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ABSTRACT 
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In the last decades use of conducting polymers as electrochromic materials attracted 

tremendous attention all over the world due to properties like processability, high 

optical contrasts, fast switching times and tuning band gap via structural 

modifications. Low band gap polymers are pursued in order to increase the 

conductivity. For that matter donor – acceptor – donor theory is the most effective 

and commonly used method. The donor – acceptor – donor approach is not only used 

for obtaining low band gap polymers, but also for producing polymers with improved 

optical, mechanical and electronic properties. Based on donor – acceptor – donor 

approach, the electron donating groups raise the highest occupied molecular orbital 

level and electron withdrawing groups lower the lowest unoccupied molecular orbital 

level. In this study, novel donor – acceptor – donor type monomers were designed, 
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synthesized and polymerized electrochemically. In the first part of the thesis study, 

para- and meta- substituted fluorine containing benzimidazole derivatives as an 

acceptor moiety and thiophene as the donor moiety were used. Monomers, 2-(4-

fluorophenyl)-4,7-di(thiophen-2-yl)-1H-benzo[d]imidazole (M1) and 2-(3-

fluorophenyl)-4,7-di(thiophen-2-yl)-1H-benzo[d]imidazole (M2) were synthesized 

via Stille coupling and electrochemically polymerized. The position of fluorine was 

varied from para- to meta- in order to investigate position effects on the 

electrochemical and optical properties of electrochemically synthesized polymers. 

Both polymers were p-dopable and switched between orange and blue color during 

doping/dedoping. In the second part of this study, synthesis of two novel monomers 

including perfluorophenyl containing benzimidazole as the acceptor unit and 

thiophene and 3,4-ethylenedioxythiophene as the donor units were performed. 2-

(Perfluorophenyl)-4,7-di(thiophen-2-yl)-1H-benzo[d]imidazole (M3) and 4,7-

bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-2-(perfluorophenyl)-1H-

benzo[d]imidazole (M4) were synthesized and polymerized electrochemically. The 

effect of electron donating moieties on the optical properties of electrochemically 

polymerized polymers was investigated. 
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FLOR İÇEREN BENZİMİDAZOL TÜREVLERİNİN SENTEZİ, 

KARAKTERİZASYONU VE OPTİK ÖZELLİKLERİ 
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İletken polimerlerin elektrokromik materyal olarak kullanımı; işlenebilirlik, yüksek 

optik contrast, hızlı dönüşüm zamanı ve yapısal modifikasyonlarla ayarlanabilen bant 

aralığı gibi özelliklerinden dolayı tüm dünyada son birkaç on yıl içinde büyük ilgi 

çekmektedirler. İletkenliği artırmak amacıyla düşük bant aralığına sahip polimerler 

elde edilmeye çalışılmaktadır. Bunun için en etkili ve yaygın kullanılan yöntem 

donör – akseptör – donör teorisidir. Verici – alıcı – verici yaklaşımı sadece düşük 

bant aralığına sahip polimerleri elde etmek için kullanılmaz, aynı zamanda 

geliştirilmiş optik, mekanik ve elektronik özelliklere sahip polimerlerin üretilmesi 

için kullanılır. Verici – alıcı – verici yaklaşımına dayanarak; elektron verici gruplar, 

dolu olan en yüksek enerjili moleküler orbital seviyesini yükseltirler ve elektron alıcı 

gruplar, boş olan en düşük enerjili moleküler orbital seviyesini düşürürler. Bu 
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çalışmada, yeni donör – akseptör – donör türdeki monomerler dizayn edildi, 

sentezlendi ve elektrokimyasal yöntemle polimerleştirildi. Tez çalışmasının ilk 

kısmında; akseptör ünitesi olarak para- ve meta- pozisyonunda flor içeren 

benzimidazol türevleri ve donör ünitesi olarak tiyofen kullanılmıştır. Monomerler, 2-

(4-florofenil)-4,7-di(tiyofen-2-il)-1H-benzo[d]imidazol (M1) ve 2-(3-florofenil)-4,7-

di(tiyofen-2-il)-1H-benzo[d]imidazol (M2) sentezlendi ve elektrokimyasal olarak 

polimerleştirildi. Sübstitüent olarak kullanılan florun para- meta- pozisyon etkisini 

incelemek amacıyla, elektrokimyasal olarak sentezlenen polimerlerin 

elektrokimyasal ve optik özellikleri çalışılmıştır. Her iki polimerde de p- tipi 

katkılanma ve “doping / dedoping” sırasında turuncu ve mavi renk arasında geçiş 

gözlenmiştir. Bu çalışmanın ikinci kısmında, akseptör ünitesi olarak perflorofenil 

içeren benzimidazol ve donör olarak tiyofen ve 3,4- etilendioksitiyofen içeren yeni 

monomerlerin sentezi yapılmıştır. 2-(Perflorofenil)-4,7-di(tiyofen-2-yl)-1H-

benzo[d]imidazol (M3) ve 4,7-bis(2,3-dihidrotieno[3,4-b][1,4]dioksin-5-yl)-2-

(perflorofenil)-1H-benzo[d]imidazol (M4) sentezlenmiştir ve elektrokimyasal olarak 

polimerleştirilmiştir. Elektron verici grupların, elektrokimyasal olarak sentezlenen 

polimerlerin optik özelliklerinin üzerindeki etkisi incelenmiştir. 
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CHAPTER 1 

 

 

1 INTRODUCTION 

 

 

 

1.1 Conjugated Polymers 

 

Conjugated polymers have drawn considerable interest in the last decades due to 

properties like ease of processability, light weight, high optical contrast, low cost, 

wide range of colors, fast switching times and ability to tune the band gap via 

structural modifications [1-4]. This research area began with the studies of Henry 

Letheby in 1862. The anodic oxidation of aniline under acidic conditions onto 

platinum electrode was carried out and the electrochemical polymerization of aniline 

was performed [5]. After that, Alan MacDiarmid, Alan Heeger and Hideki 

Shirakawa found that polyacetylene acquired 10
9
 times more conductivity than its 

original form by means of oxidation with iodine vapor. As a result, three scientists 

were awarded with the Nobel Prize in Chemistry for the discovery and development 

of conductive polymers in 2000 [6-9]. After that discovery, the area of conducting 

polymers had been increasing day by day and other aromatic and heterocyclic 

molecules were examined (Figure 1.1). The novel application fields like 

electrochromic devices (ECDs) [10-15], organic photovoltaics (OPVs) [16-20], 

biosensors [21-23], organic field effect transistors (OFETs) [24, 25] and organic light 

emitting diodes (OLEDs) [26, 27] have been actively pursued in the last few decades. 
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Figure 1.1 Common conducting polymer structures: (a) polyacetylene, (b) 

polythiophene, (c) polyaniline, (d) poly(3,4-ethylenedioxythiophene), (e) polyfuran, 

(f) polypyrrole, (g) polycarbazole, (h) polyphenylene 

 

 

 

1.2 Band Theory 

 

The band gap is the energy difference between valence band and conduction band 

and has tremendous effect on electronic and optical properties of the conjugated 

polymers [28, 29]. In literature, valence band is known as the highest occupied 

molecular orbital (HOMO) and conduction band is known as the lowest unoccupied 

molecular orbital (LUMO). Additionally, the band theory examines the properties of 

conductors, semiconductors and insulators. Based on this theory, conducting 

polymers belong to the class of semiconductors. In conductors, there is no difference 

between valence band and conduction band hence electrons can move easily. On the 
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contrary, in insulators, there is large spacing between valence band and conduction 

band hence there is no flow of electrons between VB and CB. In semiconductors, the 

band gap is smaller than insulators thus the valence band is partially empty and the 

conduction band is partially filled via few electrons.  

 

 

 

 

 

Figure 1.2 The band structure in conducting polymers 
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Figure 1.3 Band structures of conductors, semiconductors and insulators 

 

 

 

So as to increase the conductivity, semiconductors can be doped with charge carriers 

which can be electrons (n-type) or holes (p-type). Moreover, the conductivity 

increases as the conjugation length increases. Hence the band gap decreases. Figure 

1.4 illustrates the band structures of pyrrole and polypyrrole whereas conjugation 

increases a lower band gap is obtained. 
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Figure 1.4 The generation of band structures in conjugated polymers 

 

 

 

The band gap can be calculated from the onset of π- π
*
 transition in the UV-vis 

spectrum. On the other hand, from the difference between the onset of oxidation and 

reduction potentials in the cyclic voltammogram the band gap can be calculated. 
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1.3 Conduction Mechanism in Conducting Polymers 

 

Conjugated polymers can be more conductive upon doping. The doped structures are 

different from that of neutral ones. In other words, the doped species of conducting 

polymers can be solitons, polarons and bipolarons which possess higher energy than 

the undoped polymer.  

 

 

1.3.1 Solitons, Polarons, Bipolarons 

 

Solitons, polarons and bipolarons which are conjugational defects are generated 

when the conjugated polymers are doped. As a result of the oxidation or reduction of 

the polymer, the charge carriers as p-type or n-type are produced. In other words, 

positive charge carriers (p-type) are generated when the polymer is oxidized where 

an electron is removed from the polymer. Polarons, radical cation, are formed after 

removal of an electron from the backbone of the polymer. Additionally, bipolarons 

are generated after removal of a second electron with further oxidation. On the other 

hand, negative charge carriers (n-type) are generated when the polymer is reduced 

where an electron is infused to the polymer.  
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Figure 1.5 Representation of charge carriers 

 

 

 

1.3.2 Doping Process in Conducting Polymers 

 

The conductivity in conducting polymers can be increased upon doping. With the 

redox process, the doping process has been achieved by removal of an electron from 

the polymer backbone or injection of an electron to the backbone of the polymer. 

Figure 1.6 shows the charge carriers in the backbone of polythiophene when 

thiophene is oxidized with a suitable oxidant. Furthermore, the process of doping / 
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dedoping is reversible thus; the chemical characteristic of the polymer backbone does 

not vary. 

 

 

 

 

 

Figure 1.6 The formation of charge carriers in polythiophene upon oxidation 

 

 

 



 

 

9 

 

Electrochemical doping is the most useful method for examining doping process. In a 

convenient solvent system, the polymer film is biased with a suitable potential by 

means of electrochemical doping.  The optical, mechanical and magnetic properties 

of the polymers can be varied by means of doping process.  

 

 

1.4 Synthesis of Conducting Polymers  

 

In the synthesis of conducting polymers, chemical and electrochemical 

polymerization techniques are mostly performed [30-32]. In fact, there are specific 

routes for the synthesis of conducting polymers such as metathesis polymerization, 

photochemical polymerization, Grignard reaction, solid-state polymerization and 

ring-opening metathesis. In chemical polymerization, polymers are generated as 

insulating in the neutral state and can be converted to a conducting regime by 

chemically or electrochemically. On the contrary, electrochemically synthesized 

polymers are obtained as conducting in the oxidized state.  

In chemical polymerization, oxidation of monomer can be achieved using transition 

metal halides such as FeCl3 or metal catalyzed coupling. Yamamoto reported the 

chemical synthesis of polythiophene via metal catalyzed coupling of 2,5-

dibromothiophene in 1980 as shown in Figure 1.7 [33-35]. Additionally, Lin and 

Dudek stated another method of polymerization of thiophene in the presence of 

transition metal halides; nickel, palladium and iron etc. in same year as indicated in 

Figure 1.8 [36].  
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Figure 1.7 Chemical synthesis of polythiophene by means of metal catalyzed 

coupling 

 

 

 

 

 

Figure 1.8 Oxidative chemical polymerization of thiophene  via  iron  (III)  

chloride 

 

 

 

In electrochemical polymerization method, a three electrode system which includes 

working, reference and counter electrodes is utilized. The solution contains 

monomer, organic solvent and supporting electrolyte. Polymers are coated onto 

working electrode in a monomer solution by applying suitable potentials. The 

electrochemical polymerization mechanism is shown in Figure 1.9.  
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Figure 1.9 Electrochemical polymerization of thiophene 

 

 

 

Despite the fact that chemical polymerization is commonly used for industry, 

electrochemical polymerization possesses a number of advantages; performing the 

synthesis in a short time and a simple way. Also small amounts of monomer; 5-50 

mg, are enough for electrochemical polymerization and there is no need for further 

purification. The common drawback of electrochemical polymerization is that the 

polymer on working electrode is generally insoluble and it is difficult to characterize 

polymers via GPC and NMR. 

 

 

1.4.1 Mechanism of Electropolymerization 

 

Proposed mechanism for electropolymerization of heterocycles in which X may be 

O, S or N-R is represented in Figure 1.10. In the first step of electropolymerization, 

the oxidation of the monomer takes place and a radical cation is produced. As 

diffusion of the monomer from bulk occurs slower than the electron transfer reaction, 

high concentration of radicals is generated continuously near electrode area. In the 
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second step, coupling can occur in two ways, addition of radical cation to 

heterocyclic monomer or combination of two radical cations. In mechanism of 

radical – monomer coupling, the radical cation reacts with heterocyclic monomer so 

as to generate a neutral dimer via loss of two protons. After that, oxidized dimer 

radical cation and monomer react with each other and a trimer is produced. 

Propagation maintains respectively in order to generate a polymer. Based on ECE 

mechanism, electropolymerization takes place on sequential electrochemical and 

chemical routes up to insoluble oligomer in electrolyte solution and precipitation of 

oligomer on electrode surface. In a radical – radical coupling mechanism, two 

radicals couple with each other in order to form dihydro dimer dication by loss of 

two protons and rearomatization. As the dimer can be easily oxidized than monomer 

upon applied potential, it becomes in radical form and undergoes additional coupling 

with monomeric radical [37, 38]. 
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Figure 1.10 Electropolymerization mechanism of heterocycles X = O, S or N-R) 

(ECE) 
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1.4.2 Factors Affecting Electrochemical Polymerization 

 

The influence of several parameters such as solvent, temperature, type of electrolyte 

and applied potential on electrical and morphological features of electrochemically 

synthesized polymers has been investigated. 

The type of solvent is crucial for the electrochemical polymerization since it affects 

the electrical and physical properties of polymer. For efficient electropolymerization, 

a solvent should have high dielectric constant so as to provide ionic conductivity of 

the electrolytic medium and dissolve the supporting electrolyte. In addition, it should 

be highly resistant towards applied potential in terms of decomposition. To illustrate; 

acetonitrile, propylene carbonate, benzonitrile and nitrobenzene are commonly used 

solvents in electrochemical polymerization.  

Supporting electrolyte provides electrical conductivity and doping of the polymer as 

one of ions of supporting electrolyte couples with a monomer. To achieve 

electrochemical polymerization, supporting electrolyte should not become electro 

active and nucleophilic. For instance, hexafluorophosphates and tetrafluoroborates, 

lithium or tetraalkylammonium salts of perchlorates are generally used as supporting 

electrolytes in electrochemical polymerization. As reported in literature, the 

conductivity of polypyrrole was found higher with perchlorate anions compare to one 

doped with tetrafluoroborate anions [39]. 

Working electrode plays an important role in polymerization process and features of 

resultant polymer. In general, polymers are coated onto noble metals like gold, 

platinum, titanium or optically transparent electrodes such as indium tin oxide coated 

glass slide.  

The influence of temperature on electropolymerization is significant in terms of 

kinetics of polymerization and conductivity of the polymer. Based on stated papers, 

high temperature causes lower conductivity [40]. 

To avoid side reactions of oxidized polymer or radical cations, monomer 

concentration should be kept high (0.1 M).  
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1.5 Characterization Methods of Electrochromic Polymers 

 

For characterization of conducting polymers, several analytical methods can be 

utilized. The more common technique is cyclic voltammetry indicating oxidation-

reduction processes and providing HOMO and LUMO levels. Gel permeation 

chromatography (GPC) ensures an assumption about molecular weight of the 

conducting polymer. Moreover, structure conformation can be detected via nuclear 

magnetic resonance (NMR) spectrometry.  For functional groups Fourier transform 

infrared (FTIR) spectrometry can be used. Surface roughness and morphology of 

conducting polymers can be determined by atomic force microscopy (AFM) and 

scanning electron microscopy (SEM), respectively. Furthermore, differential 

scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) give 

information about glass-transition, melting and decomposition temperatures of 

conducting polymers.  

 

 

1.6 Electrochromism 

 

The reversible and visible change in transmittance upon applied potential is defined 

as electrochromism [41]. This results in formation of different absorption bands 

between redox states in visible region. Between either one transparent and one 

colored state or two colored states the color change is generally observed. Some 

electrochromic materials may possess several colors upon applied potentials and 

these are called as multichromic [42, 43]. 

Viologens, metal oxides, metal coordination complexes, metal hexacyanometallates 

and conjugated conducting polymers are commonly known examples of 

electrochromic materials. Among metal oxides, a well-known example is tungsten 

trioxide, WO3, which is transparent in neutral state and converted to blue via 

reduction. Additionally, among conjugated conducting polymers, organic molecules 

are more favorable due to ease of processability, low cost, lightweight, high optical 
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contrast ratios, wide range of colors, fast switching times and ability to tune the band 

gap via structural modifications. Especially in industry, electrochromism is widely 

used including computer data storage, rear-view mirrors, smart windows, displays 

and sunglasses. The most crucial properties of electrochromic materials are good 

stability, long term open circuit memory, short switching times, high optical contrast 

and high coloration efficiency.  

 

 

1.7 Electrochromic Devices 

 

An electrochromic device is a type of a battery consisting of an electrochromic 

electrode and a charge balancing counter electrode separated from each other with a 

convenient solid or liquid. The color change is observed by charging and discharging 

upon applied suitable potentials [42]. The electrochromic devices have drawn 

considerable interest on account of properties like high optical contrast, high 

coloration efficiency, long term open circuit memory, short switching times and good 

stability. There are two types electrochromic devices; dual type transmissive 

/absorptive and reflective devices.  

In dual type transmissive /absorptive devices, anodically and cathodically colored 

electrochromic polymers are coated onto ITO coated glass electrodes, then 

sandwiched and separated with a thin layer of gel electrolyte. These type devices 

provide colored and transparent states. On the contrary, in reflective devices, one of 

the transparent electrodes of dual type transmissive /absorptive devices is replaced 

via metallic reflector. 

 

 

1.7.1 Construction of Electrochromic Devices 

 

As shown in Figure 1.11 the dual type transmissive /absorptive devices are fabricated 

based on configuration of sandwich cell device. The anodically colored polymer in 
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fully reduced state and the cathodically colored polymer in fully oxidized state are 

spray coated on ITO coated glass electrodes. These two electrodes are separated from 

each other via gel electrolyte providing ionic conductivity.  

 

 

 

 

 

Figure 1.11 Schematic illustration of dual type transmissive /absorptive 

electrochromic devices 

 

 

 

1.7.2 Preparation of the gel electrolyte 

 

The gel electrolyte for electrochromic devices was prepared via using TBAPF6 : 

ACN : PMMA : PC in the ratio of 3:70:7:20 by weight. Tetrabutylammonium 

hexafluorophosphate (TBAPF6) was dissolved in acetonitrile (ACN) and poly(methyl 

methacrylate) (PMMA, M: 120000 g/mol) was added to the mixture. The 

requirements of dissolving PMMA are the vigorous stirring and heating. After all 

PMMA was dissolved, 1,2-propylenecarbonate (PC), plasticizer, was added to the 
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mixture. Until enhanced transparent gel was obtained, the mixture was stirred and 

heated [44]. 

 

 

1.7.3 Characterization of Electrochromic Devices 

 

Characterization of electrochromic devices has been performed in terms of optical 

contrast ratio, coloration efficiency, open circuit memory, switching time and 

stability. The optical contrast ratio is determined by percent transmittance changes 

between polymers’ neutral and fully oxidized states at a specified wavelength. The 

coloration efficiency is optical absorbance change divided by electrochemical charge 

density at a described wavelength. The open circuit memory is the capacity to 

remember its colored state with no applied external potential. The switching time is 

defined as the period required for the color change of a material between its neutral 

and oxidized states. The stability is the ability to maintain its electrochromic features 

after a lot of switching cycles.  

In order to observe the electrochromic behaviors of devices, cyclic voltammetry can 

be commonly used. The oxidation – reduction potentials, degree of reversibility and 

scan rate dependence on diffusion can be determined via CV under external voltages. 

By repeated chronoamperometry, the electrochromic devices are operated via 

suitable potentials to observe color changes. Spectroelectrochemical studies are 

performed to investigate the absorption behavior of electrochemically deposited 

polymer films in ECDs via applied potentials. The colorimetry experiments are done 

to describe the color of ECDs. In the CIE system; luminance (L), hue (a) and 

saturation (b) which are the attributes of color are recorded. A hue is dominant 

wavelength in which maximum contrast exists, saturation is the intensity of color and 

luminance is the brightness [45, 46].  
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1.8 Low Band Gap Polymers 

 

Band gap affects both conductivity and color of polymers. There are several 

parameters to obtain low band gap polymers as seen in Figure 1.12 which are 

increasing planarity of the system, bond – length alternation, synthesis of donor – 

acceptor type polymers, inter chain effects and achieving good stability via 

resonance [47-50]. Among them, donor–acceptor theory is the most efficient and 

commonly used method. In donor–acceptor theory, alternating electron-rich (donor) 

and electron-deficient (acceptor) units were combined in the polymer backbone to 

achieve desired band gap [51-53]. Besides, the D–A approach is not only used for 

obtaining low band gap polymers, but also for producing polymers with improved 

optical, mechanical and electronic properties [54, 55]. 
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Figure 1.12 The methods for the alteration of the band gap 

 

 

 

The type of donor and acceptor moieties should be selected carefully in the synthesis 

of donor – acceptor type polymers in terms of good match of donor and acceptor 

units. The electron donating groups raise the HOMO (Highest Occupied Molecular 

Orbital) level and electron withdrawing groups lower the LUMO (Lowest 

Unoccupied Molecular Orbital) level. 
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1.9 Benzimidazole Derivatives as an Acceptor Moiety in Conducting 

Polymers 

 

Benzazole derivatives which possess two fused rings are admirable candidates for 

synthesis of conducting polymers. As shown in Figure 1.13 most usual acceptor 

unities for electrochromic applications are benzothiadiazole, benzotriazole, 

benzimidazole, benzooxadiazole and benzoselenadiazole. 

 

 

 

 

 

Figure 1.13 Common benzazole derivatives: (a) benzothiadiazole, (b) 

benzimidazole, (c) benzotriazole, (d) benzoselenadiazole, (e) benzooxadiazole 
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Of late years, the scientists began to concentrate on the benzimidazole derivatives 

like other benzazole derivatives. Benzimidazole is a heterocyclic aromatic compound 

including benzene and imidazole. 

As benzimidazole exhibits antiviral, anticancer and antibacterial activities thus it can 

be utilized in medical fields [56, 57]. Moreover, BIm derivatives have been widely 

used in account of their promising and enhanced optical properties and good thermal 

stability [58].  Hence benzimidazole derivatives have been used in solar cell 

applications and aerospace fields reported in literature [59-61]. 

 

 

1.10 Aim of This Work 

 

In this study, novel donor – acceptor – donor type monomers containing 

benzimidazole derivatives were designed, synthesized and electrochemically 

polymerized. The study consists of two parts; in the first part, the position of fluorine 

as a substituent was varied from para- to meta- in order to investigate position effects 

on the electrochemical and optical properties of electrochemically synthesized 

polymers. 4,7-Dibromo-2-(4-fluorophenyl)-1H-benzo[d]imidazole and 4,7-dibromo-

2-(3-fluorophenyl)-1H-benzo[d]imidazole unit was used as the acceptor and these 

moieties were combined with thiophene unit as the donor via Stille coupling. 

Electrochemical, spectroelectrochemical and colorimetric studies of 

electrochemically synthesized polymers were performed. In second part of this study, 

the effect of electron donating moieties on the optical properties of electrochemically 

polymerized polymers was investigated. 4,7-Dibromo-2-(perfluorophenyl)-1H-

benzo[d]imidazole was used as an acceptor moiety and coupled with thiophene and 

3,4-ethylenedioxythiophene as the donor units by Stille coupling. The 

electrochemical and optical properties of electrochromic polymers were examined.  
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CHAPTER 2 

 

 

2 EXPERIMENTAL 

 

 

 

2.1 Materials 

 

All chemicals and reagents were obtained from commercial sources and used without 

further purification unless mentioned otherwise. All chemicals were purchased from 

Aldrich except THF which was purchased from Acros and dried over sodium –

benzophenone before use. All reactions were performed under argon atmosphere 

unless mentioned otherwise. 4,7-Dibromobenzo[c][1,2,5]thiadiazole [62], 3,6-

dibromo-1,2-phenylenediamine [63], tributyl(thiophene-2-yl)stannane [64] and 

tributyl(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)stannane [65] were synthesized 

according to previously published procedures.  

 

 

2.2 Methods and Equipments 

 

Electrochemical studies were performed in a three-electrode cell consisting of an 

indium tin oxide (ITO) doped glass slide as the working electrode, platinum wire as 

the counter electrode, and Ag wire as the pseudo reference electrode using a Gamry 

Reference 600 Potentiostat. The reference electrode was subsequently calibrated to 

Fc/Fc
+
 (0.35 V) and the band energies (HOMO and LUMO) were calculated relative 

to the vacuum level taking the value of SHE is −4.75 eV vs. vacuum. Varian Cary 

5000 UV–Vis spectrophotometer was used to investigate the spectroelectrochemical 

studies of polymers. Colorimetry measurements were performed using Konica 

Minolta CS-100A spectrophotometer. 
1
H NMR and 

13
C NMR spectra were recorded 
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on a Bruker Spectrospin Avance DPX-400 Spectrometer with tetramethylsilane 

(TMS) as the internal standard and CDCl3 and d-DMSO as the solvent. All shifts 

were given in ppm downfield from TMS. High resolution mass spectroscopy results 

were performed via Waters SYNAPT MS System. 

 

 

2.3 Syntheses of Monomers 

 

 

2.3.1 Synthesis of 4,7-dibromobenzo[c][1,2,5]thiadiazole 

 

4,7-Dibromobenzo[c][1,2,5]thiadiazole was synthesized using previously published 

procedure [62]. Benzothiadiazole (5.00 g, 36.7 mmol) was dissolved in hydrogen 

bromide (90 mL, 47 %).  A solution of bromine (4.0 mL) and hydrogen bromide (40 

mL, 47 %) was prepared and added to the mixture drop wise. After the addition was 

complete, the mixture was refluxed for 6 hours. The mixture was cooled to room 

temperature. The resultant precipitate was filtered and washed with saturated 

NaHSO3 in order to remove excess bromine. Then, the precipitate was dissolved in 

dichloromethane and washed with water several times. Organic layer was dried over 

MgSO4 and the mixture was concentrated on the rotary evaporator to get rid of the 

solvent. Yellow solid product (10.2 g) was obtained in yield of 95 %. 

1
H NMR (400 MHz, CDCl3): δ (ppm) 7.66 (s, 2H).  

13
C NMR (100 MHz, CDCl3): δ (ppm) 152.9, 132.4, 113.9. 
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Figure 2.1 Synthetic route for 4,7-dibromobenzo[c][1,2,5]thiadiazole 

 

 

 

2.3.2 Synthesis of 3,6-dibromo-1,2-phenylenediamine 

 

3,6-Dibromobenzene-1,2-diamine was synthesized according to previously published 

procedure [63]. 4,7-Dibromobenzo[c][1,2,5]thiadiazole (2.00 g, 6.80 mmol) was 

dissolved in ethanol (70 mL) in 1000 mL flask. The mixture was placed in an ice 

bath. After that NaBH4 under argon gas was added to the mixture in small portions. 

After the completion of addition of NaBH4, the mixture was stirred overnight at 

room temperature. Ethanol was removed under vacuum and the product was 

dissolved in diethyl ether. The mixture was washed with brine and water. The 

organic layer was dried over MgSO4 and the mixture was concentrated under reduced 

pressure to obtain yellowish white solid (1.50 g). Yield: 85 %. 

1
H NMR (400MHz, CDCl3): δ (ppm) 6.78 (s, 2H), 3.83 (s, 4H).  
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13
C NMR (100MHz, CDCl3): δ (ppm) 131.7, 121.2, 107.7. 

 

 

 

 

 

Figure 2.2 Synthetic route for 3,6-dibromo-1,2-phenylenediamine 

 

 

 

2.3.3 Synthesis of 4,7-dibromo-2-(4-fluorophenyl)-1H-benzo[d]imidazole 

 

4,7-Dibromo-2-(4-fluorophenyl)-1H-benzo[d]imidazole was synthesized by the 

modification of a previously published procedure [66]. 3,6-Dibromo-1,2-

phenylenediamine  (400 mg, 1.50 mmol) was dissolved in 4.0 mL acetonitrile. And 

hydrogen peroxide (0.8 mL, 8 mmol) was added to the mixture directly. Then, 4-

fluorobenzaldehyde (0.2 mL, 1.50 mmol) was added to the mixture drop wise. After 

that, ammonium cerium (IV) nitrate (90 mg, 0.16 mmol) was added and the mixture 

was stirred overnight at room temperature. 4,7-Dibromo-2-(4-fluorophenyl)-1H-
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benzo[d]imidazole was purified by means of recrystallization with cold water and 

hexane.  The resultant product was obtained as a beige solid.  

1
H NMR (400 MHz, d-DMSO) δ 13.33 (s, 1 H), 8.39 (dd, J = 3.1, 5.5, 8.6 Hz, 2H), 

7.45-7.39 (m, 4H).  

13
C NMR (100 MHz, d-DMSO) δ 130.0, 129.9, 126.5, 125.9, 116.0, 115.8, 111.2, 

102.4. 

 

 

 

 

 

Figure 2.3 Synthetic route for 4,7-dibromo-2-(4-fluorophenyl)-1H-

benzo[d]imidazole 
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2.3.4 Synthesis of tributyl(thiophene-2-yl)stannane 

 

The synthesis of tributyl(thiophene-2-yl)stannane was performed based on 

methodology previously published in literature [64]. Thiophene (3.0 g, 30 mmol) 

was dissolved in dry THF (42.0 mL) in a three-necked flask under argon atmosphere. 

After the solution was cooled to -78 
o
C, n-butyl lithium (17.0 mL 2.5 M in hexane, 

184 mmol) was added to the mixture dropwise. After the completion of the addition 

of n-butyl lithium, tributyltin chloride (11.7 mL, 43.0 mmol) was added to the 

mixture drop wise. Then, the mixture was allowed to reach to room temperature and 

stirred overnight. The solvent was removed under vacuum and the crude product was 

dissolved in dichloromethane and washed with NH4Cl, brine and water. The organic 

layer was dried over MgSO4 and the mixture was concentrated on rotary evaporator 

so as to get rid of the solvent. The product, yellow in color, was obtained (10.4 g) in 

93 % yield. 

1
H NMR (400 MHz, CDCl3): δ (ppm) 7.57 (d, J=4.7 Hz, 1H), 7.19 (t, J= 3.3 Hz, 1H), 

7.12 (d, J= 3.2 Hz, 1H), 1.50 (m, J=7.8 Hz, 6H), 1.28 ( m, J= 7.3 Hz, 6H), 1.03 (t, J= 

8.4 Hz, 6H), 0.82 (t, J= 7.3 Hz, 9H). 

13
C NMR (100 MHz, CDCl3): δ (ppm) 136.2, 135.2, 130.6, 127.8, 28.9, 27.3, 13.7, 

10.8. 
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Figure 2.4 Synthetic route for tributyl(thiophene-2-yl)stannane 

 

 

 

2.3.5 Synthesis of 2-(4-fluorophenyl)-4,7-di(thiophen-2-yl)-1H-

benzo[d]imidazole 

 

A solution of tributyl(thiophen-2-yl)stannane (1.01 g, 2.70 mmol)  and 4,7-dibromo-

2-(4-fluorophenyl)-1H-benzo[d]imidazole (200 mg, 0.540 mmol) and 

bis(triphenylphosphine)palladium (II) dichloride in dry tetrahydrofuran (40.0 mL, 

0.490 mmol) was refluxed overnight under argon atmosphere. The mixture was 

cooled and concentrated on the rotary evaporator before purification. Column 

chromatography on silica gel (hexane : EtOAc 2:1 ) followed by preparative thin 

layer chromatography (silica, hexane : ethyl acetate 4:1) to purify 2-(4-

fluorophenyl)-4,7-di(thiophen-2-yl)-1H-benzo[d]imidazole completely as a yellow 

solid (75 mg) in 37 % yield.  

1
H NMR (400 MHz, CDCl3) δ 9.57 (s, 1H), 8.16 (dd, J =1.2, 3.7 Hz, 1H), 8.04 (dd,   

J = 3.7, 5.2, 8.9 Hz, 2H), 7.53- 7.55 (m, 1H), 7. 37- 7.31 (m, 4H), 7.16- 7.12 (m, 4H).  
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13
C NMR (100 MHz, CDCl3) δ 149.6, 139.4, 127.7, 127.6, 127.3, 126.7, 125.7, 

124.6, 124.1, 123.5, 121.7, 119.3.  

HRMS (EI) for C21H13FN2S2, calculated 377. 0582, found 377. 0557. 

 

 

 

 

 

Figure 2.5 Synthetic route for 2-(4-fluorophenyl)-4,7-di(thiophen-2-yl)-1H-

benzo[d]imidazole 
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2.3.6 Synthesis of 4,7-dibromo-2-(3-fluorophenyl)-1H-benzo[d]imidazole  

 

4,7-Dibromo-2-(3-fluorophenyl)-1H-benzo[d]imidazole was synthesized by the 

modification of a previously published procedure [66]. 3,6-Dibromo-1,2-

phenylenediamine (600 mg, 2.25 mmol) was dissolved in 4.0 mL ACN. H2O2 (1.2 

mL, 12 mmol) was added to the mixture directly. 3-Fluorobenzaldehyde (0.30 mL, 

0.225 mmol) was added to the mixture dropwise. After that, ammonium cerium (IV) 

nitrate (120 mg, 0.21 mmol) was added to the mixture and stirred overnight at room 

temperature. Recrystallization with cold water and hexane was used in order to 

purify the compound. As a result, compound was obtained as a bejge solid.  

1
H NMR (400 MHz, d-DMSO) δ 8.20- 8.15 (m, 4H), 7.64 (dd, J = 6.6, 7.6, 14.2 Hz, 

2H).  

13
C NMR (100 MHz, d-DMSO) δ 131.1, 131.0, 130.9, 126.4, 123.7, 123.6, 117.5, 

117.3, 114.1, 113.9. 
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Figure 2.6 Synthetic route for 4,7-dibromo-2-(3-fluorophenyl)-1H-

benzo[d]imidazole 

 

 

 

 

2.3.7 Synthesis of 2-(3-fluorophenyl)-4,7-di(thiophen-2-yl)-1H-

benzo[d]imidazole 

 

A solution of tributyl(thiophen-2-yl)stannane (867 mg, 2.32 mmol)  and 4,7-

dibromo-2-(3-fluorophenyl)-1H-benzo[d]imidazole (170 mg, 0.46 mmol) in 

tetrahydrofuran (40.0 mL, 0.49 mmol) was refluxed overnight under argon 

atmosphere. Bis(triphenylphosphine)palladium (II) dichloride was added to the 

mixture as the catalyst. The reaction was concentrated on the rotary evaporator and 

for purifation of 2-(3-fluorophenyl)-4,7-di(thiophen-2-yl)-1H-benzo[d]imidazole the 
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residue was subjected to column chromatography technique (silica gel, hexane : 

EtOAc 3:1 ). After that, preparative thin layer chromatography (silica, hexane : ethyl 

acetate 4:1) was carried out to get the monomer totally  as a yellow solid (73 mg) in 

42 % yield . 

1
H NMR (400 MHz, CDCl3) δ 9.64 (s, 1H), 8.17 (dd, J = 1.1, 2.5, 3.6 Hz, 1H ), 7.82- 

7.81 (m, 1H), 7.79- 7.75 (m, 1H ), 7.55- 7.53 (m, 1H), 7.44- 7.32 (m, 5H), 7.14- 7.08 

(m, 3H).  

13
C NMR (100 MHz, CDCl3) δ 162.4, 160.5, 148.7, 148.6, 138.9, 129.3, 129.2, 

126.9, 124.3, 120.6, 115.9, 115.7, 112.6, 112.3.  

HRMS (EI) for  C21H13FN2S2, calculated 377. 0582 found 377. 0558. 

 

 

 

 

 

Figure 2.7 Synthetic route for 2-(3-fluorophenyl)-4,7-di(thiophen-2-yl)-1H-

benzo[d]imidazole 
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2.3.8 Synthesis of 4,7-dibromo-2-(perfluorophenyl)-1H-benzo[d]imidazole 

 

The brominated acceptor unit; 4,7-dibromo-2-(perfluorophenyl)-1H-

benzo[d]imidazole, was synthesized with inspiration from previously stated 

procedures [67]. 3,6-Dibromo-1,2-phenylenediamine (500 mg, 1.88 mmol) was 

dissolved in 3.0 mL acetonitrile. Then, hydrogen peroxide was directly added to the 

mixture (0.8 mL, 8 mmol) and 2,3,4,5,6-pentafluorobenzaldehyde (0.2 mL, 1.88 

mmol) was added drop wise. A clear solution was achieved, and ammonium cerium 

(IV) nitrate (80 mg, 0.14 mmol) was added to the mixture and stirred at room 

temperature for overnight. The precipitate was purified by recrystallization in cold 

distilled water and cold hexane. The residue was left to dry. The product was light 

orange in color.  

1
H NMR (400 MHz, d-DMSO): δ 13.97 (s, 1H), 7.51 (s, 2H). 
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Figure 2.8 Synthetic route for 4,7-dibromo-2-(perfluorophenyl)-1H-

benzo[d]imidazole 

 

 

 

 

2.3.9 Synthesis of 2-(perfluorophenyl)-4,7-di(thiophen-2-yl)-1H-

benzo[d]imidazole 

 

Tributyl(thiophen-2-yl)stannane (1.28 g, 3.42 mmol)  and 4,7-dibromo-2-(4-

fluorophenyl)-1H-benzo[d]imidazole (300 mg, 0.69 mmol) were dissolved in 

tetrahydrofuran (60.0 mL, 0.74 mmol) which was dried over sodium and 

benzophenone. After that bis(triphenylphosphine)palladium (II) dichloride was 

added to the mixture. The mixture was left to reflux overnight at 130 
o
C under argon 

atmosphere. In the following day, the solvent was removed under reduced pressure. 
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Column chromatography was done (silica gel, hexane: ethyl acetate 3:1) for 

purification. However, this technique was not sufficient to purify monomer hence we 

performed preparative thin layer chromatography (silica, hexane: ethyl acetate 3:1). 

As a result the monomer (orange in color) was obtained (150 mg) successfully. 

Yield: 49%. 

1
H NMR (400 MHz, CDCl3): δ 10.04 (s, 1H), 8.17 (dd, J = 3.6 Hz, 2H), 7.61 (d, J = 

7.9 Hz, 1H), 7.47 (d, J = 7.9 Hz, 1H), 7.38 (dd, J = 5.1 Hz, 2H), 7.33 (t, J = 6.1 Hz, 

2H). 

HRMS (ESI) for C21H10N2F5S2 calculated 449.0206, found 449.0201. 

 

 

 

 

 

Figure 2.9 Synthetic route for 2-(perfluorophenyl)-4,7-di(thiophen-2-yl)-1H-

benzo[d]imidazole 
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2.3.10 Synthesis of tributyl(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-

yl)stannane 

 

Tributyl(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)stannane was synthesized based 

on previously stated methods in literature [65]. 3,4-Ethylenedioxythiophene (2.00 g, 

14.0 mmol) was dissolved in dry THF (50 mL) in a three-neck flask under argon 

atmosphere. After the solution was cooled to -78 
o
C, n-butyl lithium (5.8 mL 2.5 M 

in hexane, 63.0 mmol) was added to the mixture drop wise. After the addition of n-

butyl lithium completely, tributyltin chloride (3.83 mL, 14.0 mmol) was added to the 

mixture in small portions. The mixture was allowed to reach to room temperature 

and stirred overnight. In next day, the solvent was removed under vacuum. The crude 

product was dissolved in dichloromethane and extracted with NH4Cl, brine and 

water. The organic part of extraction was dried over MgSO4 and the mixture was 

concentrated on rotary evaporator so as to get rid of the solvent. The crude product 

(yellow in color) was obtained (5.4 g) in 90 % yield. 

1
H NMR (400 MHz, CDCl3): δ (ppm) 6.25 (s, 1H), 4.08 (m, 4H), 1.79 (m, J= 6.6 Hz, 

6H), 1.02 (t, J= 8.3 Hz, 6H), 1.40- 1.59 (m, 6H) 0.82 (t, J= 7.3 Hz, 9H). 

13
C NMR (100 MHz, CDCl3): δ (ppm) 146.1, 104.2, 98.1, 63.1, 63.0, 27.4, 25.6, 

12.1. 
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Figure 2.10 Synthetic route for tributyl(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-

yl)stannane 

 

 

 

2.3.11 Synthesis of 4,7-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-2-

(perfluorophenyl)-1H-benzo[d]imidazole 

 

4,7-Dibromo-2-(2,3,4,5,6-pentafluorophenyl)-1H-benzo[d]imidazole (300 mg, 0.69 

mmol) was dissolved in tetrahydrofuran (60 mL, 0.74 mmol) at 120 
o
C under argon 

atmosphere. Tributyl(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)stannane was added 

to the mixture directly. Then, the catalyst, bis(triphenylphosphine)palladium (II) 

dichloride, was added to the mixture. The mixture was refluxed overnight at 120 
o
C 

under argon atmosphere. It was concentrated on rotary evaporator to get rid of the 

solvent and the residue was recrystallized in cold hexane. So as to purify the 

monomer, column chromatography was performed (silica gel, hexane : ethyl acetate 

3:1), following, the preparative thin layer chromatography (silica, hexane : ethyl 
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acetate 3:1) was also done. The monomer was obtained (145 mg) successfully. Yield: 

% 37.  

1
H NMR (400 MHz, CDCl3): δ 11.3 (s, 1H), 8.04 (d, J = 8.1 Hz, 1H), 7.42 (d, J = 8.1 

Hz, 1H), 6.46 (s, 1H), 6.38 (s, 1H), 4.44-4.22 (m, J = 3.8 Hz, 8H). 

HRMS (ESI) for C25H14N2O4F5S2 calculated 565.0315, found 565.0309. 

 

 

 

 

 

Figure 2.11 Synthetic route for 4,7-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-

2-(perfluorophenyl)-1H-benzo[d]imidazole 
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CHAPTER 3 

 

 

3 RESULTS AND DISCUSSION 

 

 

 

3.1 Electrochemical Properties of Donor – Acceptor – Donor Type 

Polymers 

 

 

3.1.1 Electrochemical and Optical Properties of M1 and M2 

 

 

3.1.1.1 Electrochemical Polymerization of M1 and M2 

 

The electrochemical studies were performed in a three electrode cell containing ITO 

coated glass slide (7 x 50 x 0.7 mm, Rs = 5 – 15 Ω) as the working electrode, a 

platinum wire as the counter electrode and a silver wire as the pseudo reference 

electrode. In order to probe the electrochemical characters of polymers, the 

monomers M1 and M2 were electrochemically polymerized by cyclic voltammetry 

(CV) in Figure 3.1. The CV was performed on indium tin oxide (ITO) coated glass 

slides with 0.1 M acetonitrile (ACN) /dichloromethane (CH2Cl2) (95/5, v/v) solution 

at a scan rate of 100 mV/s. Since the monomers had poor solubility in acetonitrile, 

dichloromethane was used to obtain a homogeneous solution. Sodium perchlorate 
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(NaClO4) and lithium perchlorate (LiClO4) were used as the supporting electroytes 

during electropolymerization with repeated scan intervals between 0 V and 1.3 V for 

M1 and 0 V and 1.4 V for  M2 as shown in Figure 3.2.  

 

 

 

 

 

 

Figure 3.1 Electropolymerization of M1 and M2 

 

 

 

  (M1) 

  (M2) 
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Figure 3.2 Repeated potential scan polymerization of (a) M1 and (b) M2 at 100 

mV s
−1

 in 0.1 M LiClO4/NaClO4  CH2Cl2/ACN (5:95, v:v) solution on an ITO 

electrode 

 

 

 

The irreversible monomer oxidation peaks were appeared in the first cycles at 1.0 V 

for M1 and at 1.05 V for M2. After the first cycle, observation of a new reversible 

redox couple with an increasing current intensity after each successive cycle proves 

the formation of electroactive polymer films P1 and P2 as seen in Figure 3.3. 

Electrochemically synthesized polymers were subjected to CV in a monomer free 

solution in order to investigate the p-type and n-type doping properties of the 

polymers. In 0.1 M  LiClO4/NaClO4/ACN solution both polymers are p-dopable with 

a reversible redox couple at 0.97 V/ 0.78 V for P1 and at 1.1 V/ 0.84 V for P2 versus 

the Ag wire pseudo reference electrode as shown in Figure 3.3. 
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Figure 3.3 Single scan cyclic voltammograms of (a) P1 and (b) P2 in a monomer 

free 0.1 M LiClO4/NaClO4 ACN solution 

 

 

 

The HOMO energy levels of each polymers were calculated from onset of the 

corresponding oxidation potentials vs. Fc/Fc
+
 reference electrode (Figure 3.3). Both 

polymers have only p-doping property hence, LUMO energy levels were calculated 

by using optical band gap values. As seen in Table 3.1 the HOMO levels were 

reported as -5.46 eV (P1) and -5.54 eV (P2) respectively. The HOMO levels differ 

from each other slightly, this difference indicates the ease of oxidation of polymer 

films in this electrolytic medium. This behavior can be explained by position of 

fluorine atom. Changing the position of fluorine unit from para- to meta- on the 

phenyl ring has a tremendous effect on kinetic properties as depicted in Table 3.3. In 

addition, this position change affects electrochemical and spectroelectrochemical 
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properties significantly. Fluorine atom as a substituent has both inductive effect 

(electron-withdrawing) and mesomeric effect (electron-donating). Inductive effect 

will have the same influence for both positions whereas, mesomeric effect will be 

dominant over inductive effect in para- position [68]. In this case, depending upon 

the position of fluorine atom on the ring (para- or meta-) oxidation barriers will 

probably change. When resonance structures are considered, it is seen that para– 

substitued fluorine (P1) could stabilize the possible cationic charge. As a result of 

higher ring stabilization of para– substitued one (P1), its oxidation will be easier and 

its oxidation potential will be lower compared to meta– substitued derivative (P2) 

which supports our results (Table 3.1).  

 

 

3.1.1.2 Scan rate dependence of M1 and M2 

 

The scan rate dependence experiments were carried out via cyclic voltammetry so as  

to probe the electrochemical process in terms of whether it is diffusion controlled or 

not. The linear relation between scan rate and current intensities proved that polymer 

films were well adhered on ITO surface and the mass transfer in electrochemical 

processes were non-diffusion controlled during doping / dedoping. (Figure 3.4). 
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Figure 3.4 Scan rate dependence of (a) P1 film and (b) P2 film in a monomer free 

0.1 M NaClO4 - LiClO4 / ACN solution at 50, 100, 150, 200, 250 and 300 mV.s
-1

. 
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3.1.1.3 Spectroelectrochemical and Colorimetric Studies of P1 and P2 

 

The optical changes upon stepwise doping and the electrochromic properties of 

conjugated polymers were investigated by conducting spectroelectrochemistry 

studies of P1 and P2. Both polymers were electrochemically synthesized on ITO and 

spectral changes were explored by UV–Vis-NIR spectrometer in a monomer-free 0.1 

M NaClO4–LiClO4/ACN solution via incrementally increasing applied potential 

between 0.0 V and 1.2 V for P1 ,  0.0 V and 1.15 V for P2. Initially, in order to 

remove any trapped charge and dopant ion during electrochemical polymerization, 

polymer coated ITO films were reduced to their neutral state, and then stepwise 

oxidation was performed. During oxidation while the absorption in the visible region 

reached a minimum value, new absorption bands (polaron, bipolaron bands) 

appeared in NIR which proves the formation of charge carriers. The normalized 

spectral changes occurring upon electrochemical oxidation of P1 and P2 were 

depicted in Figures 3.5 a and b in the range of 300−1650 nm. 
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Figure 3.5 Electronic absorption spectra for (a) P1 and (b) P2 films in 0.1 M 

NaClO4–LiClO4/ACN solution between 0.0 V and 1.2 V for P1 ,  0.0 V and 1.15 V 

for P2. 

 

 

 

Table 3.1 Summary of electrochemical and spectroelectrochemical properties of 

P1 and P2 

 

 HOMO (eV) LUMO (eV) λmax (nm) Eg
op

 (eV) 

P1 -5.46 -3.55 471 1.91 

P2 -5.54 -3.58 440 1.96 
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When the electronic absorption spectra of  P1 and  P2 were compared, the effect of 

position of fluorine atom on spectroelectrochemical properties can be seen. The 

difference on the λmax values and optical band gaps can be explained by the 

parameters that affect absorption spectra of conjugated polymers. In literature, it is 

known that these properties are widely affected by effective conjugated length and 

packing of resulting polymers [69]. When the position of fluorine atom was changed 

from –meta to –para, better packing was achieved in the polymer backbone which 

causes a shift in absorption maxima from 440 nm to 471 nm. Optical band gaps 

(Eg
op

) of the P1 and P2 were calculated from the onsets of lowest energy π–π* 

transitions as  1.91 eV  and 1.96 eV, respectively. The λmax of the P1 signifies 31 nm 

a red-shift when compared with λmax of the P2. To sum up, better packing for P1 

resulted in lower energy and higher λmax. 
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Figure 3.6 Structures of the polymers and their colors at their neutral and 

different oxidized states 

 

 

 

In addition, spectroelectrochemical studies of the polymer films illustrate that the 

film’s color changed during the p-doping (oxidation) processes. Structures of P1, P2 

and their colors at their neutral and different oxidized states were demonstrated in 

Figures 3.6a and 5b. At the neutral state, both P1 and P2 have orange color. 

Following successive oxidation, intensity of absorption bands in the visible region 

steadily decrease while new absorption bands appear, and polymers have green color 
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during oxidation. Further oxidation results blue color for both polymers at fully 

oxidized state. As seen in Figure 3.6 there is little difference between the colors of  

P1 and P2, which means that the changing position of flourine atom from para– to 

meta – position has a little effect on colors of corresponding polymers. Furthermore, 

colorimetry experiments were carried out to determine the color of electrochemically 

synthesized polymers. In the CIE system; luminance (L), hue (a) and saturation (b) 

which are the attributes of color were recorded and reported in Table 3.2. 

 

 

 

Table 3.2 Colorimetry results of P1 and P2 

 

Polymer 
Applied 

Potential 
L a b 

P1 

0.0 V 57 -3 29 

0.8 V 57 -15 17 

1.4 V 59 -12 5 

P2 

0.0 V 80 -1 25 

1.0 V 79 -9 3 

1.5 V 57 -7 -5 
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3.1.1.4 Electrochromic contrast and switching studies of P1 and P2 

 

The capability of a polymer to change its color rapidly between two states (neutral 

state and oxidized state) and illustrating a significant change are crucial properties 

for an electrochromic polymer. Switching time is defined as the period required for 

the color change of a material between its neutral and oxidized states.The percent 

transmittance changes and switching times of P1 and  P2 between their fully oxidized 

and reduced states were investigated by applying  potentials within 5 s time intervals. 

The kinetic studies were performed in a monomer free 0.1 M NaClO4–LiClO4/ACN 

solvent-electrolyte couple. The wavelengths at which kinetic studies performed were 

determined from the maximum absorbance at the spectra of polymer films. 

As summarized in Table 3.3, P1 showed 41 % transmittance change upon doping/de-

doping process at 1220 nm, 17 %  at 685 nm and 16 % at 475 nm. P2 revealed 73 % 

transmittance at 1265 nm, 28 %  at 770 nm and 29 % at 460 nm. Switching times 

were reported as 0.3 s, 0.4 s and 0.4 s for P1 and 1.7 s, 1.3 s and 0.7 s for P2 at 

corresponding wavelengths. 



 

 

53 

 

 

 

Figure 3.7 Optical contrasts and switching times monitored at different 

wavelengths for (a) P1 and (b) P2 in 0.1 M NaClO4–LiClO4/ACN solution 

 

 

 

Kinetic studies strongly support the argument discussed in the electrochemical 

studies part. As explained before, para- substituted fluorine has more ring 

stabilization effect on this benzimidazole derivative when compared with meta– 

substituted one. This effect decreases the oxidation barrier of P1 and inreases its 

tendency to undergo a redox process which affects kinetic studies of the polymers 

significantly. As a result, switching times of P1 were really low compared to that of 

P2 in all wavelengths which is consistent with our argument (Table 3.3). In addition,  

when percent transmittance changes of P2 compared with those of other 

benzimidazole derivatives to best of our knowledge 73 % is the highest one in all. To 
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sum up, although stability of the polymers is not as good as other benzimidazole 

derivatives, swicthing times of P1 and precent transmittance of P2 are better 

compared to similar molecules [70, 71]. 

 

 

 

Table 3.3 Summary of kinetic and optic studies of P1 and P2 

 

 Optical contrast (ΔT %) Switching times (s) 

P1 

16 % 475 nm 0.4 

17 % 685 nm 0.4 

41 % 1220 nm 0.3 

P2 

29 % 460 nm 0.7 

28 % 770 nm 1.3 

73 % 1265 nm 1.7 
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3.1.2 Electrochemical and Optical Properties of M3 and M4 

 

 

3.1.2.1 Electrochemical Polymerization of M3 and M4 

 

In order to observe the electrochromic behaviors of polymers, the monomers M3 and 

M4 were polymerized electrochemically (Figure 3.8). For both monomers, the 

medium contained 0.1 M NaClO4 - LiClO4 / DCM / ACN (5:95, v:v). Since the 

monomers had poor solubility in acetonitrile, dichloromethane was used to obtain a 

homogeneous solution.  The irreversible monomer oxidation potentials in the first 

cycle were found as 1.06 V for M3 and 0.92 V for M4 as shown in Figure 3.9. 
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Figure 3.8 Electropolymerization of M3 and M4 

 

 

 

  (M3) 

  (M4) 
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Figure 3.9 Repeated potential scan polymerization of (a) M3 and (b) M4 at 100 

mV s
−1

 in 0.1 M LiClO4/NaClO4  CH2Cl2/ACN (5:95, v:v) solution on an ITO 

electrode 

 

 

 

This difference can be explained with the high electron rich character of EDOT. 

Polymer redox peaks were observed at lower potentials than the monomer oxidation 

peaks. Current densities increased with increasing number of cycles. This proves that 

a polymer film was coated onto the ITO glass slide. So as to investigate the active 

layer of thin polymer films, single scan cyclic voltammograms of the P3 and P4 were 

performed in a monomer free 0.1 M NaClO4 - LiClO4 / ACN medium. As shown in 

Figure 3.10, both polymers have a p dopable character.  The reversible redox couple 

for M3 was 0.95 V / 0.92 V and for M4 it was 0.72 V / 0.62 V. 
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Figure 3.10 Single scan cyclic voltammograms of (a) P3 and (b) P4 in a monomer 

free 0.1 M LiClO4/NaClO4 ACN solution 

 

 

 

The calculation of the HOMO energy level was done using the onset of the 

corresponding oxidation potentials vs. Fc/Fc
+
 reference electrode by taking the value 

of SHE as -4.75 eV vs. vacuum (Figure 3.10 and Table 3.4). The LUMO energy 

level could not be calculated from the onset of the corresponding reduction potential 

since both polymers were not n dopable. They were calculated from the 

corresponding optical band gaps of the polymers. The HOMO energy levels were 

calculated as -5.75 eV for M3 and -5.57 eV for M4 in Table 3.4. Despite the fact that 

both polymers include same acceptor units, their HOMO energy levels were different 

from each other considerably. This difference can be explained with the presence of 

EDOT.  As seen in Table 3.4, the LUMO energy level, reversible oxidation and 
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reduction potentials of P4 were lower than those of P3. This indicates that P4 

provides more efficient donor – acceptor match than P3 on account of lower LUMO 

energy level. 

 

 

3.1.2.2 Scan rate dependence of M3 and M4 

 

The scan rate dependence experiments were performed by means of cyclic 

voltammetry in order to investigate the electrochemical process in terms of whether 

it is diffusion controlled or not. The linear relation between scan rate and current 

intensities indicated that polymer films were well adhered on ITO surface and the 

mass transfer in electrochemical processes were non-diffusion controlled                     

(Figure 3.11). 
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Figure 3.11 Scan rate dependence of (a) P3 film and (b) P4 film in a monomer free 

0.1 M NaClO4 - LiClO4 / ACN solution at 50, 100, 150, 200, 250 and 300 mV.s
-1 

 

 

 

3.1.2.3 Spectroelectrochemical and Colorimetric Studies of P3 and P4 

 

To investigate the absorption behavior of electrochemically deposited polymer films, 

the spectroelectrochemical studies were performed.  The polymer films onto ITO 

coated glass slide were exposed to doping via applied potentials in a monomer free 
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solution of 0.1 M NaClO4 - LiClO4 / ACN via UV-Vis-NIR spectrometer. These 

applied potentials were determined from the cyclic voltammograms of the polymers. 

The potential increments were 5 mV for P3 and 10 mV for P4 at each step as given 

in Figure 3.12. The absorption in the visible region decreased while the absorptions 

of polaron and bipolaron bands increased. The absorption of neutral state of P3 was 

observed at around 475 nm and its neutral state color was orange as seen in Figure 

3.13 (a). Thus spectroelectrochemical studies and colorimetry results verified each 

other. The value of maximum absorption wavelength of P4 was at 575 nm and its 

neutral state color was blue as seen in Figure 3.13 (b). This situation proved that the 

red shift absorption was provided with P4 which contains EDOT moiety as the donor 

unit. Moreover, colorimetry experiments were done so as to determine the color of 

electrochemically synthesized polymers. In the CIE system; luminance (L), hue (a) 

and saturation (b) which are the attributes of color were recorded and reported in 

Table 3.5. 
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Figure 3.12 Electronic absorption spectra for (a) P3 and (b) P4 films in 0.1 M 

NaClO4–LiClO4 / ACN solution between 0.5 and 1.2 V for P3,  0.2 and 1.1 V for P4 

 

 

 

The optical band gap was calculated from the onset of the absorption maxima in the 

visible region. The optical band gaps were found as 1.79 eV for P3 and 1.47 eV for 

P4. LUMO energy levels were calculated for both polymers using the optical band 

gaps and HOMO levels as -3.96 eV and -4.1 eV, respectively ((Eg
op

 = HOMO – 

LUMO)). For P3, polaronic and bipolaronic bands appear at 700 nm and 1210 nm, 

respectively. For P4, polaronic and bipolaronic bands appear at 840 nm and 1220 

nm, respectively. With further oxidation, P3 had colors of green, blue and yellow and 

P4 was transparent as seen in Figure 3.13. 
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Table 3.4 Summary of electrochemical and spectroelectrochemical properties of 

P3 and P4 

 

 HOMO (eV) LUMO (eV) λmax (nm) Eg
op

 (eV) 

P3 -5.75 -3.96 480 1.79 

P4 -5.57 -4.10 575 1.47 
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Figure 3.13 Structures of the polymers and their colors at their neutral and 

different oxidized states 
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Table 3.5 Colorimetry results of P3 and P4 

 

Polymer 
Applied 

Potential 
L a b 

P3 

0.0 V 87 -7 12 

1.0 V 88 -11 7 

1.3 V 89 -11 4 

1.4 V 78 -7 11 

P4 

0.0 V 95 -10 -0.2 

1.4 V 85 -6 -6 

 

 

 

3.1.2.4 Electrochromic contrast and switching studies of P3 and P4 

 

The change of percent transmittance with respect to time and switching studies were 

measured by means of kinetic studies. After the determination of maximum 

wavelengths in three different regions from the spectroelectrochemical studies, 

potentials for 5 second time intervals were applied between polymers’ neutral and 

fully oxidized states. Percent transmittance changes and switching time studies were 

determined in a monomer free 0.1 M NaClO4–LiClO4/ACN solution. Additionally, 

the switching times were calculated by means of kinetic studies in order to 
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investigate time required for 95% of full switches between colored and bleached 

states. 

 

 

 

 

 

Figure 3.14 Optical contrasts and switching times monitored at different 

wavelengths for (a) P3 and (b) P4 in a monomer free 0.1 M NaClO4–LiClO4/ACN 

solution 

 

 

 

As seen in Figure 3.14 and Table 3.6, P3 indicated 64% transmittance at 1210 nm, 

12% at 700 nm and 14% at 475 nm. P4 showed 30% transmittance at 1220 nm, 7% at 

840 nm and 7% at 575 nm. Switching times were calculated as 0.5 s, 0.1 s and 0.2 s 

for P3 and 0.3 s, 0.2 s and 0.1 s for P4 at suitable wavelengths respectively and 

reported in Table 3.6. The percent transmittance change of P3 in the visible region, 
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64%, was higher compared to other benzimidazole derivatives in the literature. Also 

P3 revealed 0.5 s switching time which is shorter with respect to the similar ones 

reported in literature [70, 72]. 

 

 

 

Table 3.6 Summary of percent transmittance changes and switching times of P3 

and P4 at corresponding wavelengths 

 

 Optical contrast (ΔT %) Switching times (s) 

 

 

 

 

 

P1 

14 % 475 nm 0.2 

12 % 700 nm 0.1 

64 % 1210 nm 0.5 

 

 

 

 

 

P2 

7 % 575 nm 0.1 

7 % 840 nm 0.2 

30 % 1220 nm 0.3 
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CHAPTER 4 

 

 

4 CONCLUSION 

 

 

 

Fluorine containing D–A–D type monomers were synthesized via Stille coupling and 

characterized by means of Nuclear Magnetic Resonance and High Resolution Mass 

Spectroscopy. After the synthesis of monomers, the electrochemical polymerizations 

of monomers were carried out to obtain homopolymers of fluorine and 

benzimidazole bearing monomers on ITO coated glass slide. So as to probe the 

optical properties of electrochemically synthesized polymers, electrochemical, 

spectroelectrochemical and kinetic studies were performed. In the first part of thesis 

study, both para- and meta- substituted fluorine containing novel benzimidazole and 

thiophene based derivatives were designed to discuss the effect of position of 

substituents on electrochemical properties of polymers. Both polymer films have p-

type doping property and showed electrochromic properties under applied different 

potentials. The HOMO levels were calculated from onsets of oxidation potentials of 

corresponding polymers as -5.46 and -5.54 eV for P1 and P2, respectively. The 

position of fluorine was changed from meta- to para- position, the oxidation of 

polymers was observed easily. Scan rate dependence experiments indicated that mass 

transfer in electrochemical processes were non-diffusion controlled during doping / 

dedoping. Optical band gaps of the polymers were calculated from the onsets of 

absorption maxima in the visible region with De Broglie equation as 1.91 eV for P1 

and 1.96 eV for P2. Better packing property of para- substituted fluorine containing 

polymer, P1, caused a 31 nm red shift in absorption maxima. P1 resulted in lower 

energy and higher λmax than that of P2. Since both polymers were not n- type 

dopable, the LUMO levels were calculated from the optical band gaps and found as -

3.55 eV for P1 and -3.58 eV for P2. At neutral state, both polymers had orange color. 
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Following successive oxidation, both polymers were green in color. At fully oxidized 

state, they had blue color. As a result, both polymers possessed multichromic 

property. In addition, optical contrasts were enhanced by changing the position of 

fluorine from para- to meta- which was attributed to the better ring stabilization 

effect of para-substituted one. P1 showed 41% transmittance change upon 

doping/dedoping process at 1220 nm, 17% at 685 nm and 16% at 475 nm. P2 

revealed 73% transmittance at 1265 nm, 28% at 770 nm and 29% at 460 nm. 

Switching times were reported as 0.3 s, 0.4 s and 0.4 s for P1 and 1.7 s, 1.3 s and 0.7 

s for P2 at corresponding wavelengths. Switching times of P1 were really lower than 

that of P2 due to high conductivity. When percent transmittance changes of P2 

compared with other benzimidazole derivatives from the literature to best of our 

knowledge 73% was the highest one. Reported results exhibited that fluorine 

containing benzimidazole derivatives were multipurpose materials due to improved 

kinetic results and band gaps.  

 

This study was published in Electrochimica Acta in 2013 [67]. 

 

Furthermore, in the second part of thesis study, perfluorophenyl containing novel 

benzimidazole and thiophene, EDOT based derivatives were designed in order to 

investigate the donor effect between thiophene and EDOT moieties. Both polymers 

were p- type dopable. Oxidation potentials were found as 0.95 and 0.72 V for P3 and 

P4, respectively. Despite the fact that both polymers contained same acceptor units, 

their HOMO energy levels were different from each other considerably. The HOMO 

levels were calculated as -5.75 eV for P3 and -5.57 eV for P4. This difference was 

explained with the presence of EDOT. Scan rate dependence experiments exhibited 

that mass transfer was non-diffusion controlled during doping / dedoping process. 

Optical band gaps of the polymers were calculated as 1.79 eV for P3 and 1.47 eV for 

P4. LUMO levels were calculated as -3.96 and -4.10 eV for P3 and P4, respectively. 

P4 provides more efficient donor – acceptor match than P3 on account of lower 

LUMO energy level. The absorption of neutral state of P3 was observed at around 



 

 

71 

 

475 nm and its neutral state color was orange. The maximum absorption wavelength 

of P4 was at 575 nm and its neutral state color was blue. This proved that the red 

shift absorption was provided with P4 which contains EDOT moiety as the donor 

unit. Following oxidation, P3 possessed green, blue and yellowish color and P4 was 

transparent. Both polymers were multichromic property. Additionally, the switching 

times were calculated with kinetic studies to investigate time required for 95% of full 

switches between colored and bleached states. P3 indicated 64% transmittance at 

1210 nm, 12% at 700 nm and 14% at 475 nm. P4 showed 30% transmittance at 1220 

nm, 7% at 840 nm and 7% at 575 nm. Switching times were calculated as 0.5 s, 0.1 s 

and 0.2 s for P3 and 0.3 s, 0.2 s and 0.1 s for P4 at suitable wavelengths, respectively. 

The percent transmittance change of P3 in the visible region, 64%, was higher 

compared to other benzimidazole derivatives in the literature. The electrochemical 

and optical characterizations of the electrochemically synthesized polymer 

containing EDOT unit as the donor showed that EDOT is a stronger donor than 

thiophene. 

 

This study was submitted to Smart Materials and Structures in 2014. 
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APPENDIX A 

 

 

NMR SPECTRA OF SYNTHESIZED MONOMERS 

 

 

 

 

 

Figure A. 1 
1
H-NMR spectrum of 4,7-dibromobenzo[c][1,2,5]thiadiazole 
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Figure A. 2 
13

C-NMR spectrum of 4,7-dibromobenzo[c][1,2,5]thiadiazole 

 

  



 

 

83 

 

 

 

 

 

 

Figure A. 3 
1
H-NMR spectrum of 3,6-dibromo-1,2-phenylenediamine 
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Figure A. 4 
13

C-NMR spectrum of 3,6-dibromo-1,2-phenylenediamine 
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Figure A. 5 
1
H-NMR spectrum of 4,7-dibromo-2-(4-fluorophenyl)-1H-

benzo[d]imidazole 
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Figure A. 6 
13

C-NMR spectrum of 4,7-dibromo-2-(4-fluorophenyl)-1H-

benzo[d]imidazole 
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Figure A. 7 
1
H-NMR spectrum of tributyl(thiophene-2-yl)stannane 
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Figure A. 8 
13

C-NMR spectrum of tributyl(thiophene-2-yl)stannane 
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Figure A. 9 
1
H-NMR spectrum of 2-(4-fluorophenyl)-4,7-di(thiophen-2-yl)-1H-

benzo[d]imidazole 
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Figure A. 10 
13

C-NMR spectrum of 2-(4-fluorophenyl)-4,7-di(thiophen-2-yl)-1H-

benzo[d]imidazole 

 

  



 

 

91 

 

 

 

 

 

 

Figure A. 11 
1
H-NMR spectrum of 4,7-dibromo-2-(3-fluorophenyl)-1H-

benzo[d]imidazole 
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Figure A. 12 
13

C-NMR spectrum of 4,7-dibromo-2-(3-fluorophenyl)-1H-

benzo[d]imidazole 
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Figure A. 13 
1
H-NMR spectrum of 2-(3-fluorophenyl)-4,7-di(thiophen-2-yl)-1H-

benzo[d]imidazole 
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Figure A. 14 
13

C-NMR spectrum of 2-(3-fluorophenyl)-4,7-di(thiophen-2-yl)-1H-

benzo[d]imidazole 
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Figure A. 15 
1
H-NMR spectrum of 4,7-dibromo-2-(perfluorophenyl)-1H-

benzo[d]imidazole 
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Figure A. 16 
1
H-NMR spectrum of 2-(perfluorophenyl)-4,7-di(thiophen-2-yl)-1H-

benzo[d]imidazole 
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Figure A. 17 
1
H-NMR spectrum of tributyl(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-

yl)stannane 
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Figure A. 18 
13

C-NMR spectrum of tributyl(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-

yl)stannane 
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Figure A. 19 
1
H-NMR spectrum of 4,7-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-

yl)-2-(perfluorophenyl)-1H-benzo[d]imidazole 

 

 

 

 


