe-

ren sıralı kopolimerler Stille kenetlenme reaksiyonu ile sentezlenmiştir. Güçlü

electron verici özelliği ve yüzeysel yapısı sebebiyle benzoditiyofen ünitesi do-

nör olarak kullanılmıştır. Elektronca eksik yapısı benzotriazol unitesini akseptör

molekül olarak kullanmamızı sağlamıştır. Bunun yanı sıra, π-köprüsü etkisini

incelemek için tiyofen (P1) ve bitiyofen (P2) konjüge üniteleri donör akseptör

üniteleri arasına yerleştirilmiştir. Polimerlerin elektrokimyasal, spektroelektro-

kimyasal ve kinetik çalışmaları yapılmıştır. Polimerlerin negatif ve pozitif dop-

lanma özelliklerini aynı anda barındırmasından dolayı, enerji seviyeleri döngüsel

voltametri ile karakterize edilmiştir. Kronoamperometri çalışmalarında her iki

polimer de yüksek kararlılık ve hızlı anahtarlanma zamanı gibi özelliklere sa-

hiptir. Yakın kızılötesi bölgesinde bitiyofen unitesi içeren polimer tiyofen unitesi
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içeren polimere kıyasla yüksek optik kontrast ve hızlı anahtarlanma süresine

sahiptir.

Organik güneş gözelerinin yapımında ITO/PEDOT:PSS/POLİMER:PC70BM/-

LiF/METAL dizilimi izlenmiştir ve analizleri standart AM 1,5G aydınlatma ile

yapılmıştır. Donör ve akseptör ünitelerindeki alkil zincirleri polimerlerin organik

çözücülerdeki çözünürlüklerinin artmasını sağlamıştır. AFM ve TEM çalışmaları

ile kalınlık ve morfoloji incelemeleri yapılmıştır. Birçok optimizasyon çalışmala-

rının sonucunda P1 ve P2 molekülleri ile üretilen güneş gözeleri sırasıyla en

yüksek 2.12 % ve 1.20 % güç çevirim verimi göstermiştir.

Organik ışık saçan diyot çalışmalarında P1 aktif tabaka olarak kullanılmıştır

ve kırmızı ışık yayan diyot ITO/PEDOT:PSS/P1/LiF/METAL cihaz yapısıyla

elde edilmiştir. Üretilen diyotunun CIE koordinatları (x,y); 0.65, 0.34 olarak

bulunmuştur.

Anahtar Kelimeler: Donör-Akseptör yaklaşımı, benzotriazol, π köprüsü, organik

güneş gözeleri, organik ışık yayan diyotlar
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CHAPTER 1

INTRODUCTION

1.1 Organic Semiconductors

Organic semiconductors cover all the materials that consist of alternating single

and double bonds (conjugation). In conjugated systems, sp2 hybridized car-

bon atoms form σ-bonds and remaining p-orbitals delocalize on the polymeric

backbone forming weak π-bonds. As a result of electron delocalization, ma-

terials become conductive. Organic semiconductors can be classified into two;

high molecular weight materials (polymers) and low molecular weight materials

(small molecules and oligomers).

Organic semiconductors have been under extensive research over the years be-

cause of their unique advantages such as low cost, light weight, solution pro-

cessability, flexibility, simple device fabrication process and easy tunability on

chemical structure [1–6]. Conducting polymers have received considerable inter-

est as active layer materials for organic photovoltaics (OPVs) [7,8], organic light-

emitting diodes (OLEDs) [9, 10], organic field effect transistors (OFETs) [11],

and electrochromic devices (ECDs) [12,13].

The discovery of supernal conductivity in perylene-iodine complex led scientists

focus on organic conducting polymers in 1954. Moreover, investigation of electri-

cal conductivity of chemically doped polyacetylene (PA) opened a new research

era which is application of organic semiconductors [14].

Discovery of organic semiconductors began at the same time in two different
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countries; USA and Japan. Alan J. Heeger and Alan G. MacDiarmid, in USA,

polymerized sulfur nitride (SN)x from S2N2 crystals with an electrical conduc-

tivity of 2.5× 103 S cm−1. Moreover, they realized that conductivity of this

inorganic polymer was enhanced with decreasing temperature (10 K). In addi-

tion to this, they increased the conductivity further from 104 to 107 by exposing

reaction medium to Br2 and I2 vapors [15,16].

At the same time, in Japan, Hideki Shirakawa and his students achieved to syn-

thesize thin film polyacetylene (PA) via adding iodine vapor into polymerization

set-up accidentally thousand times more than they were supposed to add which

caused an injection of charges to the polymer chain and the following reaction

occurred.

3

2
x(I2) + (CH)n −→ (CH)+x + x(I−3 ) (1.1)

As a result of oxidation reaction with iodine vapor, electron vacancy on the poly-

mer backbone; namely hole is generated hence, charge mobility can be provided

on the polymer chains. This accidentally discovered overall process, later on,

was called as doping process.

Infrared spectra (IR) experiments showed that temperature affects the stereo-

chemistry of PA thin film. Trans and cis isomers of PA have different resistivities

and energy gaps. The conversion between cis to trans isomers occurs irreversibly

at higher temperatures around 145 ◦C as shown in Figure 1.1. Electronic studies

of these two different forms revealed that trans PA has 1× 104 Ω cm resistiv-

ity and 0.56 eV energy gap, whereas cis PA has 2.4× 108 Ω cm resistivity and

0.93 eV energy gap [17,18].

Figure 1.1: Irreversible isomerization of polyacetylene.
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Later on, Heeger, MacDiarmid and Shirakawa have collaborated and started to

work on polymerization of PA together. They used different halogen vapors

for polymerization reactions and obtained the highest 38 S cm−1 conductivity at

room temperature with I2 vapor treatment [19]. After all these investigations,

further developments on conducting polymers has begun with the Nobel Prize

in Chemistry in 2000. In 1974, Alan J. Heeger, Alan G. MacDiarmid and Hideki

Shirakawa have proved that polyacetylene can nearly be as conductive as a

metal [20]. This spectacular invention has opened a unique era and usage of the

organic conductive polymers has gained a big acceleration.

Although doped-polyacetylene was the first conducting polymer, further charac-

terizations and applications of PA were limited due to its lack of solubility and

high sensitivity to ambient atmospheric conditions. As a result, over the last

two decades there has been huge interest to find new conjugated polymers with

high conductivity and better stability. Some of the examples from literature are

given in Figure 1.2.

Figure 1.2: The structures of common polymers (1) polyacetylene, (2) polypara-
pheneylene, (3) polythiophene, (4) polyfuran, (5) poly(p-phenylenevinylene), (6)
poly(3,4-ethyelenedioxy-thiophene), (7) polyethylenedioxythiophene, (8) poly-
fuorene, (9) polycarbazole.
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1.2 Polymerization Methods

Several methods for the synthesis of semiconducting polymers have been devel-

oped such as metathesis polymerization, Grignard reaction, photochemical poly-

merization, ring opening metathesis polymerization, solid - state polymerization,

plasma polymerization, pyrolysis. Among these methods, chemical polymeriza-

tion and electropolymerization are the most performed ones. In this thesis,

electropolymerization and Stille polymerization will be discussed.

1.2.1 Stille Cross Coupling

The Stille cross-coupling is 4 step cyclic reaction between organohalide and

organostannes. The general mechanism was given in Figure 1.3. The first step

is oxidative addition of organohalide and Pd(0) to form a Pd(II) complex. The

following step is transmetallation, R group of the organostanne and halide anion

of the palladium catalyst switch places. Reductive elimination is the last step

forming palladium catalyst back and the cycle continues [21].

Figure 1.3: Mechanism of palladium-catalyzed cross coupling reaction.
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A great variety of molecules can be synthesized via Stille cross coupling reaction

because this reaction can tolerate many types of functional groups. For fur-

ther studies of conducting polymers, highly soluble and high molecular weight

polymers are required. The advantage of Stille coupling is to obtain polymers

under mild conditions however, the only problem is toxicity of the tri-n-butyltin

derivatives [22,23].

1.2.2 Electrochemical Polymerization and Mechanism

For electrochemical polymerization, a three electrode system consisting of work-

ing, reference and counter electrodes is used. Monomer, organic solvent and

supporting electrolyte containing solution are used to carry out polymerization.

Appropriate voltage is applied and then polymer film is coated onto working

electrode surface. Electrochemical polymerization is an easy and quick method,

as well as promising since it can easily be utilized for further electrochemical,

spectroelectrochemical and kinetic characterizations without any purification.

Due to lack of solubility of the polymer film, gel permeation chromatography

(GPC) and nuclear magnetic resonance (NMR) cannot be carried out to char-

acterize electrochemically synthesized polymers.

General electropolymerization mechanism was given in Figure 1.4. Electropoly-

merization starts with the formation of radical cation by oxidation of a monomer.

Electron transfer reaction is faster than the monomer diffusion from the bulk

solution, resulting in the generation of high concentration of radical cations near

the working electrode surface. The product can be coupled with either a second

radical cation which produces dication dimer or with an another monomer that

forms radical cation dimer. In the case of radical-radical coupling, by loss of two

protons or rearomatization formation of dimer dication occurs. Upon applied po-

tential, radical form of dimer is generated and process continues with additional

coupling of radical dimer and monomer. In the radical cation and monomer

coupling mechanism dimer is produced by losing two protons. In addition, neu-

tral dimer goes into oxidation process and again radical cation formation occurs.

Moreover, trimer is formed by coupling of radical cation dimer and monomer.
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Through these steps, polymerization process continues and polymer adheres on

the working electrode surface due to the decrease in its solubility [24–26].

Figure 1.4: Electropolymerization mechanism of heterocycles X=O, S or N-R
(ECE).

1.3 Characterization of Conducting Polymers

There are several techniques for characterization of polymers. Chemical struc-

ture of the polymer is proven with Nuclear Magnetic Resonance (NMR). Redox

properties of electrochemical polymers can be analyzed by cyclic voltammetry.
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HOMO and LUMO energy levels and electronic band gaps (Eg) can be calculated

from single scan cyclic voltammograms. Moreover, spectroscopic characteriza-

tions are performed to investigate π-π* electronic transition and to find optical

band gap from maximum absorbance of the electro active polymer. Gel perme-

ation chromatography is used to analyze molecular weight and polydispersity In-

dex (PDI) of chemically synthesized polymers. For further applications, surface

morphology and the roughness of the thin film polymer are analyzed by Atomic

Force Microscopy (AFM) and Transmission Electron Microscopy (TEM). Degra-

dation and glass transition temperatures are measured by Thermal Gravimetry

Analysis (TGA) and Differential Scanning Calorimetry (DSC), respectively.

1.4 Chromism

Chromism is often a reversible process based on a change in the colors of the

compounds. There are many types of chromisms such as thermochromism, pho-

tochromism, cathodochromism and electrochromism. Thermochromism is the

most common type based on a change in the temperature. Photochromism

is the isomerization between two molecular structures which are produced via

light irradiation. Cathodochromism is based on irradiation of an electron beam.

Lastly, upon applied potential, gaining and losing of electrons (redox properties)

create electrochromism in organic compounds [27].

1.4.1 Electrochromism

Electrochromism is a reversible color change of a material upon applied external

voltage or current. During electrochemical oxidation-reduction processes, opti-

cal properties of a molecule are altered due to formation of different absorption

bands [28]. The most common studied electrochromic materials are metal oxides

(WO3 or IrO2) [29], Prussian blues (iron(III)hexacyanoferrate) [30], viologens

(1,1’-di-substituent-4,4’-bipyridylium) [31] and conducting polymers [32]. In the

Last decades, organic conjugated polymers have gained great interest due to

limitations of inorganic materials [33]. Moreover, they exhibit unique and enor-
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mous properties such as multicolor feature with a subtle change in monomer

form, high coloration efficiency, improvable switching time and supernal optical

contrast [33–36].

When conducting polymer is in its oxidized state (p-doped state) with charge

balance of counter anions, it acquires a delocalized π-electron band system and

produce polarons [33–37]. These produced polarons are the major charge carri-

ers. Reversibly, by reduction process electrochromic conducting polymers gain

electrically insulating form, namely undoped-neutral form [35].

In a conjugated polymer, neutral electronic transition occurs between valence

band and conduction band. The energy difference between these bands is called

as band gap (Eg). External potential removes electron from valence band of

the semiconducting polymer. Subsequently, a radical cation, polaronic charge

carrier, is formed and charge delocalized over the polymer chains. Afterwards,

semiconducting polymer relaxes from aromatic structure to quinoid structure

and new electronic transitions are formed at a higher wavelength. Aromatic

and quinoid forms of polythiophene were depicted in Figure 1.5. Bipolaronic

charge carriers are generated with dication formation via further oxidation. This

phenomena is proven with decrease in π-π* absorption and formation of new

bands between 700 - 1000 nm with external potential [33–37].

The change in color depends on the optical properties of materials. The color

change can be either between two colored states or between one color and a

bleached state. In the presence of multiple redox states, polyelectrochromism

is observed which means various color changes at different redox states for the

same material can be observed [36].

One of the most important advantages of conducting polymers is easy tunabil-

ity of HOMO-LUMO energy levels via chemical modifications. Scientists have

investigated the effect of repeating unit on color in neutral, oxidized or reduced

states. Common polymers for electrochromic applications are followed in this

section [38,39].
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Figure 1.5: Aromatic and quinoid forms of polythiophene.

1.4.1.1 Polypyrrole(s)

Electropolymerization of pyrrole monomer in acetonitrile solution produces poly-

pyrrole as shown in Figure 1.6. Polypyrrole exhibits blue-violet color (λmax =

670 nm) in oxidized states and yellow-green color (λmax = 420 nm) in reduced

states. Although recursive color changing affects the polypyrrole films and causes

a degradation of the film, electrochromic results of the polypyrrole are enhanced

with 3,4-disubstitution [35].

Figure 1.6: Color changes of polypyrrole upon doping/dedoping processes.

1.4.1.2 Polythiophene(s)

The first electrochemically synthesized polythiophene was reported in 1983 by

Garnier et. Al. [40]. Polythiophenes are very stable character in their neutral

form. In addition, ease of structural modification enables to produce substituted

polythiophenes. As a result, polythiophene and substituted polythiophenes have

been very promising for electrochromic device applications. Moreover, they can

exhibit many different colors at their redox states as summarized in Table 1.1.

Changes on 3-methylthiophene result in tuning of color states. Reversible ox-
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Table 1.1: Oxidized colors and reduced colors summary of thiophene based
monomers.

Polymer λmax/nm and Color

Monomer Oxidized Reduced
Thiophene 730-blue 470-red
3-Methylthiophene 750-deep blue 480-red
3,4-Dimethylthiophene 750-dark blue 620-pale brown
2,2’-Bithiophene 680-blue-grey 460-red-orange

idation and reduction of polythiophene can be obtained via substitution of an

electron withdrawing group on phenyl ring which facilitates the stabilization of

the n–doped states.

1.4.1.3 Polyaniline(s)

Polyaniline was produced in aqueous acid solutions with an organic medium.

Letheby et. al. described first aniline electropolymerization in 1862. They ex-

hibited excellent polyelectrochromic character with color changing from trans-

parent yellow to green to dark blue to black [41]. Moreover, oxidized state

colored polyanilines were used for electrochromic devices with complementary

materials and from deep blue to green color changes was obtained.

1.5 Completing the Color Palette with Soluble Conducting Polymers

This section will briefly discuss some literature examples of conducting polymers

which cover the absorption spectrum. For color displays and electrochromic win-

dow type applications, polymers must reveal one colored state and one transmis-

sive state. To accommodate this need, researchers have designed and synthesized

several types of polymers.
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1.5.1 Blue to Transmissive

PEDOT (poly(3,4-ethylene-dioxythiophene)) is one of the well-known electro-

chromic polymer which has high conductivity and good stability in oxidized

state. It has dark blue color in its neutral state and transmissive-light blue

in the oxidized state [42]. The only limitation of this polymer is its low sol-

ubility. Although PEDOT shows superior electrochromic properties for device

fabrication and further processes, soluble polymers that can be easily casted are

desirable. In order to overcome solubility problem, PEDOT was polymerized

in aqueous polyelectrolyte which is poly (styrene sulfonic acid) using oxidiz-

ing agent (Na2S2O8) and PEDOT/PSS is produced [43]. It has low oxidation

potential, highly stable oxidized state, low band gap and high conductivity.

Therefore, PEDOT/PSS is very promising material for electrochromic device

application for photovoltaic and LED applications [43,44]. In order to complete

color palette, solution processable and switching between colored to transmissive

polymers were synthesized. In 2008, Toppare et. al. synthesized novel donor

acceptor type copolymer (poly-4,7-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-

2-dodecyl-2H-benzo [1,2,3] triazole (PBEBT)) by electropolymerization. EDOT

moiety was used as a donor and benzotriazole as an acceptor moiety. These

novel polymers showed superior results among PEDOT. Enhanced optical con-

trast like 53 % while PEDOT has 44 % and decreased switching time like 1.1 s

while PEDOT has 2.2 s [45].

Moreover, benzotriazole and quinoxoline derivatives which were synthesized via

D-A approach by Toppare et. al. [46, 47]. Red-green-blue(RGB) colors are

synthesized for the need of full-color applications.

Figure 1.7: Structure of blue to transmissive polymers.
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1.5.2 Red to Transmissive

Copolymer of bis(ethylhexyloxyl)-thiophene and dimethoxythiophene was syn-

thesized (1:1) via oxidative coupling of monomers in the presence of iron(III)-

chloride. It has a red neutral state color and nearly transmissive oxidized state

with a low oxidation potential. Side groups enable steric hindrance and ease the

elongation of conjugation length [48].

1.5.3 Orange to Transmissive

Homopolymerization of bis(ethylhexyloxyl)thiophene in the presence of iron-

(III)chloride gives orange color in neutral state and transmissive color in oxi-

dized state as shown in Figure 1.8. Directly bonded oxygens on thiophene lower

the oxidation potential comparing to PEDOT. Also, solubility was enhanced

with branched alkyl chains. Short conjugation length resulted in a blue shifted

polymers which have 480 nm λmax value [48].

Figure 1.8: Synthesis of ECP-orange (P1) and red (P2) polymers.

1.5.4 Green to Transmissive

In order to observe green color in neutral state, it is required to have two absorp-

tion bands in red and blue regions. These bands should deplete simultaneously
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when the polymer is oxidized. In 2005, Wudl and coworkers polymerized dioctyl-

substituted 2,3-di(thien-3-yl)-5,7-di(thien-2-yl)thieno[3,4-b]pyrazine monomer

chemically and electrochemically and obtained green in neutral state, pale brown-

transmissive in oxidized state solution processable polymer [13].

In 2008, Toppare et. al. followed up Donor-Acceptor approach to obtain low

band gap polymer and two absorption maxima in visible region (red and blue).

They synthesized two novel polymers have green color in neutral states and ex-

cellent transmissive property in oxidized states which are poly[2,3-bis(4-tert--

butylphenyl)-5,8-(2,3-dihydrothieno[3,4-b][1,4]dioxin-7yl)qui-noxaline] (PTBPEQ)

and poly[2,3-diphenyl-5,8-(2,3-dihydrothieno[3,4-b][1,4]dioxin-7-yl)quinoxaline]-

(PDOPEQ). They showed excellent electrochromic and physical properties such

as fast switching times, high stability in oxidized states and ease of produc-

tion [49].

Figure 1.9: Structure of green to transmissive polymers.

1.5.5 Yellow to Transmissive

In order to complete the color wheel and obtain wide range of hue values for color

display applications, cyan-magenta-yellow (CMY) and red-yellow-blue (RYB)

colors can be mixed. Each color plays very important role. Series of arylene
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unit containing ProDOT or copolymers of ProDOT were synthesized by Suzuki

polycondensation. Cathodically colored, yellow in neutral state nearly transmis-

sive in oxidized state polymers were synthesized successfully as demonstrated in

Figure 1.10 [50].

These unique and enormous achievements in completing color palette made these

polymers applicable on color display applications.

Figure 1.10: Oxidized state transmissive-neutral state yellow polymers.

1.6 Application of Conducting Polymers

After 2000 with the discovery of conductivity of PA, studies on conducting poly-

mers have gained acceleration. These studies brought many features to literature

such as flexibility, high conductivity and solution processability of conducting

polymers. Due to these excellent features, conducting polymers are subjected

to be used as an active layer material for electrochromic devices, photovoltaics,

light emitting diodes, field effect transistors and biosensors. Some examples were
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depicted in Figure 1.11.

Figure 1.11: 1. Electrochromic device, 2. organic photovoltaic, 3. organic light
emitting diode.

1.6.1 Electrochromic Devices and Construction

Electrochromic devices have many application areas especially in industry such

as rear-view mirrors and smart windows. High optical contrast value, long term

stability, supernal coloration efficiency, long open circuit memory and short

switching times provide many utilization areas. These devices can be established

with either dual colored or colored to transmissive switching type polymers in

their oxidized and reduced states [39].

Schematic illustration of electrochromic device is given in Figure 1.12. Anodi-

cally or cathodically colored electrochromic polymers are spray coated onto ITO

glass working electrodes. These electrodes are sandwiched with a micrometer

scale of gel electrolyte. Color changes can be observed via applying appropriate

voltages according to redox states of the polymers.

Electrochromic contrast is a percent transmittance change of the thin film at a

wavelength where the polymer has the highest absorbance value.

Optical memory (open-circuit memory) is defined as the time period that elec-

trochromic device (ECD) retains at one color.

Coloration efficiency is the amount of the charges that cause optical change in

electrochromic polymer film.
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Figure 1.12: Schematic illustration of electrochromic devices.

Switching time is the time that spent between fully oxidized and bleached states

of the EC material. This parameter is affected by morphology and the thickness

of the thin film.

Stability is cyclic switching of ECD without significant degradation of perfor-

mance. Since degradation of thin film and applying high potentials cause in-

stability of ECD, stability is very important parameter for commercialization

processes. [51].

1.6.2 Organic Solar Cells

Sun generates continuous and consistent solar power as long as it exists. Solar

energy is one of the most important renewable energy due to its advantages

against fossil fuels. Solar energy is clean and reliable and it does not pollute

environment by releasing hazardous gases [52].

In literature three generation of solar cells have been discussed up to now. First

generation solar cells use silicon wafers and have performance around 15-20 %.

These type of solar cells was commercialized already and mainly seen on rooftops.

Although they show high stability and good performance, they are not flexible

and need a lot of energy in production process. The second generation solar

cells based on amorphous silicon, CIGS, CdTe. Their performance is around 10-
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15 %. Although second generation solar cells production cost is limited by use of

scarce elements, compared to first generation solar cell, second generations have

low manufacturing cost due to less material consumptions. However, second

generation solar cells need high energy consumption due to vacuum and high

temperature processes in production steps. Lastly, third generation solar cells

were produced using organic materials, small molecules or polymers. Third

generation covers many types of solar cells such as multijunction types which

is the most efficient type solar cell whereas high production cost hinders the

commercialization. Simple, quick and low cost large-scale production by roll to

roll technique of polymer solar cells have great potential to commercialization

[53].

The organic solar cell (OSC) is a photovoltaic device that converts sunlight into

electricity. Molecular exciton formation occurs after absorption of light in the

organic semiconductor material. The working principle of OSCs starts with

absorption of light in the organic molecule then coulombically bound electron

and hole pair (exciton) formation is followed after this exciton diffuses to donor

acceptor interface and dissociate into free charge carriers and lastly charges are

collected at respective electrodes.

Organic molecules can be considered as a great choice for organic solar cell appli-

cations because they bring solution processability, low production cost, flexibility

and electronic tunability [54–57]. One of the important parameter for OSC and

OLED construction is band gap of the material. It is defined as the energy dif-

ference between the highest occupied molecular orbital (HOMO) and the lowest

unoccupied molecular orbital (LUMO). The band gap of an organic material is

generally between 1.1–3.5 eV. The main advantage of organic molecules over

inorganic counterparts is the ability to tune in HOMO-LUMO energy levels.

As a result of this feature, optical properties of organic molecules can be con-

trolled easily [58]. Organic molecules have a high optical absorption coefficient

(105 cm−1) compared to that of inorganic molecules; hence, polymer thin films

can absorb sun light efficiently [59].

The first and the simplest organic solar cell device structure is the single layer
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device construction which is shown in Figure 1.13. This type of device’s working

principle is based on electric field generation between anode and cathode due

to their different work functions. After absorption and exciton formation in

organic semiconductor layer, electric field dissociates and collects charges on the

related electrodes. The most challenging issue is to keep the balance between

light absorption and diffusion length of organic molecules. Exciton diffusion

length of organic semiconductors is around 10 nm; however, in order to achieve

reasonable amount of sunlight absorption, active layer should be thicker than

10 nm. As a result, greater part of the generated excitons is not dissociated

and few number of charges are collected at the electrodes. Consequently, device

efficiency of single layer type device structure is well below 1 %.

Figure 1.13: Single layer organic solar cell device configuration.

1.6.2.1 Bulk Heterojunction vs. Bilayer Device

In 1986, heterojunction formation first demonstrated by Tang et al. as a bilayer

solar cell. (3). As depicted in Figure 12, a bilayer solar cell device architecture

consists of an anode, electron donor (organic semiconductor), electron acceptor

(PC60BM) and cathode layer. Donor part of the active layer is responsible for

sunlight absorption. The major drawback for this type of device architecture is

the short exciton diffusion length which is the distance that an exciton can move

without recombination. The thicknesses of donor and acceptor layers should

be in a balance. When one of the layer is too thick, generated excitons will

be far away from the donor-acceptor heterojunction. Another limiting point

in thickness of donor and acceptor layers leads to weak absorption on active
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layer. The organic semiconductors need around 80-100 nm thickness for effective

sunlight harvesting. At this condition, only limited amount of excitons can reach

to donor acceptor interface and be separated [60].

Due to drawbacks of bilayer device architecture, in 1995, novel concept was

introduced which is called as bulk heterojunction solar cell. As depicted in

Figure 1.14, active layer consists of intermixing of donor and acceptor materials

in a proper solvent and the solution is coated onto anode material. By this

way, active layer is comprised of many interpenetrating nanoscale networks that

enhance exciton separations. As a result, absorption of sunlight increases. The

donor-acceptor phase separation is around 10-20 nm for bulk heterojunction type

solar cells and charge carries are transported via percolated pathways which

enhances charge collection at the respective electrodes [61].

Due to these unique advantages of BHJ, over 12 % efficiency was achieved with

the tandem and ternary type OSC device architectures uses polymers or small

molecules as the active layer [62–65].

Figure 1.14: Device architecture of bilayer and bulk-heterojunction solar cell.

1.6.2.2 Operational Principles of OSCs

1.6.2.2.1 Exciton Generation

High absorption coefficients of organic semiconductors enable them to absorb

large amount of sunlight with a very thin layer. Upon absorption of photon by
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the organic semiconductor, an electron is excited from HOMO energy level of the

molecule to the LUMO energy level. Unlike inorganic semiconductors, organic

semiconductors have low dielectric constants, which results in the formation of

strong coulombically bound electron and hole pair. While the binding energy of

inorganic semiconductors is on the order of meV, that of organic semiconductors

is between 0.1 – 1.4 eV [66].

The main concern for exciton generation is the band gap of the organic semi-

conductors. Most of the organic molecules have large band gap around 2 eV,

which results in absorption up to 700 nm of the solar spectrum [67]. However,

materials with a band gap of 1.1 eV can harvest 77 % of solar light [68].

1.6.2.2.2 Exciton Diffusion and Dissociation

Generated exciton moves to donor-acceptor interface to dissociate into free

charge carriers. Exciton migration to the LUMO of the acceptor material will

be energetically favorable if the difference between HOMO of the donor and

LUMO of the acceptor material is lower than the exciton binding energy. As

electron moves through LUMO of the acceptor molecule, hole stays at HOMO

of the donor molecule. In order to obtain enhanced exciton dissociation, active

layer should consist of large and sufficient donor-acceptor interface [69,70].

1.6.2.2.3 Charge Carrier Transport

High work function anode is combined with the low work function cathode mate-

rial in construction of BHJ solar cell. The difference between the work functions

generates built-in electric field throughout the solar cell. Drift and diffusion cur-

rents are responsible for the charge movement through electrodes within their

lifetimes. Upon applied potential, due to the change in internal electric field,

drift current gets altered. Hence, the density of the generated excitons increases

near the heterojunction region and they start to move through the electrodes

with the help of diffusion current.
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1.6.2.2.4 Charge Collection at Electrodes

Free charge carriers are extracted from active layer to the electrodes once they

reach the interface. The junction between metal and the semiconductor is called

as Ohmic contact. To enhance charge extraction, ohmic contact formation

should also be ensured [71]. For this purpose, anode and cathode materials

must carefully be chosen. As shown in Figure 1.16, in operation of organic solar

cell materials should have proper band alignment for effective charge collection.

Indium tin oxide (ITO) which has work function of 4.7 eV and Al which has

4.2 eV work function match well with the HOMO of the organic semiconductors

and LUMO of the PCBM, respectively.

ACTIVE LAYER:
Donor: Acceptor

LiF / Al

PEDOT:PSS

ITO

SUBSTRATE

Light

Figure 1.15: Organic solar cell device configuration.

LUMO

Anode Donor Acceptor Cathode

LUMO

HOMO

HOMO

Figure 1.16: Operation principle of an organic solar cell.
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1.6.2.3 Operational summary of BHJ

The overall process shown in Figure 1.16 starts with the photon absorption by an

organic semiconductor then continues with generation of excitons. Generated

excitons diffuse into donor-acceptor interface. Dissociation of the charges at

interface takes place with the effect of electric field that is produced by reverse

bias. Lastly, while the external bias gets closer to zero, free carriers are started

to get extracted from the active layer to anode and cathode.

Solar cell behavior is different in dark and under illumination as shown in Fig-

ure 1.17. In both states, it follows diode behavior. In dark since there is no light

absorption, there will be no photocurrent formation. In reverse bias, current flow

cannot be observed due to high drift current. However, with increasing voltage,

diffusion current becomes higher than the drift current and at this point the

voltage called as turn on voltage. After that point, exponential increase in cur-

rent is seen. Under illumination, current flows out of the solar cell and photon

absorption creates charge carriers.

Figure 1.17: Solar cell behavior under dark and illumination of light.
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1.6.2.4 Organic Solar Cell Characterization

1.6.2.4.1 Air Mass

Under standard conditions, air mass is a coefficient that is used to characterize

performance of the solar cell. AM 1.5 G is a universal coefficient which depends

on solar radiation angle, zenith angle. When the angle between solar irradiation

and normal of the Earth is equal to 48.2°, the atmosphere thickness becomes

50 % more than the atmosphere thickness at Zenith angle and is denoted as AM

1.5. The light intensity is fixed as 100 mW cm−2 [72]. General overview of air

mass 1.5 global standardization was demonstrated in Figure 1.18.

Figure 1.18: Air Mass 1.5 Global standardization.

1.6.2.4.2 Short Circuit Current (Jsc)

When the voltage across the organic solar cell is zero, the maximum current is

called short circuit current and demonstrated as Jsc. It is the amount of charge

carriers that are produced and collected. Since Jsc highly depends on the photon

absorption molecules should have small band gap to harvest more solar light.

Hence, higher Jsc can be obtained [72].
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1.6.2.4.3 Open Circuit Voltage (Voc)

Voc is the maximum voltage when the current density is zero. It depends on the

difference between HOMO of the donor and LUMO of the acceptor molecules

[71,72].

1.6.2.4.4 Fill factor (FF) and Power Conversion Efficiency (PCE)

Fill factor (FF) is the ratio of the maximum power to short circuit current and

open circuit voltage. Power conversion efficiency is the ratio of power produced

by solar cell under 100 W/cm2 light intensity (Pin) [72].

FF =
ImppVmpp

IscVoc
(1.2)

ηe =
ImppVmpp

Pin

=
IscVocFF

Pin

. (1.3)

1.6.2.4.5 External Quantum Efficiency (EQE)

EQE is defined as the conversion efficiency of photons to current, in other words

it is the incident photon to current efficiency [72].

1.7 OSC Literature Survey of BDT Containing Polymers

In 1986, bilayer OPV device was firstly introduced by Tang et. al. The break-

out was happened in 1995 by demonstration of polymer:fullerene and poly-

mer:polymer blend concept which is named as BHJ by Prof. Heeger and Prof.

Friend. This architecture provided enhanced donor-acceptor interface and im-

proved charge generation and transport with nanoscale morphology [69,70]. Be-

sides, the design and synthesis of donor polymer play very crucial role to obtain

high PCEs since active layer of OPVs must fulfill many requirements. Donor

polymer should cover a broad absorption spectrum, have a nanoscale phase sep-

aration, a bicontinuous network morphology and proper HOMO and LUMO
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energy levels to acquire decent driving force for charge separation with lowered

energy loss [73–81].

1.7.1 Backbone Modulation

Development of OPV devices can be provided by device processing innovations,

tuning of active layer blend morphology and interface engineering. One of the

most used strategy is combination of Donor-Acceptor (D-A) molecules in the

same polymer backbone. It is preferred to obtain broad absorption and ap-

propriate energy levels (HOMO-LUMO). The other strategy is incorporation of

π-bridge between D-A units to obtain well optimized backbone conformation

and to extend π-system.

1.7.1.1 D-A Combination

Homopolymers such as MEH-PPV and P3HT [82] were used for OPV stud-

ies. However, further improvements are limited by their low absorption of light.

Also, fixed HOMO energy levels reduce the Jsc and Voc values. To overcome

these limitations, D-A approach which is called as push-pull method was pre-

ferred. Hence, creating and changing the intermolecular charge transfer through

donor to acceptor tune the optical and electronic properties of the polymer [83].

Electron density on the polymer backbone moves through donor to acceptor side

and formation resonance structure is followed. As shown in Figure 1.19, when

donor and acceptor molecules are combined in a polymer structure with covalent

bonds. HOMO energy level of the resultant polymer close to the HOMO of the

donor unit and LUMO energy level of it close to the acceptor moiety. As a result

of this, narrowed band gap is observed with D-A approach and explained with

molecular orbital hybridization.

1.7.1.1.1 BDT Based D-A Type Copolymers

In 2003, Andersson and his coworkers synthesized benzothiadiazole and fluorene

containing alternating copolymer for the first time and they achieved 2.2 % PCE.
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Figure 1.19: Hybridization of energy levels.

Later on, D-A type copolymers became the milestone for development of OPV

industry [84].

In 2008, as shown in Figure 1.20, P1 was constructed with coupling of BDT

and thiophene units and hence 1.6 % PCE was achieved [85]. After that, ester

substituted thieno[3,4-b]thiophene(TT) as an acceptor moiety and BDT unit

as the donor moiety were incorporated into polymer backbone by Yu. et. al.

(PTB7) Consequently, stabilization of quiniodal structure was observed; and

hence, a low band gap polymer was obtained namely P2 [86,87]. In 2010, PTB7

was one of the mostly used donor molecule for its unique properties such as

broad absorption ranging from 550 nm to 750 nm [88, 89].

2,1,3 Benzothiadiazole (BT) is one of the strongest acceptor molecule. BDT and

BT comprising polymers showed very promising photovoltaic performance; one

of the example is P3 which has impressing photovoltaic properties as shown in

Figure 1.20 [90]. All results were summarized in Table 1.2.

In 1974, a very outstanding molecule, diketopyrrolopyrrole(DPP), was synthe-

sized by Fornum and coworkers [91]. Due to high electron deficiency of DPP,
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it was coupled with BDT units and hence low band gap polymers (∼1.45 eV)

were obtained. PBDT-DPP is a great candidate for tandem cell applications

due to its strong absorption. Yang et. al constructed inverted tandem cells and

obtained PCE of 8.6 % and Voc of 1.56 V [92].

Figure 1.20: Structures of P1 P2 and P3.

Table 1.2: Summary of optical and OPV results of P1, P2 and P3.

Eg
op (eV) HOMO (eV) Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

P1 2.06 -5.05 0.75 3.78 38 1.60
P2 1.6 -5.15 0.74 14.5 68.97 7.4
P3 1.75 -5.45 0.92 14.5 64 9.4

1.7.1.2 π-Bridge Effect

Incorporation of thiophene, selenophene or furan units between donor-acceptor

molecules as a π-bridge affects the conformation of the polymer chains. As

a result, optical absorption, molecular energy levels, active layer morphology

and hole mobility of the conjugated polymer are changed. The angle between

conjugated molecules is called connecting angle and it is affected by π-bridge

units inserted into polymer backbone. On the other hand, crystallinity of the

polymer is highly controlled by zigzagged or straight structure of the backbone

which is affected by π-bridge units.
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Hou et. al synthesized P4 with a zigzagged backbone and π-π stacking distance

was determined as 3.88Å. However, when thiophene was incorporated as a π-

bridge, resulting polymer (P5) has straight-linear conformation. To the best of

our knowledge it has the smallest π-π stacking distance for conjugated molecules

which is 3.51Å [93]. The structures of the copolymers were given in Figure 1.21.

Absorption properties and molecular energy levels are highly affected by back-

bone conformation. When π-π stacking distance between the units is decreased,

HOMO energy level will be higher and absorption spectra will shift to Near IR

region. The difference between HOMO energy levels were shown in Table 1.3.

Figure 1.21: Structures of P4 and P5.

Table 1.3: Summary of optical and OPV results of P4 and P5.

Eg
op (eV) HOMO (eV) Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

P4 1.61 -5.29 0.81 12.27 61.98 5.93
P5 1.59 -5.04 0.69 16.35 66.3 7.48

1.7.2 Optimization of Flexible Side Chain

Solubility, mobility of electrons or miscibility of different molecules are under

the control of side chain optimization. Polymer-polymer and polymer-fullerene
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interactions can be controlled via alkyl chain length, shape (linear or branched),

position or terminal group [94,95].

1.7.2.1 Effect of Alkyl Chain Configuration

Alkyl chain configuration affects the π-π stacking distance; therefore, it has

influence on the solubility of polymers. There should be a balance between

length and bulkiness of the alkyl chains to control intermolecular interactions.

To illustrate, branched alkyl chain inserted polymers have larger π-π distance

due to bulkiness of the side group (P6 to P7) [86]. Hou and coworkers synthesized

three polymers, with different alkyl chains, octyl (P8), 2-ethylhexyl (P9), 3,7-

dimethyl octyl (P10) and the structures are shown in Figure 1.22.

Figure 1.22: Structures of P6, P7, P8, P9 and P10.

Optical and electronic properties of the polymers did not change as depicted in

Table 1.4 [96]. However, polymer with linear alkyl chain(P8) has reduced π-π

stacking due to less steric hindrance of linear side chain. As a result, the highest

Jsc belongs to P8.
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Table 1.4: Summary of optical and OPV results of P6, P7, P8, P9 and P10.

Eg
op (eV) HOMO (eV) Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

P6 1.58 -4.90 0.58 12.5 65.4 4.76
P7 1.62 -5.01 0.68 10.3 43.1 3.02
P8 1.61 -5.01 0.62 17.55 67.2 9.52
P9 1.59 5.29 0.81 16.52 62.3 8.37
P10 1.61 5.29 0.81 16.22 56 7.36

1.7.2.2 Effect of Functional Substitution

Optical and electronic properties are tunable with incorporation of electron do-

nating or withdrawing groups. Fluorine is the most electronegative atom in the

periodic table. Its small size eases modification and incorporation of it to the

polymer backbone, which provides tuning the energy levels. Thienyl BDT and

ester substituted TT polymer -P11 and P12 were synthesized, as shown in Fig-

ure 1.23. With incorporation of fluorine atom to the backbone, HOMO level was

reduced from −5.09 to −5.22 eV and PCE enhanced from 6.21 to 9.35 through

an increase in Voc [97]. The results were summarized in Table 1.5.

Figure 1.23: Structures of P11 and P12.
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Table 1.5: Summary of optical and OPV results of P11 and P12.

Eg
op (eV) HOMO (eV) Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

P11 1.58 -5.09 0.68 14.59 62.6 6.21
P12 1.58 -5.22 0.80 15.73 74.3 9.35

1.7.3 Benzotriazole and Benzodithiophene Containing Conjugated

Polymers

Benzotriazole (Btz) derivatives can easily be modified by changing alkyl chain

and enhanced solubility can be obtained. Polymers with higher HOMO energy

levels can be synthesized with Btz molecules due to effect of electron rich N atom

which makes Btz weaker electron acceptor. Peng and coworkers synthesized

alkyl-thiol substituted BDT and fluorinated Btz comprising conjugated polymer

as shown in Figure 1.24. As depicted in in Table 1.6 7.3 % PCE was achieved

using polymer P13 [98].

Figure 1.24: Structure of P13.

Table 1.6: Summary of optical and OPV results of P13.

Eg
op (eV) HOMO (eV) Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

P13 2.02 - -0.78 13.3 70.5 7.3
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1.8 Organic Light Emitting Diodes

Organic light emitting diode (OLED) is a device that consists of emissive electro-

luminescent organic layer. Upon applied potential, OLED emits light. OLEDs

are widely used for display technologies such as mobile phones, television screens,

computer monitors.

Electroluminescence (EL) in organic materials was firstly discovered by An-

dre Bernance and coworkers applying external potential to acridine orange and

quinacrine at Nancy-Universite in France however, it was not significantly devel-

oped until Ching W. Tang’s study at Eastman Kodak company in 1989. Investi-

gations on this era is very promising and has been increasing year by year. Tang

et al. used Alq3 (tris(8-hydroxyquinoline) aluminum (III)) as an active layer

material for the first Organic Light Emitting Diodes (OLED) application [99].

1.8.1 Luminescence

The term luminescence comes from Latin word lumen which means light. In

1888, Eilhord Wiedemann described the term luminescenz as a spontaneous

light emission of electronically excited molecules [100]. There are several sub-

groups of luminescence according to type of excitation. Absorption of photons

cause photoluminescence and electrical current passing through the device cause

electroluminescence [101].

1.8.1.1 Photoluminescence (PL)

Photoluminescence is a spontaneous light emission with the effect of electromag-

netic radiation. The relaxation process is radiative. Fluorescence and phospho-

rescence are the two sub-groups of photoluminescence which depend on character

of excited state. Singlet and triplet states are depicted in Figure 1.25. Fluores-

cence is the relaxation from singlet excited state to singlet ground state which

is spin allowed (Figure 1.25). The lifetime of an electron in the excited state is

very short that is between 10−5 – 10−8 s which is very rapid decay. As shown
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in Figure 1.25, excited electron with a same spin forms triplet excited state,

emission from triplet to singlet excited state named as phosphorescence. The

lifetime is between 10−4 – 104 s which is very long compared to the former one

because of forbidden energy state transition [102].

(a) (b) (c)

singlet
ground state

singlet
excited state

triplet 
excited state

Figure 1.25: Schematic representation of singlet ground (a), excited (b) and
triplet excited state (c).

1.8.1.1.1 Jablonski Diagram

Jablosnki Diagram is a vertically alignment diagram consisting of energy levels

demonstrating absorption of photon, fluorescence and phosphorescence. The

figure is depicted as Figure 1.26

Figure 1.26: Jablonski Diagram.
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1.8.1.2 Electroluminescence (EL)

If injected charge carriers (electrons and holes) combine and radiate in a semi-

conductor (emissive layer), this process is called as electroluminescence. In other

words, it is a direct conversion of electrical energy into light emission. There are

three fundamental steps; first external electrical energy is applied, according to

the mode of emitting state (singlet or triplet) light generation will take place.

Four different spin combination is available due to spin of hole and electrons.

If the total spin of excitons is zero (antiparallel spin) it is called as singlet (S0,

S1). In triplet state total spin of excitons is equal to one (parallel spins) (T1).

Excited electrons can produce singlet or triplet excited states in a 1:3 ratio

as shown in Figure 1.27. Fluorescence occur from 25 % of excitons; however,

phosphorescence occurs from 75 % of excitons. Difference in spin symmetries

of excited state and ground state make the phosphorescence forbidden for or-

ganic molecules due to lack of spin-flip mechanism. Very efficient LEDs can be

processed via harvesting triplet excitons [103–105].

Figure 1.27: Electroluminescence of fluorescent and phosphorescent materials.
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1.8.2 Device construction and working principle of OLEDs

Typical OLED device consists of transparent and highly conductive anode ma-

terial which is usually ITO [106], an emissive layer, a conductive layer and a

properly chosen cathode material according to work function alignment [107].

As depicted in Figure 1.28, when an external potential is applied through elec-

trodes, electrons are injected from cathode and holes are injected from anode.

Hole transport layer which is PEDOT:PSS enables movement of holes through

hυ

Anode Organic emissive layer Cathode

Energy

Figure 1.28: Operational principle of an OLED.

emissive layer. Due to coulombic attraction, electron and hole combine and pro-

duce exciton in the emissive layer. Since hole has higher mobility than electron,

they recombine near emissive layer. Lastly, radiative decay occurs in emissive

layer which has visible light frequency.

1.9 Aim of the Study

As it is mentioned before, getting maximum efficiency from sun is very crucial

for both academia and the industry. In order to fulfill this aim, donor-acceptor
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approach is preferred for the design of active layer materials for OPVs. This ap-

proach enables to obtain low band gap polymers which will result in enhanced

PCEs. By the light of these information, two novel conducting polymers were

synthesized by Stille polycondensation as shown in Figure 1.29. Benzotriazole

was used as the electron acceptor unit due to its high electron transporting abil-

ity. Moreover, benzodithiophene was chosen as the electron donating moiety due

to its strong intramolecular charge transfer ability and planar structure. Fur-

thermore, in order to enhance conjugation length, thiophene and bithiophene

units were incorporated between donor and acceptor moieties as a π-bridge.

Electrochemical and spectroelectrochemical and kinetic studies were performed.

Moreover, organic solar cell devices were constructed for both P1 and P2. Elec-

troluminescence properties of P1 was also investigated.

Figure 1.29: Synthetic route for copolymers, P1 and P2.
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CHAPTER 2

EXPERIMENTAL

2.1 Materials

1H-Benzotriazole, 1-bromododecane, potassium tert-butoxide, tributyltin chlo-

ride, ammonium chloride, bis(triphenyl- phosphine)palladium(II) dichloride, N-

bromosuccinimide, sodium bicarbonate, bromine, hydrobromic acid, thiophene,

magnesium sulfate, acetic acid, methanol, dichloromethane, hexane, chloroform,

and 2,6-bis(trimethylstannyl)-4,8-bis(2-ethyl-hexyloxy)benzo[1,2-b:4,5-b’]dithio-

phene were purchased from Sigma Aldrich Chemical Co. Ltd and were used

without further purification. PC71BM was obtained from Solenne. All re-

actions were carried out under an argon atmosphere unless otherwise men-

tioned. Tetrahydrofuran (THF) was freshly distilled over Na/benzophenone

ketyl. Tributyl(thiophene-2-yl)stannane, 2-dodecylbenzotriazole and 2-dodecyl-

4,7-di(thiophen-2-yl)-2H- benzo[d][1,2,3]triazole (TBT) were synthesized accord-

ing to previously described methods [108].

2.2 Syntheses of Monomers

The synthetic routes towards monomers were shown in Figure 2.1. Compound 2

was synthesized according to reported procedures in literature [45]. Compound

2 was coupled via Stille polycondensation with compound 3 and 4 to obtain 2-

dodecyl-4,7-di(thiophen-2-yl)-2H- benzo[d][1,2,3]triazole (5) and 2-dodecyl-4,7-

di(bithiophen-2-yl)-2H-benzo[d][1,2,3]triazole (6), respectively. The resultant
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Figure 2.1: Synthetic route of monomer 1 and monomer 2.

products were brominated in the presence of N-bromosuccinimide (NBS), CHCl3
and DMF, to obtain monomer 1 and monomer 2, respectively.
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2.2.1 Synthesis of tributyl(thiophen-2-yl)stannane

Figure 2.2: Synthesis of tributyl(thiophen-2-yl)stannane.

Thiophene (2.00 g, 23.8 mmol) and freshly distilled THF ( 25 mL) were added in

a 100 mL three-necked flask under argon atmosphere. n-Butyl lithium (9.50 mL,

2.5 M in hexane, 23.8 mmol) was added drop wise to the solution at −78 ◦C. Sub-

sequently, the solution was stirred for 1 h at room temperature. After cooling

to −78 ◦C, tributyltin chloride (23.8 mL, 28.5 mmol) was added drop wise. The

mixture was allowed to reach room temperature gradually and stirred overnight.

After evaporation of solvent under reduced pressure, dichloromethane was added

and the mixture was washed with NH4Cl(saturated), brine(saturated) and dis-

tilled water until a clear organic layer was obtained. The organic layer was dried

over anhydrous MgSO4. After removal of solvent, a light yellow liquid was ob-

tained [109]. The product was used without further purification. (8.35 g, yield:

94 %).

1H NMR (400 MHz, CDCl3, ppm): δ 7.67 (d, J = 4.6 Hz, 1H), 7.27 (t, J =

3.2 Hz, 1H), 7.21 (d, J = 3.2 Hz, 1H), 1.59 (m, 6H), 1.37 (m, 6H), 1.12 (t, J =

8.3 Hz, 6H), 0.91 (t, J = 7.0 Hz, 9H).

13C NMR (100 MHz, CDCl3): δ 136.2, 135.2, 130.6, 127.8, 28.98, 27.28, 13.68,

10.82.

2.2.2 Synthesis of [2,2’-bithiophen]-5-yltributylstannane

2-2’-Bithiophene (3.00 g, 18.0 mmol) was dissolved in anhydrous THF (30 mL)

in a 100 mL three-necked round bottom flask and kept under argon atmosphere.

The reaction temperature was cooled to −78 ◦C, n-butyl lithium (7.22 mL, 2.5 M

in hexane, 18.0 mmol) was added drop wise. Afterwards, the solution was stirred
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Figure 2.3: Synthesis of [2,2’-bithiophen]-5-yltributylstannane.

at this temperature for 1 h. Tributyltin chloride (5.87 mL, 21.6 mmol) was added

drop wise at −78 ◦C. After completion tributyltin chloride addition, the solution

was gradually warmed room temperature and stirred overnight under argon

atmosphere. After 12 hours, solvent was evaporated under reduced pressure

and dichloromethane was added and the mixture was washed with NaHCO3

(saturated), brine (saturated) and distilled water. Subsequently, the organic

layer was dried over anhydrous MgSO4. After evaporation of solvent, green

colored liquid was attained. The product was used without further purification.

(2.46 g, yield 30 %).

1H NMR (400 MHz, CDCl3, ppm): δ 7.32 (d, J = 3.3 Hz, 1H), 7.21 (d, J =

5.1 Hz, 1H), 7.09 (d, J = 3.3 Hz, 1H), 7.09 (d, J = 3.5 Hz, 1H), 7.03 (d, J =

3.6 Hz, 1H), 1.43-1.34 (m,6H), 1.16 (t, J = 8.4 Hz, 6H), 1.16 (t, J = 8.3 Hz, 6H),

0.98-0.93 (m, 9H) .

13C NMR (100 MHz, CDCl3): δ 136.1, 127.8, 127.7, 125.0 124.3, 123.9, 123.8,

123.5, 29.00, 27.30, 10.70, 10.92.

2.2.3 Synthesis of 2-dodecyl-2H-benzo[d][1,2,3]triazole

1H-benzo[d][1,2,3]triazole (5.02 g, 42.1 mmol) was added into two-necked round

bottom flask, dissolved and refluxed in methanol (30 mL). After 30 minutes

of reflux, KOtBu (4.73 g, 42.2 mmol) was added to reaction medium followed

by, 1-Bromododecane (12.6 g, 50.6 mmol). The reaction was allowed to reflux

overnight. The completion of the reaction was controlled by TLC. Methanol
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Figure 2.4: Synthesis of 2-dodecyl-2H-benzo[d][1,2,3]triazole.

was evaporated and chloroform was added to crude product. After that, the

organic layer was washed with brine (saturated) and distilled water until a clear

organic phase was obtained. The organic phase was dried over MgSO4 and the

solvent was evaporated under reduced pressure. Column chromatography was

performed with CHCl3: Hexane (2:1) as the eluent. Product was obtained as a

colorless oil [108]. (3.63 g, yield: 30 %).

1H NMR (400 MHz, CDCl3, ppm): δ 7.87 (m, 2H), 7.39 (m, 2H), 4.74 (t, J =

7.2 Hz, 2H), 2.15-2.08 (quin, J =7.3 Hz, 2H), 1.34-1.24 (m,18H), 0.87 (t, J =

6.6 Hz, 3H).

13C NMR (100 MHz, CDCl3): δ 144.28, 126.12, 117.95, 56.67, 31.90, 30.07, 29.59,

29.50, 29.37, 29.32, 29.03, 29.56, 22.67, 14.10.

2.2.4 Synthesis of 4,7-dibromo-2-dodecyl-2H-benzo[d][1,2,3]triazole

Figure 2.5: Synthesis of 4,7-dibromo-2-dodecyl-2H-benzo[d][1,2,3]triazole.

2-Dodecylbenzotriazole (3.00 g, 10.4 mmol) was dissolved in hydrobromic acid

(5.8 M, 11.9 mL) and heated to 110 ◦C for 1 hour in a three-necked round bottom
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flask. Afterwards, bromine (1.5 mL, 28.6 mmol) was added to reaction medium

and the mixture was stirred and refluxed at 135 ◦C overnight. After completion

of reaction, the mixture was cooled to room temperature and NaHCO3 (satu-

rated) was added to mixture and excess bromine was quenched with saturated

NaHCO3. After that, chloroform was added and the mixture washed with dis-

tilled water. Organic layer dried with MgSO4 and chloroform was evaporated

under reduced pressure. For further purification, column chromatography was

performed with DCM:Hexane(1:1). The product was obtained as white solid.

(3.47 g, yield: 75 %).

11H NMR (400 MHz, CDCl3, ppm): δ 7.44 (s, 2H), 4.75 (t, J = 7.4 Hz, 2H),

2.14 (quin, J = 7.3 Hz, 2H), 1.36-1.24 (m, 18H), 0.87 (t, J = 6.7 Hz, 3H).

13C NMR (100 MHz, CDCl3): δ 143.7, 129.5, 109.9, 57.5, 31.91, 30.23, 30.22,

29.59, 29.49, 29.34, 28.98, 26.51, 22.68, 14.11.

2.2.5 Synthesis of 2-dodecyl-4,7-di(thiophen-2-yl)-2H-benzo[d][1,2,3]-

triazole 4,7-Dibromo-2-dodecylbenzotriazole

Figure 2.6: Synthesis of 2-dodecyl-4,7-di(thiophen-2-yl)-2H-benzo[d][1,2,3]tria-
zole 4,7-Dibromo-2-dodecylbenzotriazole.

4,7-Dibromo-2-dodecyl-2H-benzo[d][1,2,3]triazole (600 mg, 1.35 mmol), and trib-

utyl(thiophen-2-yl) stannane (1.39 g, 4.05 mmol) were added into three-necked

round bottom flask under Ar atmosphere. Continuous argon flow was provided

into reaction medium. Anhydrous THF (40 mL) and bis(triphenylphosphine)-

palladium(II) dichloride were added to the reaction. The mixture was refluxed

for 2 days under inert atmosphere at 125 ◦C. Completion of reaction was con-

trolled with the TLC analysis and then solvent was evaporated under vacuum.
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The crude product was purified by column chromatography (DCM:Hexane(1:2))

on silica gel to obtain green solid as the product. (1.37 g, yield 75 %).

11H NMR (400 MHz, CDCl3, ppm): δ 8.10 (d, J = 2.6 Hz, 2H), 7.63 (s, 2H),

7.38 (d, J = 4.0 Hz, 2H), 7.18 (t, J = 3.7 Hz, 2H), 4.82 (t, J = 7.3 Hz, 2H), 2.20

(quin, J = 7.3 Hz, 2H), 1.45-1.24 (m, 18H), 0.82 (t, J = 6.6 Hz, 3H).

13C NMR (100 MHz, CDCl3): δ 142.1, 140.0, 128.1, 127.0, 125.5, 123.6, 122.8,

56.88, 32.00, 30.13, 29.71, 29.64, 29.53, 29.44, 29.13, 26.67, 22.58, 14.23. HRMS

results; calculated mass: 452.2194, found mass: 452.2192

2.2.6 Synthesis of 4,7-di([2,2’-bithiophen]-5-yl)-2-dodecyl-2H-benzo[d]

[1,2,3]triazole

Figure 2.7: Synthesis of 4,7-di([2,2’-bithiophen]-5-yl)-2-dodecyl-2H-benzo[d]
[1,2,3]triazole.

4,7-Dibromo-2-dodecylbenzotriazole (489 mg, 1.10 mmol) and [2,2’-bithiophen]-

5-yltributylstannane (2.50 g, 5.50 mmol) were added into two-necked round bot-

tom flask. The reaction was kept under Argon atmosphere for 1h at room tem-

perature. Then, freshly distilled THF (25 mL) was added to reaction medium at

room temperature under argon atmosphere. After 30 minutes, bis(triphenyl-

phosphine)palladium(II) dichloride (5 mol %) was added to reaction medium

and the mixture was refluxed overnight at 125 ◦C. The completion of the re-

action was controlled with TLC analysis. The solvent was evaporated under

reduced pressure and column chromatography on silica was performed with

DCM:Hexane(1:2) to obtain orange color solid product. (0.64 g, yield 94 %).

11H NMR (400 MHz, CDCl3, ppm): δ 8.02 (d, J = 3.8 Hz, 2H), 7.59 (s, 2H),

7.27 (m, J = 1.1 , 2H), 7.26 (d, J = 1.5 Hz, 2H), 7.24 (d, J = 1.5 Hz, 2H), 7.06
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(dd, J = 3.6 Hz, 2H), 4.85 (t, J = 7.2 Hz, 2H), 2.21 (quin, J = 7.6 Hz, 2H),

1.46-1.24 (m, 18H), 0.88 (t, J = 6.6 Hz, 3H).

13C NMR (100 MHz, CDCl3): δ 141.9, 138.8, 137.5, 137.5, 127.94, 127.9, 127.8,

124.8, 124.6, 124.4, 123.9, 123.9, 123.3, 122.4, 56.88, 31.94, 0.09, 29.66, 29.60,

29.49, 29.37, 29.07, 26.64, 22.71, 14.14. HRMS results; calculated mass: 615.1949,

found mass: 615.1956.

2.2.7 Synthesis of 4,7-bis(5-bromothiophen-2-yl)-2-dodecyl-2H-benzo-

[d][1,2,3]triazole

Figure 2.8: Synthesis of 4,7-bis(5-bromothiophen-2-yl)-2-dodecyl-2H-benzo[d]-
[1,2,3]triazole.

2-Dodecyl-4,7-di(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole (450 mg, 1.0 mmol)

was dissolved in a mixture of chloroform (20 mL) and glacial acetic acid (20 mL).

N-bromosuccinimide (445 mg, 2.5 mmol) was added to the mixture in several

portions in the dark at room temperature. The mixture was stirred overnight at

room temperature in the dark. NaHCO3 (saturated) was added to the mixture

and the organic layer was washed with distilled water. The organic phase was

dried over MgSO4. After filtration and solvent removal, the crude product was

recrystallized from ethanol to obtain a yellow solid. (0.47 g, yield: 78 %).

11H NMR (400 MHz, CDCl3, ppm): δ 7.79 (d, J = 3.9 Hz, 2H), 7.52 (s, 2H),

7.13 (d, J = 3.9 Hz, 2H), 4.80 (t, J = 7.3 Hz, 2H), 2.17 (quin, J = 6.6 Hz, 2H),

1.42-1.24 (m, 18H), 0.87 (t, J = 6.6 Hz, 3H).

13C NMR (100 MHz, CDCl3): δ 141.3, 130.9, 126.9, 123.0, 122.2, 115.3, 113.2,

56.96, 31.92, 30.06, 29.63, 29.60, 29.55, 29.44, 29.35, 29.02, 28.99, 22.70.
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2.2.8 Synthesis of 4,7-Bis(5’-bromo-[2,2’-bithiophen]-5-yl)-2-dodecyl-

2H-benzo[d][1,2,3]triazole

Figure 2.9: Synthesis of 4,7-Bis(5’-bromo-[2,2’-bithiophen]-5-yl)-2-dodecyl-2H-
benzo[d][1,2,3]triazole.

4,7-di([2,2’-bithiophen]-5-yl)-2-dodecyl-2H-benzo[d][1,2,3]triazole (320 mg, 0.52

mmol) was dissolved in DMF (6 mL) in a round bottom flask. Then, N--

bromosuccinimide (212 mg, 1.2 mmol) was added to reaction medium in several

portions. The solution was stirred for 12 hours at room temperature. Sol-

vent was evaporated under reduced pressure. Ethyl acetate was added to the

crude product and organic layer washed with brine and distilled water. Or-

ganic layer was dried over Na2SO4 and the solvent was removed under reduced

pressure. For further purification column chromatography was carried out us-

ing CHCl3:Hexane(1:2) system as eluent. The product was obtained as a dark

orange. (0.10 g, yield: 25 %).

1H NMR (400 MHz, CDCl3, ppm): δ 8.0 (d, J = 3.9 Hz, 2H), 7.58 (s, 2H), 7.18

(d, J= 3.9 Hz, 2H), 7.01 (s, 4H), 4.83 (t, J = 7.2 Hz, 2H), 2.24 (quin, J= 7.1 Hz,

2H), 1.46-1.24 (m, 18H), 0.87 (t, J = 6.5 Hz, 3H).

13C NMR (100 MHz, CDCl3, ppm): δ 141.9, 139.2, 138.9, 136.4, 130.7, 127.9,

124.9, 123.9, 123.25, 122.5, 111.2, 56.91, 31.91, 30.06, 29.63, 29.57, 29.46, 29.34,

29.03, 26.60, 22.68, 14.11.

2.3 Synthesis of poly(4-(5-(4,8-bis((2-ethylhexyl)oxy)-6-methylbenzo-

[1,2-b:4,5-b’]dithiophen-2-yl)thiophen-2-yl)-2-dodecyl-7-(5-methyl-

thiophen-2-yl)-2H-benzo[d][1,2,3]triazole)

4,7-Bis(5-bromothiophen-2-yl)-2-dodecyl-2H-benzo[d][1,2,3]triazole (250 mg, 0.41

mmol), 2,6-bis(trimethylstannyl)-4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5-b’]di-
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Figure 2.10: Synthesis f poly(4-(5-(4,8-bis((2-ethylhexyl)oxy)-6-methylbenzo-
[1,2-b:4,5-b’]dithiophen-2-yl)thiophen-2-yl)-2-dodecyl-7-(5-methylthiophen-2--
yl)-2H-benzo[d][1,2,3]triazole).

thiophene (316.8 mg, 0.41 mmol) and bis(triphenylphosphine)palladium(II) di-

chloride (0.02 mmol) were mixed and refluxed at 110 ◦C under an argon atmo-

sphere for 2 days in THF. The solvent was removed under reduced pressure. To

remove oligomers, the crude product was washed with methanol, acetone, and

hexane using Soxhlet extractor. Chloroform was used to extract polymer. Poly-

mer was obtained as a red solid after precipitation from cold methanol. Yield:

37 %.

1H NMR (400 MHz, CDCl3, δ: ppm) 7.56 (BTz), 7.31 (BDT), 7.66 (thiophene),

4.77(-OCH2), 3.23 (N-CH2), 2.27 (-CH), 1.96-1.68 (-CH2), 1.18-0.79 (–CH3).

Mn: 34 kDa, Mw: 42 kDa, PDI: 1.2.

2.4 Synthesis of poly(4-(5’-(4,8-bis((2-ethylhexyl)oxy)-6-methylbenzo-

[1,2-b:4,5-b’]dithiophen-2-yl)-[2,2’-bithiophen]-5-yl)-2-dodecyl-7-

(5’-methyl-[2,2’-bithiophen]-5-yl)-2H-benzo[d][1,2,3]triazole)

Figure 2.11: Synthesis of poly(4-(5’-(4,8-bis((2-ethylhexyl)oxy)-6-methylbenzo-
[1,2-b:4,5-b’]dithiophen-2-yl)-[2,2’-bithiophen]-5-yl)-2-dodecyl-7-(5’-methyl--
[2,2’-bithiophen]-5-yl)-2H-benzo[d][1,2,3]triazole).
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4,7-Bis(5’-bromo-[2,2’-bithiophen]-5-yl)-2-dodecyl-2H-benzo[d][1,2,3]triazole

(76.3 mg, 0.098 mmol) was added into three necked round bottom flask and the

reaction medium was purged with Argon gas for 1 hour. 2,6-bis(trimethylstannyl)-

4,8-bis(2- ethylhexyloxy)benzo[1,2-b:4,5-b’]dithiophene (75.9 mg, 0.098 mmol)

was added to reaction medium was purged with argon atmosphere. After, freshly

distilled THF (10 mL) was added to reaction mixture and the solution was heated

to 125 ◦C. The reaction was allowed to refluxed at 125 ◦C and bis(triphenyl-

phosphine)palladium(II) dichloride (4.93 mmol, 3.5 mg) was added to reaction

medium, in the dark under argon atmosphere. The polymerization reaction was

kept for 40 hours, chlorobenzene was added and after 6h stannylated thiophene

was added as end cappers to the reaction medium. The solvent was evaporated

and methanol added to the crude product. Later, methanol, acetone and hex-

ane were used, respectively in soxhlet to remove oligomers. The polymer was

extracted with chloroform, the solvent was removed and the product was precip-

itated in methanol to give the pure polymer. A green solid was obtained. The

low solubility of monomer led to obtain low number average molecular weight

of the polymer. Yield 20 %.

Mn: 5 kDa, Mw: 7 kDa, PDI: 1.4.

2.5 Methods and Equipment

1H NMR and 13C NMR spectra were recorded using a Bruker SpectroSpin

Avance DPX-400 spectrometer, with tetramethylsilane (TMS) as the internal

reference; chemical shifts were recorded in ppm. The UV-Vis spectra were

recorded on Varian Cary 5000 UV-Vis spectrophotometer at room tempera-

ture. Cyclic voltammetry studies were carried out in a solution of 0.1 M of

tetrabutylammonium hexafluorophosphate (TBAPF6) in acetonitrile (ACN) so-

lution at a scan rate of 100 mV s−1. A Gamry 600 potentiostat was used with

a three-electrode system in a quartz cell. Molecular weights and polydispersity

indexes of the polymers were determined by gel permeation chromatography

(GPC). Surface of ITO substrates were cleaned in Bandelin Sonorex Ultrasonic

Bath. For further cleaning of anode surfaces Harrick Plasma Cleaner was used.
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Organic layers of OPV and OLED devices were spin coated SAWATEC Spin-

ner in MBraun glove box system. Evaporation of metal cathode was performed

in the glove box MBRAUN MB EVAPORATOR. Current/Luminance-Voltage

characteristics were performed with Keithley 2400 Source, Maya2000PRO Spec-

trophotometer and a Newport fiber optic.

2.6 Electrochemical Studies

For cyclic voltammetry studies, polymers were dissolved in CHCl3 (5 mg/mL)

and spray coated onto ITO coated glass substrate using an Omni spray coating

gun. A three electrode system was constructed; ITO substrate was used as the

working electrode, Pt wire as the counter electrode and Ag wire as the refer-

ence electrode which was calibrated against Fc/Fc+ reference electrode. 0.1 M

TBAPF6 was used as the supporting electrolyte. In order to conduct elec-

trochemical studies, polymers were coated on ITO electrodes and dipped into

monomer free solutions.

Cyclic voltammetry studies were performed in order to investigate redox prop-

erties of the polymers. Since polymers have ambipolar (both p and n dopable)

character, HOMO and LUMO energy levels were calculated from the onset of

the oxidation of p-doping states and onset of the reduction of n-doping states,

respectively.

2.7 Spectroelectrochemical Studies

Polymer films were coated on ITO electrodes and dipped into monomer free

solutions of 0.1 M TBAPF6/ACN. In order to investigate the electronic transi-

tions and optical changes upon doping, benzotriazole bearing copolymers were

subjected to incrementally increasing applied potential while recording UV–Vis

spectra.
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2.8 Kinetic Studies

Kinetic studies were performed to determine switching times and percent trans-

mittance changes (∆T%) of the polymers. The measurements were performed

between the neutral and fully oxidized states of the polymers with 5 s time in-

tervals.

2.9 Organic Solar Cell and Organic Light Emitting Diode Fabrica-

tions

2.9.1 Anode Cleaning: ITO

ITO glass substrates were purchased from Visiontek Systems and the substrates

were etched with acid solution (12 M HCl acid) to avoid a short-circuit. Cleaning

step is a very crucial step affecting fabrication of other layers. ITO substrates

are sonicated for 15 minutes with toluene, detergent (Hellmanex III), distilled

water, and isopropanol, consecutively. After this process, N2 gas was used to dry

substrates. In order to remove small organic impurities from the surface, ITO

substrates were subjected to oxygen plasma for 5 minutes. Moreover, plasma

cleaning increases the work function of the ITO surface and enable to create

more hydrophilic surface for PEDOT:PSS layer.

2.9.2 Coating Hole Transport Layer (PEDOT: PSS) and Active Layer

Poly (3,4-ethylenedioxythiophene) (PEDOT-PSS) solution is filtered from 0.45

µm PVDF membrane and spin-coated on cleaned ITO surface with a thickness

of 40 nm to obtain a smooth, clean and hydrophilic hole transport layer [110].

Since PEDOT:PSS is dispersed in water, residual water is removed by annealing

for 10 minutes at 150 ◦C.

Active layer contribution is different for OSC and OLED devices. In OSC,

active layer consists of polymer PCBM blend in an organic solvent. However, in

OLED applications active layer comprises of only polymer in a solvent. In OSC
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applications; Polymer-PC70BM blends, were prepared at different weight ratios

and spin-coated under N2 atmosphere.

2.9.3 Thermal Evaporation of Cathode Material

0.8 nm LiF and 100 nm Al were thermally evaporated with an average rate of

0.08 and 1Å s−1, respectively in the glove box system. A very thin layer of LiF

buffer layer lowers the work function of Al layer and protects the active layer

from increasing temperature during Al deposition hence it increases the open

circuit value and fill factor of the device [111].

2.9.4 Characterization of OSC

J–V curves were recorded with a Keithley 2400 source meter under simulated AM

1.5 G illumination of 100 m W cm−2 with a Newport solar simulator. Incident

photon to current efficiencies (IPCE) of solar cells were recorded by the Oriel

Quantum Efficiency Measurement system and as a reference monosilicon diode

was used which have response between 300 nm-900 nm

2.9.5 Characterization of OLED

Spectra-Suite Software was connected to Maya2000PRO spectrophotometer and

the electroluminescence (EL) spectra was measured upon applied potential.

Keithley 2400 source-meter was used to record the current density-voltage and

luminance-voltage curves.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Electrochemical Studies

Electrochemical studies were performed to determine electronic band gap, HOMO

- LUMO energy levels and redox behavior of the polymers. For cyclic voltamme-

try studies, polymers were dissolved in CHCl3 (5 mg/mL) and spray coated onto

ITO coated glass substrate using Omni spray coating gun. The thicknesses of

the polymers were less than a micron to study their electrochromic properties.

Three electrode system was constructed in a quartz cell. 0.1 M TBAPF6 was

used as the supporting electrolyte and ACN as a solvent. All cyclic voltammetry

experiments performed at 100 mV/s scan rate.

Since polymers have ambipolar (both p and n dopable) character, HOMO and

LUMO energy levels were calculated from the onset of the oxidations of p-doping

states and onset of the reductions of n-doping states, respectively. Cyclic voltam-

mograms of polymers are shown in Figure 3.1. P1 has two reversible redox cou-

ples in the p-type doping/dedoping processes, P2 has one reversible redox couple.

First redox couple of P1 was at 0.89 V and 0.57 V and the second one was seen

at 1.19 V and 0.89 V, redox couple of P2 is at 1.00 V and 0.58 V. The respective

n-type doping/dedoping redox couples were located at −1.57 Vand −1.59 V for

P1 and for P2, respectively. The onset of the oxidation at p-doping state was

0.63 V for P1 and onset of the reduction at n-doping state was −1.95 V. From

(3), HOMO-LUMO energy levels were calculated as −5.38 eV and −3.16 eV, re-

spectively and electronic band gap for P1 was found as 2.22 eV. For P2, the
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onset of the oxidation at p-doping state and the onset of the reduction at n-

doping state were found as 0.63 V and −1.93 V, respectively. HOMO-LUMO

energy levels were calculated as −5.38 eV and −3.14 eV, respectively. Electronic

band gap was found as 2.24 eV. Relatively low HOMO energy level is beneficial

to obtain high open circuit voltage (Voc) value, since Voc is proportional to the

difference between the LUMO of the acceptor and the HOMO of the donor.

Table 3.1 summarizes optoelectronic properties of the polymers.

Figure 3.1: Cyclic voltammograms of P1 and P2 in a solution of 0.1 M TBAPF6-
/ACN.

HOMO = −(Eox, onset+ 4.75)eV (3.1)

LUMO = −(Ered, onset+ 4.75)eV (3.2)

Table 3.1: Summary of electrochemical studies.

E
p-do-
ping
(V)

E
p-de-
doping
(V)

Eox

onset
(V)

E
n-do-
ping
(V)

E
n-de-
doping
(V)

Ered

onset
(V)

HOMO
(eV)

LUMO
(eV)

Eg el
(eV)

P1 0.89/
1.19

0.57/
0.89

0.63 -1.95 -1.51 -1.59 -5.38 -3.16 2.22

P2 1.00 0.58 0.63 -1.93 -1.57 -1.61 -5.38 -3.14 2.24
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Incorporation of conjugated π-bridge into polymer backbone influences elec-

tronic and optical properties of the polymers. π-bridge does not affect LUMO

energy level however, it has strong influence on HOMO energy level [112]. Al-

though, low lying HOMO level increase the Voc value, it reduces the light har-

vesting of OSC device. LUMO values of the polymers are effective enough for

good charge transfer where energy level diagram of P1 and P2 are given in

Figure 3.1.

In order to investigate stabilities of the polymers and to prove non diffusion

controlled mass transfer during redox process, current density vs. potential

data were collected at different scan rates. Randles-Sevcik equation given in

Equation 3.3 explains relationship between the current and scan rate. Linearity

of current density vs scan rate proves there was non-diffusion controlled mass

transfer between anion of electrolyte and polymer film surface. This situation

suggests that anions of supporting electrolyte create anion layer on polymer

chains and mass transfer occurs between these two layers. Figure 3.2 shows

change in cyclic voltammograms at different scan rate for both P1 and P2.

ip = 0.4463nFAC

(
nFυD

RT

) 1
2

(3.3)

where

• ip = current in amps,

• n = number of electrons transferred in the redox event,

• A = electrode area in cm2,

• F = Faraday Constant in C/mol,

• D = diffusion coefficient in cm2/s,

• C = concentration in mol/cm3,

• υ = scan rate in V/s,

• R = gas constant in J K −1 mol−1 and
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• T = temperature in K.

Figure 3.2: Cyclic voltammograms of P1 and P2 in 0.1 M TBAPF6/ACN elec-
trolyte/solvent couple at different scan rates.

3.2 Spectroelectrochemical Studies

In order to investigate electronic transitions and optical changes upon dop-

ing, benzotriazole and benzodithiophene bearing copolymers P1 and P2 were

subjected to incrementally increasing applied potential while recording UV–Vis

spectra. Polymer films were coated on ITO electrodes and dipped into solutions
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of 0.1 M TBAPF6/ACN supporting electrolyte solvent couple. Polymers showed

electrochromic properties. They show reversible color change upon external po-

tential. As shown in Figure 3.3 and Figure 3.4, maximum absorption bands were

observed at 500 nm and 495 nm at the neutral state which corresponds to π-π*

Figure 3.3: Change in the electronic absorption spectra of P1 in 0.1 M TBAPF6-
/ACN electrolyte/solvent couple upon oxidative doping at potentials between
0.0/1.3 V.

Figure 3.4: Change in the electronic absorption spectra of P2 in 0.1 M TBAPF6-
/ACN electrolyte/solvent couple upon oxidative doping at potentials between
0.0/1.2 V.
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inter band transition for copolymers P1 and P2, respectively. While applied

potential was increasing, the absorption of π-π* transition decreased meanwhile

new absorption bands started to form at around 700 nm and 1370 nm for P1,

720 nm and 1450 nm for P2. The formation of these new bands at longer wave-

lengths are due to the formation of polaronic (radical cation) and bipolaronic

(dication) charge carriers on the polymer backbone. 5 nm red shift in absorbance

spectra was observed for P1 compared to P2 due to stronger π-π stacking be-

tween polymer chains which leads to higher intermolecular interaction. P2 was

expected to have red shifted absorption due to enhanced conjugation length

through by bithiophene unit. Since P1 has high molecular weight compared to

P2 a red shifted absorption was observed for P1. The number average molecular

weight of P1 is 34 kDa whereas 5 kDa for P2.

Optical band gap of the polymers were calculated from the onset of the neu-

tral state absorption. As summarized in Table 3.2, these onsets are located at

653 nm and 645 nm for respective polymers. For the polymers optical band gaps

were calculated as 1.90 eV and 1.92 eV from Equation 3.4. Electronic band gap

is higher than optical band gap due to incorporation of electron binding en-

ergy. Spectroelectrochemical studies upon n-doping were conducted and shown

in Figure 3.5. Polymers showed quite stable character upon n-doping process.

Moreover, from claret red to greenish color change for P1 and from claret red to

gray color change for P2 were observed at n-doping state.

Eop
g =

1241

λonset
(3.4)

Table 3.2: Summary of the Spectroelectrochemical studies.

λmax (nm) λonsetmax (nm) Eop
g (eV)

P1 500 653 1.90
P2 495 645 1.92
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Figure 3.5: Change in the electronic absorption spectra of P1 and P2 upon
oxidative doping at potentials between 0.0/-1.7 V, 0.0/-2.0 V, respectively.

3.2.1 Colorimetry Studies

Colorimetry studies were conducted to report scientific colors of the polymers

upon applied potential. International Commission on Illumination created CIE

color space to be used as a reference. L indicates luminance and a, b indicate

color opponent dimensions. Related data were summarized in Table 3.3. More-

over, reversible color changes of polymers upon oxidation and reduction also

recorded and depicted in Figure 3.6.

Table 3.3: Colors of the polymers at different voltages.

Applied Potential (V) L a b

P1 -2.0 52 -4 -1
0.0 45 36 2
0.9 45 36 2
1.1 48 0 3
1.3 45 -1 -3

P2 -1.9 63 -1 -1
0.0 51 27 1
0.9 56 5 0
1.2 62 0 -6
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Figure 3.6: Color changes of P1 and P2, respectively.

3.3 Kinetic Studies

Kinetic studies were performed to determine switching times and percent trans-

mittance changes (∆T%) of the polymer.

The measurement was done between the neutral and fully oxidized states of the

polymers with 5 seconds time intervals. As shown in Figure 3.7 and summa-

rized in Table 3.4, the copolymer P1 film revealed 18 % optical contrast with

a switching time of 0.4 s at 500 nm, 14 % optic contrast with a switching time

of 0.5 s at 700 nm, 36 % optical contrast with 0.4 s switching time at 1370 nm.

P2 showed better results at VIS and NIR regions. 20 % optic contrast with a

switching time of 0.6 s at 495 nm, 14 % with a 0.6 s switching time at 720 nm

and lastly, 48 % optic contrast at 1450 nm with a 0.3 s switching time. P2 was

quite stable at NIR region with a very short short switching time due to more

quinoid-structure formation at this region.

Figure 3.7: Changes in the percent transmittances for P1 and P2.
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Table 3.4: Electrochromic switching and changes in % transmittance of the P1
and P2 on ITO electrode in 0.1 M ACN/TBAPF6 solvent/electrolyte system.

λ (nm) Optical Contrast (%) Switching Time (s)

P1 500 18 0.4
700 14 0.5
1370 36 0.4

P2 495 20 0.6
720 14 0.6
1450 48 0.3

3.4 Photovoltaic Studies

Two novel benzotriazole and benzodithiophene bearing alternating copolymers

were synthesized and thiophene (P1) and bithiophene (P2) conjugated units

were incorporated between donor and acceptor units. Our aim was to enhance

PCE via the incorporation of π-bridges resulting in enhanced charge carrier

mobility. Exciton dissociation and charge transport properties are affected by

charge carrier mobility.

In order to investigate photovoltaic properties of the polymers, bulk heterojunc-

tion solar cells were fabricated with a device architecture of ITO/PEDOT:PSS

(Clevios) (40 nm)/Polymer:PC71BM/LiF(0.8 nm)/Al(100 nm). The performance

of P1 and P2 based devices was optimized via changing the ratio of donor ac-

ceptor, spin coating speed (thickness of the active layer), thermal annealing

treatment and addition of an additive. Since organic solar cell applications

highly depend on solubility and film formation of the polymer fullerene blend,

optimization of solvent is a crucial step in organic solar cell applications [113].

In this context, dissolving polymer PC71BM blend in o-DCB resulted in the best

morphology. PC71BM was used as the acceptor to enhance absorption of the

blend due to broad absorption range of PC71BM in visible region. Current den-

sity/voltage (J/V) characteristics of the optimized OSCs are shown in Figure 3.8
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for P1 and Figure 3.9 for P2.
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Figure 3.8: J–V curve of bulk heterojunction OSCs based on P1:PC71BM for
1:1, 1:2, and 1:3 blends.
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Figure 3.9: J–V curve of bulk heterojunction OSCs based on P2:PC71BM for
1:2, 1:3 and 1:4 blends.
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The best performance was obtained with device construction of 1:2 P1:PC71BM

ratio and 1:4 P2: PC71BM. As summarized in Table 3.5 for P1, increasing

PC71BM ratio from 1:1 to 1:2 was improved charge transport as a result power

conversion efficiency (PCE) was enhanced [114]. However, increasing PC71BM

ratio from 1:2 to 1:3 was decreased the short circuit current (Jsc) due to less

contribution of the polymer on absorption. Moreover, it decreased the hole

transport ability of the active layer [115]. Hereby, as depicted in Table 3.6

optimum ratio was found as 1:2 polymer:PCB71M. In the case of P2 1:4 polymer

PCB71M ratio was found as the optimum ratio. Increase in PCB71M amount

led to enhancement of film formation and charge transport ability resulting in

increase in Jsc and FF.

Table 3.5: Summarized Photovoltaic properties of P1*annealed at 110 ◦C for 10

minutes.

Thickness
(nm)

Voc

(V)
Jsc

(mA cm−2)
FF
(%)

PCE
(%)

P1:PCBM 1:1 102 0.71 4.45 52 1.64
P1:PCBM 1:2 116 0.72 5.45 54 2.12
P1:PCBM 1:3 125 0.71 4.00 52 1.48
P1:PCBM 1:2 108 0.73 5.34 50 1.82
P1:PCBM 1:3 108 0.74 4.70 57 2.00
P1:PCBM* 1:2 113 0.76 3.37 59 1.53

Normalized absorption spectra of P1: PC71BM (1:2) and P2: PC71BM (1:4)

was demonstrated in Figure 3.10. The maximum absorption peaks of P1 and

PC71BM blend in solution and in thin film were located at 473/510 nm and

493/530 nm, respectively. Due to enhanced intermolecular interactions through

the polymer chains in the solid state, 20 nm a red shift was observed in UV-

VIS absorption spectra of P1. Moreover, maximum absorption peaks of P2

and PC71BM blend in solution were located at 468/501 nm and in thin film at

495/533 nm around 30 nm red shift was observed resulting from increased π-π

stacking and aggregation tendency through polymer chains in thin film form.
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Table 3.6: Summarized photovoltaic properties of P2.

Voc

(V)
Jsc

(mA cm−2)
FF
(%)

PCE
(%)

P2:PCBM 1:2 0.48 3.17 48 0.73
P2:PCBM 1:3 0.49 3.24 41 0.66
P2:PCBM 1:4 0.47 4.52 56 1.20
P2:PCBM 1:4 0.47 4.51 43 0.91
P2:PCBM 1:4 1 % w/DIO 0.57 3.04 54 0.94
P2:PCBM 1:4 1 % w/DIO

(MeOH) treatment
0.60 2.94 65 1.16
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Figure 3.10: Normalized film and solution absorbance spectra for polymer:-
PC71BM blends.

Active layer thickness should be optimized to balance the absorption and charge

transport. Since the absorption of sun light is enhanced within active layer,

thickness increases and this results in higher charge production. On the other

hand, active layer thickness is limited to few hundreds of nanometers due to

low diffusion length of organic materials which is around 10-20 nm [116]. The

optimum active layer thickness for P1 based device was found as 116 nm, P2

based device 95 nm which was determined by AFM (Atomic Force Microscopy)

(Figure 3.11 (a,b) and Figure 3.12 (a,b)). PSCs showed the highest photovoltaic

performance of 2.12 % with Voc of 0.72 V, Jsc of 5.45 mA/cm2 and FF of 54 % for

P1. The results of P2 were 1.20 % PCE with Voc of 0.47 V, Jsc of 4.53 mA/cm2

and 56 % for P1.
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Figure 3.11: a) AFM height image of P1: PC71BM blend on ITO/PEDOT: PSS.
b) AFM height image of P1: PC71BM blend on ITO/PEDOT: PSS annealed at
110 ◦C for 10 minutes. c) TEM image of P1:PC71BM blend d) TEM image of
P1:PC71BM blend annealed at 110 ◦C for 10 minutes. Scale bars in AFM and
TEM images are 500 nm.

Pre and post annealing treatments, addition of additive were carried out to

improve the morphology of the active layer of P1 and P2 based devices. For

the optimization of P1 based devices, active layer coated ITO substrates were

annealed at different temperatures for different time periods. However, power

conversion efficiency decreased from 2.12 % to 1.53 %. To investigate the effect

of pre-annealing treatment on morphology, Transmission Electron Microscopy

(TEM) and Atomic Force Microscopy (AFM) measurements were carried out.

Due to the higher electron density of PC71BM compared to polymer, the dark ar-

eas correspond to PC71BM domains in TEM images. As depicted in Figure 3.11

(c,d), nanoscale morphology was adversely affected with thermal annealing. Jsc

value was decreased from 5.45 mA/cm2 to 3.37 mA/cm2 due to the formation of

less interconnected donor-acceptor network upon annealing. As a result PCE
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a) b)

c) d)

Figure 3.12: a) AFM height image of P2: PC71BM blend on ITO/PEDOT:
PSS. b) AFM height image of P2: PC71BM blend with 1 % DIO with methanol
treatment on ITO/PEDOT: PSS c) TEM image of P2:PC71BM blend d) TEM
image of P2:PC71BM blend with 1 % DIO with methanol treatment. Scale bars
in AFM and TEM images are 400 nm.

of the device decreased [117]. According to AFM results of the P1 blend film

root mean square roughness (Rms) were determined as 6.79 nm and 6.47 nm an-

nealed and not annealed devices, respectively. For further optimization for P1,

addition of 1 % 1,8-diiodooctane (DIO) to polymer PCBM blend did not make

any improvement on PCE.

Although, the addition of 1 % DIO decreased the PCE, methanol treatment on

active layer surface improved the FF and Voc of P2 based solar cell devices. Since

DIO selectively dissolve PCBM molecules and has higher boiling point than o-

DCB it can affect the formation of charge transfer states [118]. Since methanol

removes residual additive from the surface of the active layer, enhances the

stability of morphology. Methanol was chosen due to its low boiling point and
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poor solvation capacity for polymers [119]. As a result, FF of the devices was

improved from 56 % to 65 % and Voc values from 0.47 V to 0.60 V. AFM and

TEM images of P2 based organic solar cell devices are shown in Figure 3.12.

Incident photon to electron conversion efficiency (IPCE) measurements were

performed and 40 % and 25 % IPCE values were obtained for the devices with

the best results as shown in Figure 3.13 . External quantum efficiencies of P1

and P2 based devices as a function of wavelength from 350 nm to 750 nm match

well with UV-Vis absorbance range of polymer PC71BM blend.

Figure 3.13: IPCE curve of the best performance solar cells of P1 and P2.

Molecular weight has very strong influence on molecular packing, charge carrier

mobilities and blend morphology. Increasing molecular weight enhances the

light absorption and hence increases the short circuit current. Moreover, it

leads to higher hole mobilities with enhanced fill factor as a result higher power

conversion efficiencies. Low molecular weight means lower in conjugation length

and results in higher band gap. Lower Voc, Jsc and PCE values are correlated

with low molecular weight of P2 compared to P1. [120].

3.5 OLED Studies of P1

Emission studies were performed using Perkin Elmer Fluorescence Spectrome-

ter. Thin films were prepared with spin-coater with a speed of 1500 rpm for
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Figure 3.14: Energy level diagram of organic solar cell devices for P1 and P2.

60 seconds duration. Photoluminescence spectra of the polymer thin films and

solution which were excited at 480 nm are depicted in Figure 3.15.
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Figure 3.15: Photoluminescence spectra of P1.

The emission properties of P1 are shown in Figure 3.15. When electrons and
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holes are recombined light is emitted. The maximum emission of P1 in chloro-

form located at 614 nm and thin film emission maximum at 745 nm. The excited

state emission mechanism is highly affected by inter-chain interactions and hence

broad red shift was observed in PL spectra of thin film compared to that of the

one in solution. In solid state, the red shift in emission was observed due to

π-π* interaction and aggregation caused increase in the conjugation length.
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Figure 3.16: Electroluminescence spectra for ITO/PEDOT:PSS/P1/LiF/Al de-
vices.

Electroluminescence is the light emission from the device under external voltage.

Figure 3.16 demonstrates EL intensity of the OLED at 8 V. The maximum EL

emission was at 624 nm which was blue shifted compared to PL emission.

Current density-voltage relationship was demonstrated in Figure 3.17. Lumi-

nance vs. voltage data were given in Figure 3.18. Highest luminance value was

obtained as 60 cd/m2 at 9 V. P1 based OLED revealed a low turn at 3.6 V.

As depicted in Figure 3.19, three parameters luminance, hue and saturation were

demonstrated in the CIE Chromaticity coordinates and they were given for red

polymer light emitting diode as x = 0.65, y = 0.34. At 8 V, the constructed

device image was given in Figure 3.20.
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Figure 3.17: Current density vs. applied voltage for ITO/PEDOT:PSS/P1/-
LiF/Al devices.
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Figure 3.18: Luminance vs. applied voltage for ITO/PEDOT:PSS/P1/LiF/Al
devices.
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Figure 3.19: CIE chromaticity diagram for ITO/PEDOT:PSS/P1/LiF/Al de-
vices.

Figure 3.20: Constructed red emissive OLEDs.
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CHAPTER 4

CONCLUSION

Two novel D-A type copolymers were synthesized by Stille polycondensation.

Monomers and polymers were fully characterized by Nuclear Magnetic Reso-

nance. Benzotriazole was used beacuse of its high electron transportin abil-

ity and benzodithiophene was also utilized due to its strong electron donating

ability, planar structure and enhanced intramolecular charge transfer. Alkyl

chains on the both benzotriazole and benzodithiophene units increased the sol-

ubility of the copolymers in different organic solvents which ease their further

applications. Previously, Zou and coworkers synthesized benzotriazole coupled

with benzodithiophene based copolymer with a shorter alkyl chain and they ob-

tained maximum 1.7 % PCE [121]. Our aim was to investigate π-bridge effect

on electrochemical, optical, OPV and OLED applications. Therefore, thiophene

and bithiophene units were incorporated into polymer backbone to enhance the

charge transfer and conjugation length and 2.12 % PCE was obtained which is

higher than the previously synthesized similar structure polymer.

Gel permeation chromatography was used to determine molecular weight and

polydispersity index of the polymers. The number average molecular weight of

P1 was 34 kDa with a PDI of 1.2 whereas, the number average molecular weight

of P2 was 5 kDa with a PDI of 1.4. Electrochemical, spectroelectrochemical

and kinetic characterizations were performed. Since both polymers revealed

ambipolar character HOMO-LUMO energy levels were calculated from cyclic

voltammograms as −5.38 eV for both P1 and P2. −3.16 and −3.14 were the

LUMO energy levels of the respective polymers. Electronic band gaps were
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found as 2.22 and 2.24 eV for P1 and P2, respectively. Optical band gaps of

the polymers were found from spectroelectrochemical experiments. The onset

of the π-π* of the neutral film gives optical band gap as 1.90 eV and 1.92 eV

for P1 and P2, respectively. Kinetic studies were performed, good stabilities

and low switching times were recorded around 0.4 s and 0.3 s with a 36 % and

48 %optical contrast at NIR region for P1 and P2, respectively. Due to increasing

conjugation length, P2 should show red shifted character; however, due to its low

molecular weight compared to P1, in other words less repeating units, optical

properties of the polymers were very similar.

Organic photovoltaic applications of the polymers were conducted with a de-

vice structure of ITO/PEDOT:PSS/POLYMER:PC71BM/LiF/Al. The active

layer morphologies were analyzed with AFM studies and 1,2-dichlorobenzene

was selected as the solvent both P1 and P2. Several optimization studies were

performed and the best results were supported by AFM and TEM studies. As a

result of optimization studies, 1:2 ratio of polymer:PC71BM was determined for

P1 and, 0.72 V Voc, 5.45 mA/cm2 Jsc, 54 % FF, 2.12 % of PCE were achieved.

The bicontinuous active layer morphology was negatively affected by annealing

treatment and supported with TEM studies. Polymer: PC71BM ratio was found

as 1:4 for P2. After several optimization studies such as annealing, addition of

DIO and methanol treatment with DIO, highest PCE was obtained as 1.20 %

with a Voc of 0.47 V, Jsc of 4.52 mA/cm2 Jsc and FF of 56 %. Moreover, Incident

photon to electron conversion efficiency (IPCE) measurements were performed

and 40 % and 25 % IPCE values were obtained for P1 and P2, respectively.

P1 was used as the active layer for further studies and red emissive OLEDs

were constructed with a device structure of ITO/PEDOT:PSS/P1/LiF/Al. Red

emissive OLED device gave CIE coordinates (x,y) of 0.65, 0.34, respectively.

Maximum PL emission in solution was at 614 nm and in thin film was at 745 nm.

EL absorption maximum was located at 624 nm. The OLED device has low

turn on voltage which was 3.6 V and reached maximum brightness of 60 cd/m2

at 9 V. According to these results, benzotriazole and benzodithiophene based

alternating copolymer with incorportaion of thiophene moiety (P1) was a good

candidate for OLED applications.
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Electrochemical, Spectroelectrochemical and organic solar cell studies of P1 were

published in New Journal of Chemistry in 2015 [122].
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APPENDIX A

NMR DATA

Figure A.1: 1H-NMR data of tributyl[thiophen-2-yl]stannane
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Figure A.2: 1H-NMR data of tributyl[thiophen-2-yl]stannane-aromatic region

Figure A.3: 13C-NMR data of tributyl[thiophen-2-yl]stannane
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Figure A.4: 1H-NMR data of [2,2’-bithiophen-5-yl]tributylstannane

Figure A.5: 1H-NMR data of [2,2’-bithiophen-5-yl]tributylstannane-aromatic re-
gion
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Figure A.6: 13C-NMR data of 2,2’-bithiophen-5-yl]tributylstannane
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Figure A.7: 1H-NMR data of 2-dodecyl-2H-benzo[d][1,2,3]triazole
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Figure A.8: 13C-NMR data of 2-dodecyl-2H-benzo[d][1,2,3]triazole
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Figure A.9: 1H-NMR data of 4,7-dibromo-2-dodecyl-2H-benzo[d][1,2,3]triazole

93



Figure A.10: 13C-NMR data of 4,7-dibromo-2-dodecyl-2H-benzo[d][1,2,3]triazole
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Figure A.11: 1H-NMR data of 2-dodecyl-4,7-di(thiophen-2-yl)-2H-benzo[d]-
[1,2,3]triazole 4,7-dibromo-2-dodecylbenzotriazole

Figure A.12: 1H-NMR data of 2-dodecyl-4,7-di(thiophen-2-yl)-2H-benzo[d]-
[1,2,3]triazole 4,7-dibromo-2-dodecylbenzotriazole-aromatic region
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Figure A.13: 13C-NMR data of 2-dodecyl-4,7-di(thiophen-2-yl)-2H-benzo[d]-
[1,2,3]triazole 4,7-dibromo-2-dodecylbenzotriazole
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Figure A.14: 1H-NMR data of 4,7-bis(5-bromothiophen-2-yl)-2-dodecyl-2H-
benzo[d] [1,2,3]triazole

Figure A.15: 1H-NMR data of 4,7-bis(5-bromothiophen-2-yl)-2-dodecyl-2H-
benzo[d] [1,2,3]triazole-aromatic region
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Figure A.16: 13C-NMR data of 4,7-bis(5-bromothiophen-2-yl)-2-dodecyl-2H-
benzo[d] [1,2,3]triazole
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Figure A.17: 1H-NMR data of 4,7-di([2,2’-bithiophen]-5-yl)-2-dodecyl-2H-
benzo[d] [1,2,3]triazole

Figure A.18: 1H-NMR data of 4,7-di([2,2’-bithiophen]-5-yl)-2-dodecyl-2H-
benzo[d] [1,2,3]triazole-aromatic region
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Figure A.19: 1H-NMR data of 4,7-di([2,2’-bithiophen]-5-yl)-2-dodecyl-2H-
benzo[d] [1,2,3]triazole-aromatic region-2

Figure A.20: 13C-NMR data of 4,7-di([2,2’-bithiophen]-5-yl)-2-dodecyl-2H-
benzo[d] [1,2,3]triazole
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Figure A.21: 1H-NMR data of 4,7-bis(5’-bromo-[2,2’-bithiophen]-5-yl)-2-dode-
cyl-2H-benzo[d][1,2,3]triazole

Figure A.22: 1H-NMR data of 4,7-bis(5’-bromo-[2,2’-bithiophen]-5-yl)-2-dode-
cyl-2H-benzo[d][1,2,3]triazole-aromatic region
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Figure A.23: 13C-NMR data of 4,7-bis(5’-bromo-[2,2’-bithiophen]-5-yl)-2-do-
decyl-2H-benzo[d][1,2,3]triazole
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Figure A.24: 1H-NMR data of poly(4-(5-(4,8-bis((2-ethylhexyl)oxy)-6-methyl-
benzo[1,2-b:4,5-b’]dithiophen-2-yl)thiophen-2-yl)-2-dodecyl-7-(5-methylthio-
phen-2-yl)-2H-benzo[d][1,2,3]triazole).
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Figure A.25: 1H-NMR data of poly(4-(5’-(4,8-bis((2-ethylhexyl)oxy)-6-methyl-
benzo[1,2-b:4,5-b’]dithiophen-2-yl)-[2,2’-bithiophen]-5-yl)-2-dodecyl-7-(5’--
methyl-[2,2’-bithiophen]-5-yl)-2H-benzo[d][1,2,3]triazole).
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